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Preface

This book, Fundamental of Die Casting Design, describes the fundamental of design of the
die casting process and die mold/runner. It is intended for people who have at least some
knowledge of the basics of fundamental science, such as calculus, physics etc. This book will
benefit the die casting engineer (the project and process engineers) as well as managers and
anyone else who deals with the die casting operations will find this information useful.

The structure of this book is such that many of the chapters should be usable independently.
For example, if you need information about, say, pQ? diagram, you can read just chapter 7.
I hope this makes the book easier to use as a reference manual. However, this manuscript is
first and foremost a text book, and secondly a reference manual only as a lucky coincidence.

| have tried to describe why the theories are the way they are, rather than just listing “seven
easy steps” for each task. This means a lot of information is presented which is not necessary
for everyone. These explanations have been marked as such and can be skipped.! Reading
everything will, naturally, increase your understanding of the fundamentals of die casting design.

This work was done on a volunteer basis: | believe professionals working in the die casting
design field will benefit from this information and that this is the best way to get the information
out to all people in this profession. | also believe that information/ “stories” of die casting design
must be told. My experience has been that the “cartel” of “scientists”, and in general of the
die casting establishment, have controlled what information is shared?. Like all volunteer work,
there is a limit to how much effort | have been able to put into book and its’ research. Most
of my knowledge of die casting was developed in the Twin Cities and Tel-Aviv. It never has
been funded. Hence, this knowledge has limits and more research is welcome. This book will
be better when good research projects are funded and outstanding scientists (such as Prof.

LAt present, the book is not well organized and the marking will be in the next addition.

2As scientist, | feel this book should be dedicated only to die casting design and its issues only. | apologies
for dealing with issues which are not science. | feel, however that if those driving the industry don't change, the
die casting industry will change dramatically. Check out your company: has it been sold? or is it bankrupt or
in financial troubles?



Eckert of U. of M.) carry it out. Moreover, due to my poor English and time limitation,
the explanations are not as good as if | had a few years to perfect them. As you read, you
will notice | have not worked out all the details of the explanations/examples in some areas
where my research and knowledge have not yet matured. At present, there is no satisfactory
theory/model/knowledge in these areas®. | have left some issues which have unsatisfactory
explanations/knowledge in the book, however marked with a question mark. | hope to write
about these area in the future.

| have tried to make this text of the highest quality possible and am interested in your
comments and ideas on how to make it better. Bad language, errors, ideas for new areas to
cover, rewritten sections, more fundamental material, more mathematics (or less mathematics);
I am interested in all. If you want to be involved in the editing, graphic design, or proofreading,
please drop me a line. You may contact me via eMail at “genick@nadca.org”.

Several people have helped me with this book, directly or indirectly. | would like to especially
thank Prof. R.E.G. Eckert, whose work on dimensionless analysis study of die casting was the
inspiration for this book. | would like to acknowledge that some of the material in this book
was revised due to George Wilson of Sparta Light Metal, Inc.

The symbol META need to add typographical conventions for blurb here. This is mostly
for the author's purposes and also for your amusement. There are also notes in the margin,
but those are for the author’s purposes only. They will be remove in the next edition.

| encourage anyone with a penchant for writing, editing, graphic ability, I5TEX knowledge,
and a desire to carry out experiments to join me in improving this book. If you have Internet
e-mail access, you can contact me at “genick@nadca.org”.

31 have found either major mistakes or problems in the “common” models of these area or no research was
done by scientists from other fields.

. M What have your membership dues
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Would NADCA continue to sponsor
erroneous research works?

NADCA, for all practical purposes, controls all the public funding in USA for die casting
research. NADCA has supported the researchers who have produced work which violates basic
physics laws such as Brevick from Ohio State University (research work about the critical shot
sleeve velocity). | have informed NADCA about these research works years ago and to my
great astonishment NADCA continues to support these researchers (for example, NADCA is
still sponsoring Brevick's research on plunger velocity). Why?

This book lists some of researchers who produce erroneous or/and poor research work, such
as Al Miller from Ohio State University, Nguyen from CSIRO and many others. Would NADCA
continue support their research? You will be the judge.

Perhaps they will ask you, “How can everybody be wrong and only this newcomer be right?”
Ask yourself the following questions and make your own conclusion: Do you know of anyone
who knows how to correctly calculate any of the die casting process parameters, such as plunger
diameter, gate area etc.? Even better, do you know anyone who know hows to calculate the
actual profit (or loss) of their die casting production? Do you know of anyone who really uses
calculations to get improved casting and is successful?

Consider this: Doehler Jarvis, up to two years ago, was very active in NADCA research.
They participated in NADCA committees and also took an active role in the research done by
NADCA supported researchers. Guess what happened to the biggest die casting company
in the world?
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Will I Be in Trouble?

Many people have said | will be in trouble because | am telling the truth. Those with a vested
interest in the status quo (I hope you, the reader, know who they are) will try to use their
power to destroy me. In response, | challenge my opponents to show that they are right. If
they can do that, | will stand wherever they want and say that | am wrong and they are right.
However, if they cannot prove their models and practices are based on solid scientific principles,
nor find errors with my models (and | do not mean typos and English mistakes), then they
should accept my results and help the die—casting industry prosper.

People have also suggested that | get life insurance and/or good lawyer because my op-
ponents are very serious and mean business; the careers of several individuals are in jeopardy
because of the truths | have exposed. If something does happen to me, then you, the reader,
should punish them by supporting science and engineering and promoting the die—casting in-
dustry. By doing so, you prevent them from manipulating the industry and gaining additional
wealth.

For the sake of my family, | have, in fact, taken out a life insurance policy. If something
does happen to me, please send a thank you and work well done card to my family.

vii
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The conception of this Book

This book started as a series of articles to answer both specific questions that | have been
asked, as well as questions that | was curious about myself. While addressing these questions,
| realized that many commonly held "truths” about die-casting were scientifically incorrect.
Because of the importance of these results, | have decided to make them available to the wider
community of die-casting engineers. However, there is a powerful group of individuals who
want to keep their monopoly over “knowledge” in the die-casting industry and to prevent the
spread of this information.* Because of this, | have decided that the best way to disseminate
this information is to write a book. Please be advised that English is my weak point>. This
book is my attempt to put this information, and more, in one place.

“Please read my correspondence with NADCA editor Paul Bralower and Steve Udvardy. Also, please read
the references and my comments on pQ2 .

51 am looking for volunteer(s) to proofread this book
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Volunteers

This chapter is dedicated to people who have volunteered to improve this book directly or
indirectly. We, the whole the die casting industry, should be thankful to these individuals for
their contributions to enhance the quality of this book and the knowledge of the die casting
process design.

If you want to contribute to this work and to have your name printed here, please contact
me.

Volunteers

John Joansson
Adeline Ong
Robert J. Fermin
Mary Fran Riley
Joy Branlund

Denise Pfeifer
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How this book is organized

This book is divided into two parts. The first discusses the basic science required by a die—
casting engineer; the second is dedicated to die-casting—specific science. The die-casting specific
is divided into several chapters. Each chapter is divided into three sections: section 1 describes
the “commonly” believed models; section 2 discusses why this model is wrong or unreasonable;
and section 3 shows the correct, or better, way to do the calculations. | have made great
efforts to show what existed before science “came” to die casting. | have done this to show
the errors in previous models which make them invalid, and to “prove” the validity of science.
| hope that, in the second edition, none of this will be needed since science will be accepted
and will have gained validity in the die casting community. Please read about my battle to get
the information out and how the establishment react to it.

Xiii



What have your membership dues
done for you today? plagiarism?

copyright (©), 2000, by Dr. Bar—Meir

xiv



Plea for IATEX usage

Why the smart guys who control the publication in the die casting industry are using poor
word processors? lIs it only an accident that both the quality of the typesetting of papers in die
casting congress and their technical content quality is so low? | believe there is a connection.
All the major magazines of the the scientific world using TEX or IXTEX, why? Because it is very
easy to use and transfer (via the Internet) and, more importantly, because it produces high
quality documents. NADCA continued to produce text on a low quality word processor. Look
for yourself; every transaction is ugly.

Linux has liberated the world from the occupation and control of Microsoft OS. We hope
to liberate the NADCA Transaction from such a poor quality word processor. TEX and all (the
good ones) supporting programs are free and available every where on the web. There is no
reason not to do it. Please join me in improving NADCA's Transaction by supporting the use
of IATEX by NADCA.

XV
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Abstract

Die-casting engineers have to compete not only with other die-casting companies, but also
against other industries such as plastics, and composite materials. Clearly, the "black art”
approach, which has been an inseparable part of the engineer’s tools, is in need of being
replaced by a scientific approach. Excuses that “science has not and never will work” need to
be replaced with “science does work”. All technologies developed in recent years are described
in a clear, simple manner in this book. All the errors of the old models and the violations of
physical laws are shown. For example, the “common” pQ?2? diagram violates many physical
laws, such as the first and second laws of thermodynamics. Furthermore, the “common” pQ?2
diagram produces trends that are the opposite of reality, which are described in this book.

The die casting engineer’s job is to produce maximum profits for the company. In order to
achieve this aim, the engineer must design high quality products at a minimum cost. Thus,
understanding the economics of the die casting design and process are essential. These are
described in mathematical form for the first time in this volume. Many new concepts and ideas
are also introduced. For instance, how to minimize the scrap/cost due to the runner system,
and what size of die casting machine is appropriate for a specific project.

The die-casting industry is undergoing a revolution, and this book is part of it. One reason
(if one reason can describe the situation) companies such as Doehler Jorvis (the biggest die
caster in the world) and Shelby are going bankrupt is that they do not know how to calculate
and reduce their production costs. It is my hope that die-casters will turn such situations
around by using the technologies presented in this book. | believe this is the only way to keep
the die casting professionals and the industry itself, from being “left in the dust.”

xvii
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CHAPTER 1

Introduction

In the recent years many die casting companies have gone bankrupt (Doehler—Jarvis and Shelby
to name a few) and many other die casting companies have been sold (St. Paul Metalcraft,
Tool Products, OMC etc.). What is/are the reason/s for this situation? Some blame poor
management. Others blame bad customers (which is mostly the automobile industry). Perhaps
there is something to these claims. Nevertheless one can see that the underlying reasons is
the missing knowledge of how to calculate the when profits are made and how to design so
that costs will be minimized. To demonstrate how the absurd situation is the fact that there
is not even one company today that can calculate the actual price of any product that they
are producing. Moreover, if a company is able to produce a specific product, no one in that
company looks at the redesign (mold or process) in order to reduce the cost systematically. If
there is a company which does such A thing, the author will be more then glad to learn about
it.

In order to compete with other industries, the die casting industry must reduce cost as
much as possible (20% to 40%) and lead time significantly (by 1/2 or more). To achieve these
goals, the engineer must learn to connect mold design to the cost of production (charged to
the customer) and to use the correct scientific principals involved in the die casting process to
reduce/eliminate the guess work. This book is part of the revolution in die casting by which
science is replacing the black art of design. For the first time, a link between the cost and the
design is spelled out. Many new concepts, based on scientific principles, are introduced. The
old models, which plagued by the die casting industry for many decades, are analyzed, their
errors are explained and the old models are superseded.

“Science is good, but it is not useful in the floor of our plant!!” George Reed, the former
president of SDCE, recently announced in a meeting in the local chapter (16) of NADCA.
He does not believe that there is A relationship between “science” and what he does with
the die casting machine. He said that because he does not follow NADCA recommendations,
he achieves good castings. For instance, he stated that in the conventional recommendation
in order to increase the gate velocity, plunger diameter needs to be decreased. He said that



Chapter 1. Introduction

because he does not follow this recommendation, and/or others, that is the reason he succeeds
in obtaining good castings. He is right and wrong. He is right not to follow the conventional
recommendations since they violate many basic scientific principles. One should expect that
models violating scientific principles would produce unrealistic results. When such results occur,
this should actually strengthen the idea that science has validity. The fact that models which
appear in books today are violating scientific principals and therefore do not work should actually
convince him, and others, that science does have validity. Mr. Reed is right (in certain ranges)
to increase the diameter in order to increase the gate velocity as will be covered in Chapter 7.

The above example is but one of many of models that are errant and in need of correction.
To date, the author has not found so much as a single “commonly” used model that has been
correct in its conclusions, trends, and/or assumptions. The wrong models/methods that have
plagued the industry are: 1) critical slow plunger velocity, 2) pQ? diagram, 3) plunger diameter
calculations, 4) runner system design, 5) vent system design, etc!. These incorrect models are
the reasons that “science” does not work. The models presented in this book are here for the
purpose of answering the questions of design in a scientific manner which will result in reduced
costs and increased product quality.

Once the reasons to why “science” did not work are clear, one should learn the correct
models for improving quality, reducing lead time and reducing production cost. The main
underlying reason people are in the die casting business is to make money. One has to use
science to examine what the components of production cost/scrap are and how to minimize or
eliminate each of them to increase profitability. The underlying purpose of this book it to help
the die caster to achieve this target.

1.1 The importance of reducing production costs

Contrary to popular belief, a reduction of a few percentage points of the production cost/scrap
does not translate into the same percentage of increase in profits. The increase is a more
complicated function. To study the relationship further see Figure 1.1 where profits are plotted
as a function of the scrap. A linear function describes the relationship when the secondary
operations are neglected. The maximum loss occurs when all the material turned out to be
scrap and it is referred to as the “investment cost”. On the other hand maximum profits occur
when all the material becomes products (no scrap of any kind). The breakeven point (BEP)
has to exist somewhere between these two extremes. Typically, for the die casting industry,
the breakeven point lies within the range of 65%—75% product (or 25%-35% scrap). Typical
profits in the die casting industry are about 20%.?

(1.1)

duct t — BEP
relative change in profits% = (new procuc® percen 1) 100

old product percent — BEP B

Example 1.1

1The author would like to find/learn about even about a single model presently used in the industry that is
correct in any area of the process modeling (understanding).

2If it below 15% the author would expect the owner to consider to invest in the stock exchange. There is a
possibility to make more profits this way. Perhaps this is the reason that so many die casting companies sold in
these days.

What have your membership dues

. 4
done for you today? plagiarism?

copyright (©), 2000, by Dr. Bar—Meir



Section 1.2. Designed/Undesigned Scrap/Cost

profits A breakeven
0 point
Y0
maximum
profits
invesment
cost
-
0 6575 T8 8 100 No
scrap %
-t scrap
100 : 0

%

Figure 1.1: The profits as a function of the amount of the scrap

what would be the effect on the profits of a small change (2%) in a amount of scrap for
a job with 22% scrap (78% product) and with breakeven point of 65%?

Solution

80 —-65
78 — 65

1) x 100 = 15.3%

a reduction of 2% in a amount of the scrap to be 20% (80% product) results in increase
of more then 15.3% in the profits.

This is a very substantial difference. Therefore a much bigger reduction in scrap will result
in much, much bigger profits.

1.2 Designed/Undesigned Scrap/Cost

There are many definitions of scrap. The best definition suited to the die casting industry
should be defined as all the metal that did not turn-out to be a product. There are two kinds of
scrap/cost: 1) those that can be eliminated, and 2) those that can only be minimized. The first
kind is referred to here as the undesigned scrap, and the second is referred as designed scrap.
What is the difference? It is desired not to have rejection of any part (the rejection should be
zero) and, of course it is not designed and this is the undesigned scrap/cost. However, it is
impossible to eliminate the runner completely, and it is desirable to minimize its size in such
a way that the cost will be minimized. This is minimization of cost and this is the designed
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Chapter 1. Introduction

scrap/cost. The die casting engineer must distinguish between these two scrap components in
order to be able to determine what should be done and what cannot be done.

Science can make a significant difference; for example, it is possible to calculate the critical
slow plunger velocity and thereby eliminating (almost) air entrainment in the shot sleeve in
order to minimize the air porosity. This means that air porosity will be reduced and marginal
products (even poor products in some cases) are converted into good quality products. In this
way, the undesigned scrap is eliminated. This topic will studied further in Chapter ??.

Two different examples of designed scrap/cost and undesigned scrap/cost have been pre-
sented. There is also the possibility that a parameter which reduces the designed scrap/cost
will, at the same time, reduce the undesigned scrap/cost. An example of such a parameter is
the venting system design. It can easily be shown that there is a critical design below which
air/gas is exhausted easily and above which air is trapped. In the later case, the air/gas pressure
builds up and results in a poor casting (large amount of porosity)3.. The analysis of the vent
system demonstrates that a design much above the critical design and design just above the
critical design yielding has almost the same results,— small amount of air entrainment. One can
design the vent just above the critical design so the design scrap/cost is reduced to a minimum
amount possible. Now both targets have been achieved: less rejections (undesigned scrap) and
less vent system volume (designed scrap).

1.3 Linking the Production Cost to the Product Design

It is sound accounting practice to tie the cost of every aspect of production to the cost to
be charged to the customer. Unfortunately, the practice today is such that the price of the
products are determined by some kind of average based on the part weight plus geometry and
not on the actual design and production costs. Furthermore, this idea is also perpetuated by
researchers who do not have any design factor (El-Mehalawi, Liu and Miller1997). Here it
is advocated to price according to the actual design and production costs. It is believed that
better pricing results from such a practice. In today’s practice, even after the project is finished,
no one calculates the actual cost of production, let alone calculating the actual profits. The
consequences of such a practice are clear: it results in no push for better design, and with
no idea which jobs make profits and which do not. Furthermore, considerable financial cost
is incurred which could easily be eliminated. Several chapters in this book are dedicated to
linking the design to the cost (end-price).

1.4 Historical Background

Die casting is relatively speaking a very forgiving process, in which after tinkering with the
several variables one can obtain a medium quality casting. For this reason there has not been
any real push toward doing good research. Hence, all the major advances in the understanding
of the die casting process were not sponsored by any of die casting institutes/associations.
Many of the people in important positions in the die casting industry suffer from what is know
as the “Detroit attitude” which is very difficult to change. “We are making a lot of money so

3The meaning of the critical design and above and below critical design will be discussed in Chapter 9
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Section 1.4. Historical Background

why change?”. Moreover, the controlling personnel on the research funds believe that the die
casting is a metallurgical manufacturing process and therefore the research has to be carried
out by either Metallurgical Engineers or Industrial Engineers. Furthermore, this come as no
surprise — that people—in—charge of the research funding fund their own research. One cannot
wonder if there is a relationship between so many erroneous models which have been produced
and the personnel controlling the research funding. A highlight of the major points of the
progress of the understanding is described herein.

The vent system design requirements were studied by some researchers, for example Suchs,
Veinik, and Draper and others. These models, however, are unrealistic and do not provide a
realistic picture of the real requirements or of the physical situation since they ignore the major
point, the air compressibility. Yet, they provide a beginning in moving the die casting process
towards being a real science.

One of the secrets of the black art of design was that there is a range of gate velocity
which creates good castings depending on the alloy properties being casted. The existence
of a minimum velocity hints that a significant change in the liquid metal flow pattern occurs.
Veinik (Veinik1962) linked the gate velocity to the flow pattern (atomization) and provide a
qualitative physical explanation for this occurrence. Experimental work (Maier1974) showed
that liquid metals, like other liquids, flow in three main patterns: a continuous flow jet, a
coarse particle jet, and an atomized particle jet. Other researchers utilized the water analogy
method to study flow inside the cavity for example, (Bochvar et al.1946). At present, the
(minimum) required gate velocity is supported by experimental evidence which is related to the
flow patterns. However, the numerical value is unknown because the experiments were poorly
conducted for example, (Stuhrke and Wallace1966) the differential equations that have been
“solved” are not typical to die casting®.

In the late 70’s an Australian group (Davis1975) suggested adopting the pQ? diagram for
die casting in order to calculate the gate velocity, the gate area and other parameters. As with
all the previous models they missed the major points of the calculations. As will be shown
in Chapter 7, the Australian’s model produce incorrect results and predict trends opposite to
reality. This model took root in die casting industry for the last 25 years. Yet, one can only
wonder why this well established method (supply and demand theory) which was introduced
into fluid mechanics in the early of this century reached the die casting only in the late seventies
and was then erroneously implemented.

Until the 1980 there was no model that assisted the understanding air entrapment in the shot
sleeve. Garber described the hydraulic jump in the shot sleeve and called it the “wave”, probably
because he was not familiar with this research area. He also developed erroneous model which
took root in the industry in spite of the fact that it never works. One can only wonder why
the major die casting institutes/associations have not published this fact. Moreover, NADCA
and other institutes continue to funnel large sums of money to the researchers (for example,
Brevick from Ohio State) who used Garber's model even after they knew that Garber's model
is totally wrong.

The turning point of the understanding was when Prof. Eckert, the father of modern heat
transfer, introduced the dimensional analysis applied to the die casting process. This established
a scientific approach which provided a uniform schemata for uniting experimental work with the

4Read about this in Chapter 3.
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Chapter 1. Introduction

actual situations in the die casting process. Dimensional analysis demonstrates that the fluid
mechanics processes, such as filling of the cavity with liquid metal and evacuation/extraction
of the air from the mold, can be dealt when the heat transfer is assumed to be negligible.
However, the fluid mechanics has to be taken into account in the calculations of the heat
transfer process (the solidification process).

This proved an excellent opportunity for “simple” models to predict the many parameters
in the die casting process, which will be discussed more fully in this book. Here two examples
of new ideas that mushroomed in the inspiration of prof. Eckert's work. It has been shown
that (Bar-Meir1995b) the net effect of the reactions is negligible.> The development of the
critical vent area concept provided the major guidance for 1) the designs to the venting system
2) when the vacuum system needs to be used. In this book, many of the new concepts and
models, such as economy of the runner design, plunger diameter calculations, minimum runner
design, etc are described for the first time.

1.5 Numerical Simulations

Numerical simulations have been found to be very useful in many areas which lead many
researchers attempting to implement them into die casting process. Considerable research work
has been carried out on the problem of solidification including fluid flow which is known also as
Stefan problems (Hu and Argyropoulos1996). Minaie et al in one of the pioneered work (Minaie,
Stelson and Voller1991) use this knowledge and simulated the filling and the solidification of the
cavity using finite difference method. Hu et al (Hu et al.1992) used the finite element method to
improve the grid problem and to account for atomization of the liquid metal. The atomization
model in the last model was based on the mass transfer coefficient. Clearly, this model is
in waiting to be replaced by a realistic model to describe the mass transfer’. The Enthalpy
method was further exploded by Swaminathan and Voller (Swaminathan and Voller1993) and
others to study the filling and solidification problem.

While numerical simulation looks very promising, all the methods (finite difference, finite
elements, or boundary elements etc) 7 suffer from several major drawbacks that prevent from
them yielding reasonable results.

e There is no theory (model) that explains the heat transfer between the mold walls and
the liquid metal. The lubricant sprayed on the mold change the characteristic of the
heat transfer. The difference in the density between the liquid phase and solid phase
creates a gap during the solidification process between the mold and the ingate which
depends on the geometry. For example, Osborne et al (Osborne et al.1993) showed that
a commercial software (MAGMA) required fiddling with the heat transfer coefficient to
get the numerical simulation match the experimental results®.

e As it was mentioned earlier, it is not clear when the liquid metal flows as a spray and

5Contradictory to what was believed at that stage.

60ne finds that it is the easiest to critic one own work or where he was involved.
7Commercial or academic versions.

8Actually, they tried to prove that the software is working very well.
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Section 1.5. Numerical Simulations

when it flows as continuous liquid. Experimental work has demonstrated that the flow,
for large part of the filling time, is atomized (Bar-Meir1995a).

e The pressure in the mold cavity in all the commercial codes are calculated without taking
into account the resistance to the air flow out. Thus, built—up pressure in the cavity
is poorly estimated and therefore the characteristic flow of the liquid metal in the mold
cavity is poorly estimated as well.

e The flow in all the simulations is assumed to be turbulent flow. However, time and space
are required to achieved a fully turbulent flow. For example, if the flow at the entrance to
a pipe with the typical conditions in die casting is laminar (actually it is a plug flow) it will
take a runner with a length of about 10[m] to achieved fully developed flow. With this
in mind, clearly some part of the flow is laminar. Additionally, the solidification process
is faster compared to the dissipation process in the initial stage so it is also a factor in
changing the flow from a turbulent (in case the flow is turbulent) to a laminar flow.

e The liquid metal velocity at the entrance to the runner is assumed in the numerical
simulation and not calculated. In reality this velocity has to be calculated utilizing pQ2
diagram.

e If turbulence is exist in the flow field, what is the model that describes it adequately?
Clearly, model such k& — € are based on isentropic homogeneous with mild change in
the properties cannot describes situations where the flow changes into two-phase flow
(solid-liquid flow) etc.

e The heat extracted from the die is done by cooling liquid (oil or water). In most models
(all the commercial models) the mechanism is assumed to be by “regular cooling”. In
actuality, some part of the heat is removed by boiling heat transfer.

e The governing equations in all the numerical models, | am aware of, neglecting the
dissipation term in during the solidification. The dissipation term is the most import
term in that case.

One wonders how, with unknown flow pattern (or correct flow pattern), unrealistic pressure
in the mold, wrong heat removal mechanism (cooling method), erroneous governing equation in
the solidification phase, and inappropriate heat transfer coefficient, a simulation could produce
any realistic results. Clearly, much work is need to be done in these areas before any realistic
results should be expected from any numerical simulation. Furthermore, to demonstrate this
point, there are numerical studies that assume that the flow is turbulent, continuous, no air
exist (or no air leaving the cavity) and proves with their experiments that their model simulate
“reality” (Kim and Sant1995). On the other hand, other numerical studies assumed that the
flow does not have any effect on the solidification and of course have their experiments to back
this claim (Davey and Bounds1997). Clearly, this contradiction suggest several options:

e Both of the them are right and the model itself does not matter.
e One is right and the other one is wrong.
e Both of them are wrong.
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Chapter 1. Introduction

The third research we mentioned here is an example where the calculations can be shown to be
totally wrong and yet the researchers have experimental proofs to back them up. Viswanathan
et al (Viswanathan et al.1997) studied a noble process in which the liquid metal is poured into
the cavity and direct pressure is applied to the cavity. In their calculations the authors assumed
that metal enter to the cavity and fill the whole entrance (gate) to the cavity. Based on this
assumption their model predict defects in certain geometry. Now lets look at this model a bit
more in critical examination. The assumption of no air flow out by the authors (was “explained”
to me privately that air amount is small and therefore not important) is very critical as will
be shown here. The volumetric air flow rate into the cavity has to be on average equal to
liquid metal flow rate (conservation of volume for constant density). Hence, air velocity has
to be approximately infinite to achieve zero vent area. Conversely, if the assumption that the
air flows in same velocity as the liquid entering the cavity, liquid metal flow area is a half what
is assume in the researchers model. In realty, the flow of the liquid metal is in the two phase
region and in this case it is like turning a bottle full of water over and liquid inside flows as
“blobs” °. In this case the whole calculations do not have much to do with reality since the
velocity is not continuous and different from the calculated.

Another example of such study is the model of the flow in the shot sleeve by Backer and Sant
from EKK (Backer and Sant1997). The researchers assumed that the flow is turbulent and they
justified it because they calculated an found a “jet” with extreme velocity. Unfortunately, all
the experimental evidence demonstrate that there is no such jet (Madsen and Svendsen1983).
It seems that this jet is results from the “poor” boundary and initial conditions!?. In the
presentation, the researchers also stated that results they obtained for laminar and turbulent
flow were the same!! while a simple analysis can demonstrate the difference is very large. Also,
one can wonder how liquid with zero velocity to be turbulent. With these results one can
wonder if the code is of any value or the implementation is at fault.

The bizarre belief that the numerical simulations are a panacea to the all the design problem
is very popular in the die casting industry. | am convinced that any model has to describes the
physical situation in order to be useful. | cannot see experimental evidence supporting wrong
models as a real evidence'?. | would like to see numerical calculations that produce realistic
results based on the real physics understanding. Until that point come, | will suggest to be
suspicious about any numerical model and its supporting evidence.!3

9Try it your self! fill a bottle and turn it upside and see what happens.

10The boundary and initial conditions were not spelled out in the paper!! However they were implicitly stated
in the presentation.

1156 why to use the complicate turbulent model?

12Clearly some wrong must be there. For example, see the paper by Murray and colleague in which they use
the fact that two unknown companies were using their model to claim that it is correct.

BBWith all this harsh words, | would like to take the opportunity for the record, | do think that work by Davey's
group is a good one. They have inserted more physics (for example the boiling heat transfer) into their models
which | hope in the future lead us to have realistic numerical models.
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1.6 “Integral” Models

Unfortunately, the numerical simulations of the liquid metal flow and solidification do not yield
reasonable results at the present time. This problem has left the die casting engineers with the
usage of the “integral approach” method. The most important tool in this approach is the pQ2
diagram, one of the manifestations of supply and demand theory. In this diagram, an engineer
insures that die casting machine ability can fulfill the die mold design requirements; the liquid
metal is injected at the right velocity range and the filling time is small enough to prevent
premature freezing. One can, with the help of the pQ2? diagram, and by utilizing experimental
values for desired filling time and gate velocities improve the quality of the casting. The gate
velocity has to be above certain value to assure atomization and below a critical value to prevent
erosion of the mold. This two values are experimental and no reliable theory is available today
known to the author (Bar-Meirl995a). The correct model for the pQ? diagram has been
developed and will be discussed in Chapter 7. A by—product of the above model is the plunger
diameter calculations and it is discussed in Chapter 7.

It turns out that many of the design parameters in die casting have a critical point above
which good castings are produced and below which poor castings are produced. Furthermore,
much above and just above the critical point do not change much but costs much more.
This is where the economical concepts plays a significant role. Using these concepts, one can
increase the probably significantly and, obtain very quality casting and reduce the leading time.
Additionally, the main cost components (machine cost and other) are analyzed and have to be
taken into considerations when one chooses to design the process with will be discussed in the
Chapter 7?7 on the economy of the die casting.

Porosity can be divided into two main categories; shrinkage porosity and gas/air entrain-
ment. The porosity due to entrapped gases constitutes a large part of the total porosity. The
creation of gas/air entrainment can be attributed to at least four categories: lubricant evap-
oration (and reaction processes!*), vent locations (last place to be filled), mixing processes,
and vent/gate area. The effects of lubricant evaporation have been found to be insignificant.
The vent location(s) can be considered partially solved since only qualitative explanation exist.
The mixing mechanisms are divided into two zones: the mold, and the shot sleeve. Some
mixing processes have been investigated and can be considered solved. The requirement on the
vent/gate areas is discussed in Chapter 9. When the mixing processes are very significant in the
mold other methods are used and they include: evacuating the cavities (vacuum venting), Pore
Free Technique (in zinc and aluminum casting) and squeeze casting. The first two techniques
are used to extract the gases/air from the shot sleeve and die cavity before the gases have the
opportunity to mix with the liquid metal. The squeeze casting is used to increase the capillary
forces and, therefore, to minimize the mixing processes. All these solutions are cumbersome
and more expensive and should be avoided if possible.

The mixing processes in the runners, where the liquid metal flows vertically against gravity
in a relative large conduit, are considered to be insignificant!®. The enhanced air entrainment
in the shot sleeve is attributed to operational conditions for which a blockage of the gate by

14Some researchers view the chemical reactions (e.g. release of nitrogen during solidification process) as
category by itself.
15Some work has been carried out and hopefully will be published soon.
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Chapter 1. Introduction

a liquid metal wave occurs before the air is exhausted. Consequently, the residual air is forced
to be mixed into the liquid metal in the shot sleeve. Now with Bar-Meir's formula one can
calculate the correct critical slow plunger velocity and this will be discussed in Chapter 8.

1.7 Conclusion

It is an exciting time in the die casing industry because for the first time an engineer can start
using real science in the designing the runner/mold and the die casting process. Many models
have been corrected and and many new techniques have been added. It is the new revolution
in the die casting industry.
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CHAPTER 2

Basic Fluid Mechanics

2.1 Introduction

My experince show that many engineers/researchers in die casting are lacking the understanding
of the basic fluid mechanics. This is my attempt to introduced this fundametal aspect of science
to the die casting community. As someone who grow most his life around people who are experts
in this area, | feel strongly that this knowldge cannot be avoided. The design of the process
as well as the properties of cassting (sepcially magnsem alloys) are deterimed by the fluid
mechanics/heat transer processes. | hope that others will join me to spread this knowldge.

There are numerous books about introdctery fluid mechanics! | would suggest to redear
who want to expained thier knowldge to read the book "Fluid Mechanics” by A.G. Hansen.
1967. | found this book to provide a clear illustretive picture of the physics. This chapter is a
kind of summary of that book. | add only the most fundemantal asspects of the topic known
as two phase flow.? | hope that you will find this intersting and you will further continue read
books which are dealing with fluid mechanics.

First we will interodce the nature of fluids and basic concepts from thermodynamics. Later
we deals with the intergral analyses which will be divied into introduction of the control volume
concept and Continuity equations. The energy equation will expained in the next section. Later
will we will be descussing momentum equation. Lastly, the chapter will be dealing with the flow
compressible gases. We refrain from dealing with to many topic such boundary layers, non—
viscous flow, machinary flow etc because we believe that they are not essential to understand
the rest of this book. Nevertheless, they are important and it is advaceble that the reader will

11 grow on Streeter's and Shames’ books, | feel that they are examples of too much material for reader as
introductry text books.

2The knowledge on that topic come from Tel-Aviv University The department of Fluid Mechanics and Heat
Transfer were | obtained my M.Sc. That department have a concentration of world formost experts in this area
such Dr. Y. Taitle, and other. Many of figures and discusions are borred from there.
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Chapter 2. Basic Fluid Mechanics

read on these topics as well.

2.2 What is fluid? Shear streass

Fluid in this book is considered as a substance that “moves” continously when exposed to a
shear stress. The liquid metals are an example of such substance. However, the liquid metals
do not have to be in the liquidous phase to be considerd liquid. Aluminum at aproximatly
400°[C] is continously deformed when shear stress are aplied. The whole semi-solid die casting
area deals with materials that “looks” solid but behaves as liquid.

Consider a liquid that resting on the bottom and the top is moving in a velocity, U (see
Figure ??). The force required for this operation is proportional to

vA

F 2.1
o — (2.1)
Or in other words, the shear streas is propportional to
U
2.2
T o (2.2)

Under steady state condition and a linear veloctiy distribution it can be shown that dU/dy =
U/h and therefore
au _ dU
T X & 1 a
This assumption leads as to the Newtonian fluid. In this book we only mentioned the fact
that there are fluids that that do exhibit non—Newtonian behavior and they are not disscused
in this book.
The viscosity is appropety of liquid and it was found that the ratio of the viscosity to the
density is importent. This ratio is called kinematic viscosity, and denoted as v. For liquid metal
this property is function of the temperature and senstive to the pressure.3

(2.3)

u

& 7

% 7|

Figure 2.1: A schamatic of shear flow coutee flow

2.2.1 Thermodynamics and mechanics concepts
Thermodynamics

We adopt the concepts of system and control volume. The system is a collection of particals.
The particals do not leave the system. The control volume is arbitrary slection of boundraies.

3Here we need a volunter to explain in more details the properties of liquid metals
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Section 2.2. What is fluid? Shear streass

Particls can leave the system and boundaries can move. These two concepts will used extensivley

through the book. The first law applied to the non accelarting system can be written as depent on the coordinate, dis-
orignal energy energy re- . energy trans-
(within a sys—> + (cieved by the | = (fﬁl al eriergy 1n) + | ferred from |(2.4)
tem system © system the system

The mathematical represention of equaition 2.4 is given by

2 2

Vi Vi
%+gz1+u1+q:%+922+w+w (2.5)

Note that it is a very good approximation to assume that the mass is a constant for system. The newton law of motion to

take from scriven with the in-

The pressure and the hydrostatic pressure discusion with example vintrury pump tegration

2.2.2 Control Volume, c.v.

The control volume was introduced by L. Euler* In the control volume, c.v we are looking at
spesific volume which mass can enter and leave. The simplest c.v. is when the boundry are
fixed and it is refered to as the Non—deformable c.v.. The conservation of mass to such system
can be very good approximated by

d

D v = / PVindA (2.6)
dt [y . s

This equation states the change in the volume come from the difference of masses being
added through the boundary.

put two examples of simple for mass conservation.
For deformable c.v.

d dp
a _ ap - dA 2
i), pdV /VM- g dV+/S PVend (2.7)

c.v.

Example 2.1
Empting a tank
put picture of the tank throw empty process
A tank as shown in the picture emptys from the exit. write the mass conservation
equations that discribe the physical situation

Solution
The continutity equation 2.7

put another example

“a blind man known as the master of calculus, made his living by being a tutor, can you imagne he had
eleven kids: where he had the time and energy to develop all the great things he has done.
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2.2.3 Energy Equation

Find the time that it will take to empty the tank given in previose example.

2.2.4 Momentum Equaton

The second Newton law of motion is written mathematically as

D
2.
F Dth (2.8)

This exparetion, of course, for fluid particales can be written as

D
Y= — d 2.
Dt/V Vpdv (2.9)

sys

or in more explisity it can be written as

zpzi/ dev+/ PV VyndA (2.10)
di p

cov. cov.

2.2.5 Compressible flow

My experience teaching this material is that take more than simester to good student to have
good undersding of this complex material. Yet to give very minimal information is seems to me
esential to the derstanding of the venting design. | made a great effort to disscuse the physics
with minimum mathematical detials. | found Shapiro’s book to be excelent soure for those who
want to know in creater details this material. | will appreciat comments from the readers on
how to present this complex issue without bourning the reader with exrta mathematical /physics
stuff.
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CHAPTER 3

Dimensional Analysis

The shear, S, at the ingate is determined by the average velocity,
U, of the liquid and by the ingate thickness, t. Dimensional
analysis shows that is directly proportional to (U/{). The
constant of proportionality is difficult to determine, ...

Murray, CSIRO Australia
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*This was taken from “The Design of feed systems for thin walled zinc high pressure die castings”, Metallur-
gical and materials transactions B Vol. 27B, February 1996, pp. 115-118. This is an excellent example of poor
research. Here, | will change this book approach and | will not discuss specific mistakes which are numerous. |
would like only to point out how dimensional analysis can take “cluttered’ paper such as this one and turn it
into a real valuable. This example will appear in next addition of this book in a form of question to the student.
Bytheway, the authors mentioned that in Australia their idea is working. Is the physics laws are really different
over there? As the proof to their model, the researchers mentioned two unknown companies as fact that their
model is working. What a nice proof! Of course, the problem in the company was exactly as described in the
model and solution requires to use the model.
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One of the important tools to understand and to design in the die casting process is di-
mensional analysis. Fifty years ago this method transformed the fluid mechanics/heat transfer
into an “uniform” understanding. In this book | am attempting to introduce to the die casting
field this established method!. Experimental studies will be “expended/generalized” as it was
done in convective heat transfer. It is hoped that as a result, separate sections for aluminum,
zinc and magnesium will not exist in anymore die casting conferences. This chapter is based
partially on Dr. Eckert's book, notes and article on dimensional analysis applied to die casting.
Several conclusions are derived from this analysis and they will be presented throughout this
chapter. This chapter is intent for a reader who want to know why the formulation in the
book is in the dimensionless form. It also can bring a great benefit to researchers who want
to built their research on a solid foundation. For those who are dealing with the numerical
research/calculation, it can be useful to learn when some parameters should be taken into
account and why. Considerable amount of physical explanation is provided in this Chapter.

In dimensional analysis, the number of the effecting parameters is reduced to a minimum by
replacing the dimensional parameters by dimensionless parameters. Some researchers point out
that the chief advantages of this analysis are “to obtain experimental results with a minimum
amount of labor, results in a form having maximum utility” (Hansen1967, pp. 395). The
dimensional analysis has several other advantages which include 1)increase of understanding,
2) knowing what is important, and 3)compacting the presentation?.

Dimensionless parameters are parameters that represent a ratio that do not have a physical
dimension. In this chapter only things related to die casting are presented. The experimental
study assists to solved problem when the solution of the governing equation can not be solved
To achieve this, we design experiments that are “similar” to the situation that we simulating.
This method is called the similarity theory in which the governing differential equations needed
to solve are defined and design experiments with the same governing differential equations. This
does not necessarily means that we have to conduct experiments exactly as they were in reality.
An example how the similarity is applied to the die cavity is given in the section 3.5. Casting
in general and die casting in particular, | am not aware of experiments that utilize this method.
For example, after the Russians (Bochvar et al.1946) introduced the water analogy method (in
casting) in the 40’s all the experiments (known to the author such by Wallace's group, CSIRO
etc) conducted poorly design experiments. For example, experimental study of Gravity Tiled
Die Casting (low pressure die casting) performed by Nguyen's group in 1986 comparing two
parameters Re and We. The flow is “like” free falling for which the velocity is a function of the
height (U ~ /gH). Hence, the equation Re; o401 = Regctuar should lead only to Hypger =
H,ctuar and not to any function of Upoger/Uactuar: The value of Upoger/Usctuar is actually
constant for constant for height ratio. Many other important parameters which controlling the
governing equations are not simulated (Nguyen and Carrig1986). The governing equations in
that case include several other important parameters which have not been controlled, monitored
and simulated®. Moreover, the Re number is controlled by the flow rate and the characteristics

LActually, Prof. E.R.G. Eckert introduced the dimensional analysis to the die casting long before me. | am
only his zealous disciple, all the credit should go to him. Of course, all the mistakes are mine and none of Dr.
Eckert’s. All the typos in Eckert’s paper were my responsibility (there are many typos) for which | apologize.

2The importance of compact presentation | attribute to Prof. M. Bentwitch who was my mentor during my
master studies.

3Besides many conceptual physical mistakes, the authors have a conceptual mathematical mistake. They
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Chapter 3. Dimensional Analysis

of the ladle opening and not as in the pressurized pipe flow as the authors assumed.

3.1 Introduction

) (

! Q

Figure 3.1: Rode in to the hole example

Lets take a trivial example of fitting a rode into a circular hole (see Figure 3.1). To have
solve this problem, it is required to know two parameters; one the diameter of the rode and
second the diameter of the hole. Actually it is required to have the only one parameter, the
ratio of the rode diameter to the hole diameter. The ratio is a dimensionless number and with
this number one can say that for a ratio larger than one, the rode will not enter the hole; and
ratio smaller than one rode is too small. Only when the ratio is equal to one the rode is said to
be fitting. This allows one to draw the situation by using only one coordinate. Furthermore, if
one wants to deal with tolerances, the dimensional analysis can easily be extended to say that
when the ratio is equal from 0.99 to 1.0 the rode is fitting, and etc. When one will use the two
diameters description he will need more than this simple sentence to describe it.

In preceding simplistic example the advantages are minimal. In many real problems, in-
cluding the die casting process, this approach can remove clattered views and put the problem
in a focus. It also helps to use information from different problems to a ‘similar” situation.
Throughout the book the reader will notice that the systems/equations are converted to a
dimensionless form to augment the understanding.

tried to achieve the same Re and F'r numbers in the experiments as in reality for low pressure die casting. They
derived equation for the velocity ratio based on equal Re numbers (model and actual). They have done the
same for F'r numbers. Then they equate the velocity ratio based on equal Re to velocity ratio based on equal
Fr numbers. However velocity ratio based on equal Re is a constant and does vary with the tunnel dimension
(as opposed to distance from the starting point.). The fact that these ratios have the same symbols does not
mean that they are really the same. These two ratios are different and cannot be equated.
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Section 3.2. The processes in die casting

3.2 The processes in die casting

The die casting process can be broken to many separated processes which are controlled by
different parameters. The simplest division of the process for a cold chamber is as the following;:
1) filling the shot sleeve, 2) slow plunger velocity, 3) filling the runner system 4) filling the
cavity and overflows, and 5) solidification process (also referred as intensification process).
This division to such subprocesses results in a clear picture on each process. On the one hand,
in processes 1 to 3, we would like to have a minimum heat transfer/solidification to take place
for the obvious reason. On the other hand, in the rest of the processes, the solidification is the
major concern.

In die casting, the information/conditions down-stream do not travel upstream. For exam-
ple, the turbulence does not travel from some point at the cavity to the runner and of course to
the shot sleeve. This kind of relationship is customarily denoted as a parabolic process (because
in mathematics the differential equations describes this kind of cases called parabolic). To large
extent it is true in die casting. The pressure in the cavity does not effect the flow in the sleeve
or the runner when vent system are well designed. In other words, the design of the pQ2 dia-
gram is not controlled by down—stream conditions. Another example, the critical slow plunger
velocity is not affected by the air/gas flow/pressure in the cavity. In general, the turbulence
generated down—stream does not travel up—stream in this process. One has to restrict this
characterization to some points. One particularly has to be mentioned here: the poor design of
the vent system effects the pressure in the cavity and therefore effects does travel down stream.
For example, the pQ? diagram calculations are affected by poor vent system design.

3.2.1 Filling the shot sleeve

initial
stage

hydral i ¢
j ump

.

s .

. .

Figure 3.2: Filling of the shot sleeve

The flow from the ladle to the shot sleeve did not receive much attention in the die casting
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Chapter 3. Dimensional Analysis

research* because it is believed that it does not play a significant role. For low pressure die
casting, the flow of liquid metal from the ladle through “channel/s" to the die cavity plays
an important role>. The importance of the understanding of this process can show us how
to minimize the heat transfer, layer created on the sleeve (solidification layer), and sleeve
protection [ a) erosion b) plunger problem].

At first the hydraulic jump is created when the liquid metal enters the sleeve. As the liquid
metal level in the sleeve rises, the location of the jump moves closer to the impinging center.
At certain point, the jump disappears due to the liquid depth level (the critical depth level). At
this stage, air bubbles are entrained in the liquid metal which augment the heat transfer. At
present, we have an extremely limited knowledge about the heat transfer during process and of
course less about minimization of it.

The heat transfer from the liquid metal to the surroundings is affected by the velocity
and the flow patterns since the mechanism of heat transfer is changed from a like natural
convection to a like force convection. In addition the liquid metal jet surface is also effected by
heat transfer to some degree by change in the properties. As first approximation the radius of
the jet changes due to the velocity change. For a laminar flow the velocity goes as ~ /z where
x is the distance from the ladle. For a constant flow rate assumption the radius will change
as r ~ 1//z. Note that this relationship is not valid vary near the ladle proximity (r/z ~ 0
(why?)). The heat transfer increases as a function of z for these two reasons.

The heat transfer to the sleeve in the impinging area is the most significant and at present
only very limited knowledge is available due complexity.

3.2.2 Shot sleeve

In this section we examine the solidification effects. One of the assumptions in the analysis
of the critical slow plunger velocity was that the solidification process does not play important
role (see Figure 3.3). The typical time for heat to penetrate a typical layer in air/gas phase is
in order of minutes. Moreover, the density of the air/gas is 3 order magnitude smaller than the
liquid metal. Hence, most of the resistance to heat transfer is in the gas phase.

Meta Additionally, it has been shown that the liquid metal surface is continuously replaced
by slabs of material below the surface which is known in the scientific literature as
the renewal surface theory.

End

Therefore, if we look at the heat transfer from the liquid metal surface to the air as shown
in Figure 3.3 (mark as process 1) the air acts as insulator to the liquid metal. The solidified
layer thickness can be approximated by looking at the case of a plate with temperature below
melting point of the liquid metal when the liquid metal initial temperature is constant and
above the freezing point (above the mushy zone and £ < 1).

41 have found only very few of papers dealing with this aspect. If you know about research concerning this
issue or you would like to work on this topic, please drop me a line.

5] have made some elementary estimates of fluid mechanics and heat transfer and | am waiting to finish it
and to find a journal without the kind of referees mentioned in Appendix A. Or perhaps it will appear in the
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Figure 3.3: Heat transfer processes in the shot sleeve
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Figure 3.4: Solidification of the shot sleeve time estimates

The governing equation in the sleeve is

oT 0*T
pien g = () )

where the subscript d denote the properties should be taken for the sleeve material.
Boundary condition between the sleeve and the air/gas is

or

92 -0 (3-2)
on|,_o

next addition of this book. If you would like to help me to finish the work on this problem, please drop me a
line.
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Where n represent the perpendicular direction to the die. Boundary conditions between the
liquid metal (solid) and sleeve

oT oT
ksteel (6_> = kAL (_> (33)
Y7 ly=t Oy y=l
The governing equation for the liquid metal (solid phase)
oT 0*T
mp, = bim (g 4
PimCp,,, 57 =~ ™ <6y2> (34)

where Im denote that the properties should be taken for the liquid metal. We also neglect the
dissipation and the velocity due to the change of density and natural convection.
Boundary condition between the phases of the liquid metal is given by

vspshsy = ki <Z_T) — ks <(2_T> ~ kw (3.5)
y=l+5 Y7 ly=i+o Y y=l+6
hsf the heat of solidification
Ps liquid metal density at the solid phase
Up, velocity of the liquid/solid interface
k conductivity

The governing equation in the liquid phase with neglecting of the natural convection and
density change is

oT 0*T
pen, gy = Mgy (3.6)
continue with Geodman's | he dissipation function can be assumed to be negligible in this case.

e ot hon s There are three different periods in the heat transfer 1) filling the shot sleeve 2)during the
sion about the & application 3 jjeting time, and 3)during the plunger movement. In the first period heat transfer is relatively
very large (major solidification). At present we don’t know much about the fluid mechanics
not to say much about the solidification process/heat transfer. The second period can be
simplified and analyzed as if we know more the initial velocity profile. A simplified assumption
can be made considering the fact that Pr number is very small (large thermal boundary layer
compared to fluid mechanics boundary layer). Additionally, it can be assumed that the natural
Perhaps modified Goodman's  CONVeEction effects are marginal. In the last period, the heat transfer is composed from two
oo e ot =Y 70nes: one) behind the jump and two) ahead of the jump. The heat transfer head of the jump
is the same as in the second period while the heat transfer behind the jump is like heat transfer
in to a plug flow for low Pr number. The heat transfer in such cases have been studied in the
past. The reader can refer to, for example, the book “Heat and Mass Transfer” by Eckert and
to check what it isin the new D TakKe.

version and put the exact ref

put the typical solution, or
just the ref

3.2.3 Runner system

The flow in the runner system has to be divided into sections 1) flow with free surface 2)
filling the cavity when the flow is pressurized (see Figures 3.5 and 3.6). In the first section the
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air stréaks

Figure 3.5: Entrance of liquid metal to the runner

gravity affects the air entrainment. A dominate parameter in this case is We number. This
phenomenon determines how much metal has to be flushed out. It is well known that the
liquid interface cannot be a straight line. Above certain velocity (typical to die casting, high
Re number) air leaves streaks of air/gas slabs behind as shown in Figure 3.5. These streaks
create a low heat transfer zone at the head of the “jet” and “increases” its velocity. The
air entrainment created in this case supposed to be flushed out through the vent system in a
proper process design. Unfortunately, at present we know very little about this issue especially
as concerned with geometry typical to die casting.

Meta In the second phase, the flow in the runner system is pressurized and the typical
runner length is in order of 0.1[m]. In that case, if we have a large velocity let say
10[m/sec]. The velocity due to gravity is &~ 2.5[m/sec]. The Fr number assumes the
value ~ 102 for which gravity play a limited role.

End

The converging nozzle such as the transition into runner system (what a good die casting
engineer should design) tents to reduce the turbulence and can even eliminate it. In that view,
the liquid metal enters the runner system (almost) as a laminar flow (actually close to a plug
flow). For a duct with a typical dimension of 10 [mm] and a mean velocity, U = 10[m/sec],
(during the second stage), for aluminum die casting, the Reynolds number is:

Rez%bzsxlm7

which is a supercritical flow. However, the flow is probably laminar flow due to the short time.
Meta Another look at turbulence: The boundary layer is a function of the time (during the

filling period) is of order
6 =12ut
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pressure

Figure 3.6: Flow in runner when during pressurizing process

The boundary layer in this case can be estimated as® for time of the first phase. Anyhow,
the utilizing the time of 0.01[sec] the viscosity of aluminum the boundary layer is of the
thickness of 0.25[mm] which indicate that flow is laminar.

End

Meta To include dimensional analysis of this aspect? Similar to Streeter presentation with
additional discussion about branching in instantaneous starting flow. Flow switching to
turbulence pattern by poor design increase resistance in the middle of the filling process
in one branch with the poor design. Branching in runner system is discussed in chapter 4

End

3.2.4 Die cavity

All the numerical simulation of die filling are done almost exclusively assuming that the flow
is turbulent and continuous (no two phase flow). In the section 3.3.1 a discussion about the
existence of turbulence and what kind of model is appropriate or not are presented. The liquid
metal enters the cavity as a non—continuous flow. Actually, it is preferred that the flow will
be atomized (spray). While that there is considerable literature about many geometries non
available to typical die casting configurations’. The flow can be atomized as either in a laminar
or turbulent region. The experiments by the author and by others showed that the flow turns
into spray in many cases ( See Figures 3.7).

Sonly during the flow in the runner system, no filling of the cavity
71 just wonder who were the opposition to this research? perhaps one of the referees as in the Appendix A
for the all clues | have received.
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Section 3.2. The processes in die casting

In the section 3.4.1 it will be shown that the time for atomization is very fast compared with
any other process (filling time scale and, of course, the conduction heat transfer or solidification
time scales). Atomization requires to have two streams with a significant velocity difference.
Numerous experimental studies had shown that castings obtained when the injected velocity is
above certain value are superior. This fact alone is enough to convince us that the preferred
flow pattern is a spray flow. Yet, very small number of numerical models exist and used for die
casting assuming spray flow (for example the paper by Hu at el (Hu et al.1992).). Experimental
work commonly cited as a “proof” of turbulence was conducted in the mid 60’s (Stuhrke and
Wallace1966) utilizing water analogy®. The “white” spats they observed in their experiments
are atomization of the water. Because these experiments were poorly conducted (no similarity
to die casting process) the observation/information from these studies is very limited. Yet with
this limitation in mind, one can conclude that the spray flow does exist.

Experiments Fondse et al (Fondse, Jeijdens and Ooms1983) show that atomization is larger
in a laminar flow compared to a turbulent flow in a certain range. This fact further confusing
what is the critical velocity needed in die casting. Since the experiments which measure the
critical velocity were poorly conducted no reliable information is available on what is the flow
pattern and what is the critical velocity®.

3.2.5 Intensification period and after

The main concern in this phase is to extract heat from the die and to solidify the liquid metal as
aptly as possible. The main resistance to the heat flow is in the die and the cooling liquid (oil
or water based solution) . The heat transfered to the cooling liquid is via boiling mechanism
in some part of the process. However, the characteristic boiling heat transfer time to achieve a
steady state is larger than the whole process occurs and the typical equations (steady state) for
the preferred situation (heat transfer only in the first mode) are not accurate. Thus, when we
have very limited understanding of so many aspects of the process clearly, the effects of each
process on other processes is also cluttered.

Meta the relationship between the pressure, density, and temperature. Insert the derivations
about the void creation in sharp corners during solidification. Insert the other papers
about the experiments about this issue.

End

8The problems in these experiments were, among other things, the dimensional numbers not simulated such
as Re, Geometry etc. and therefore different differential equations not typical to die casting were “solved”. The
researchers also look at what is known as a “poor design” in which disturbances to flow downstream (this is
like putting screen in the flow). However, a good design requires smooth contours.

9Beside other problems such as different flow velocity in different gates which never really measured, the
pressure in the cavity and quality of the liquid metal entering the cavity (is it in two phase?) never been recorded.
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3.3 Special topics

3.3.1 s the flow in die casting is turbulent?
Transition from laminar to turbulent

It commonly assumed that the flow is turbulent in the shot sleeve, runner system, and the
duration of the filling of the cavity. Further, it also assumed that the k—e model can reasonably
represent the turbulence structure. These assumptions are examined herein. We examine the
flow in 1) the shot sleeve, 2) the runner system, and 3) the mold cavity. Note, that even if the
turbulence is exist in some regions it doesn’t necessarily mean that all the flow field is turbulent.

Figure 3.8 exhibits the transition to a turbulent flow for instantaneous starting flow in a
circular pipe. The abscissa represents time and the y—axis represents the Re number at which
transition to turbulence occurs. The points on the graphs show the transition to a turbulence.
This figure demonstrates that a large time is required to turn the flow pattern to a turbulent
which measured in several seconds. The figure demonstrates that the transition does not occur
below a certain critical Re number (known as the critical Re number for steady state). It
also shows that a considerable time has to elapse before transition to turbulence occurs even
for a relatively large Reynolds number. The geometry in die casting however is different and
therefore it is expected that the transition occurs at different times. Our present knowledge
of this area is very limited. Yet, a similar transition delay is expected to occur after the
“instantaneous” start—up which probably will be measured in seconds. The flow in die casting
in many situations is very short (in order of milliseconds) and therefore it is expected that the
transition to a turbulent flow does not occur. After the liquid metal is poured, it is normally
repose for sometime in a range of 10’s seconds. This fact is known in the scientific literature
as the quieting time for which the existed turbulence (if exist) is reduced and after enough
time (measured in seconds) is illuminated. Hence, if turbulence was created during the filling
process of the shot sleeve is “disappeared”. Now we can examine the question, is the flow in
the duration of the slow plunger velocity is turbulent (see Figure 3.9).

Clearly, the flow in the substrate (a head the wave) is still (almost zero velocity) and
therefore the turbulence does not exist. The Re number behind the wave is above the critical
Re number (which is in the range of 2000-3000). The typical time for the wave to travel to the
end of the shot sleeve are in the range of a ~ 10° second. At present there are no experiments
on the flow behind the wave'®. The estimation can be done by looking at what is known in the
literature about the transition to turbulence in instantaneous starting pipe flow. It has been
shown (Wygnanski and Champan1973) that the flow changes from a laminar flow to turbulent
flow occurs in an abrupt meaner for a flow with supercritical Re number. A typical velocity
of the propagating front (transition between laminar to turbulent) is about at same velocity as
the mean velocity of the flow. Hence, it is reasonable to assume that the turbulence is confined
to a small zone in the wave front since the wave is traveling in a faster velocity than the mean
velocity. Note that the thickness of the transition layer is a monotone increase function of time
(traveling distance). The Re number in the shot sleeve based on the diameter is in a range of
~ 10* which means that the boundary layer has not developed much. Therefore, the flow can

101t has to be said that similar situations are found in two phases flow but they different by the fact the flow
in two phase flow is a sinusoidal in some respects.
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be assumed as almost a plug flow with the exception of the front region.

A note on numerical simulations

The most common model for turbulence that used in the die casting industry for simulating
the flow in cavity is k-e . This model is based on several assumptions

1. isentropic homogeneous turbulence,
2. constant material properties (or a mild change of the properties),

3. continuous medium (only liquid (or gas), no mixing of the gas, liquid and solid what so
ever), and

4. the dissipation does not play a significant role (transition to laminar flow).

The k-€ model is considered reasonable for the cases where these assumptions are not far from
reality. It has been shown, and should be expected, that in cases where assumptions are far from
reality, the k-¢ model produces erroneous results. Clearly, if we cannot determine whether the
flow is turbulent and in what zone, the assumption of isentropic homogeneous turbulence is very
questionable. Furthermore, if the change to turbulence just occurred, one cannot expect the
turbulence to have sufficient time to become isentropic homogeneous. As if this is not enough
complication, we have to consider the effects of change of properties as results temperature
change. Large changes in the properties such as viscosity have between observed in many alloys
especially in the mushy zone.

While the assumption of the continuous medium is a semi reasonable in the shot sleeve
and runner, it is far from reality in the die cavity. As discussed previously, the flow is atomized
and it is expected to have a large fraction of the air in the liquid metal and conversely some
liquid metal drops in the air/gas phase. In such cases, the isentropic homogeneous assumption
is very dubious.

For these reasons the assumption of k-¢ model seems unreasonable unless good experiments
can show that the choice of the turbulence model does not matter for the calculation.

Meta To discuss the effect of the solidification on k-e model. Different properties in different
zones due to large thermal boundary layer.

End

Meta If we know close to nothing regarding what particles size we would preferred to have,
how we cannot design the process and the gate.

End

Meta The question whether the flow in die cavity is turbulent or laminar is secondary. Since
the two phase flow effects have to be considered such atomization, air/gas entrainment
etc.

End
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Additional note on numerical simulation

The solution of momentum equation for certain situations may lead to unstable solution. Such
case is the two jets with deferent velocity flow into a medium and they are adjoint (see Figure
3.10). The solution of such flow can show that the velocity field can obtain unstable solution for
which the flow moderately change to became like wave flow. However, in many cases this flow is
turnout to be full with vortexes and such. The reason that this happened is the introduction of
instabilities. Numerical calculations intrinsically are introducing instabilities because truncation
of the calculations. In many cases, these truncations results over—shooting or under—shooting
of the nature instability. In cases where the flow is unstable, a careful study is required to make
sure that the solution did not produce an unrealistic solution in which larger or smaller than
reality introduced instabilities. An excellent example of such a poor understating is a work
made in EKK company (Backer and Sant1997). In that work, the flow in the shot sleeve was
analyzed. The nature of the flow is two dimensional which can be seem by all the photos taken
by numerous people (staring from the 50's). The presenter of that work explained that they
have used 3D calculations because they want to study additionally the instabilities perpendicular
to the flow direction. The numerical “instability” in this case are larger than real instabilities
and therefore, the numerical results shows phenomena not exist in reality.

Reverse transition from turbulent flow to laminar flow

After the filling the die cavity, during the solidification process and intensification, the attained
turbulence (if exist) is reduced and probably eliminated, i.e. the flow is laminar in a large portion
of the solidification process. At present we don’t comprehend when the transition point/criteria
occurs and we must resort to experiments. It is a hope that some real good experiments using
the similarity technique, outline in this book, will be performed. So more knowledge can be
gained and hopefully will appear in this book.

3.3.2 Dissipation effect on the temperature rise

The large velocities of the liquid metal (particularly at the runner) theoretically can increase
the liquid metal temperature. To study this phenomenon lets look at the case where all the
kinetic energy is transformed into thermal energy.

U2
This equation leads to the definition of Eckert number
U2
Ec= .
¢ cpAT (38)

When Ec number is very large it means that the dissipation plays a significant role and
conversely when Ec number is small the dissipation effects are minimal.

Meta The effect of temperature on the properties of the liquid metal are considerable in the
range of the mushy zone.

End
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3.3.3 Gravity effects

The gravity has a large effect only when gravity force is large relatively to other forces. A
typical velocity ranges generated by the gravity is the same as for a object falling in air. The
air effects can be neglected since the air density is very small compared with the liquid metal
density. The momentum is the other dominate force in the filling the cavity. Thus, the ratio
of the momentum forces to the gravity force, also known as Froude number, determines if the
gravity effects are important. The Froude number is defined here as

U2

Fr=—
r 7

(3.9)

Where U is the velocity, £ is the characteristic length g is the gravity force. For example, the
characteristic pouring length is in order of 0.1[m], in extreme cases the velocity can reach 1.6[m]
with characteristic time of 0.1[sec]. The author is not aware of experiments to verify the flow
pattern in such cases (low Pr number due to solidification effect)!l. Yet, it is reasonable to
assume that the liquid metal in such a case is laminar even though the Re number is relatively
large (~ 10%) because of the short time and the short distance. The Re number is defined by
the flow rate and the thickness of the exiting typical dimension. Note, the velocity reach its
maximum value just before impinging on the sleeve surface.

The gravity has dominate effect on the flow in the shot sleeve since the typical value of the
Froude number in that case (especially during the slow plunger velocity period) are in the range
of 1. Clearly, any analysis of the flow has to take the gravity into consideration (see Chapter
8).

3.4 Estimates of the time scales in die casting

3.4.1 Utilizing semi dimensional analysis for characteristic time

The characteristic time scales determine the complexity of the problem. For example, if the
time for heat transfer/solidification process in the die cavity is much larger than the filling time
than the problem can broken into three separate cases 1)the fluid mechanics, the filling process,
and 2)the heat transfer and solidification 3) dissipation (maybe considered with solidification).
Conversely, the real problem in die filling is that we would like to the heat transfer process to
be slower than the filling process to ensure a proper filling. The same can be said about other
processes.

filling time
The characteristic time for filling a die cavity is determined by

L
ty ~ E (3.10)

11| would like to learn about such experiments. Please drop me a line if you know.
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Chapter 3. Dimensional Analysis

Where L denotes the characteristic length of the die and U denotes the average filling velocity,
determined by the pQ2 diagram, in most practical cases this time typically is in order of 5-100
[millisecond]. Note, this time is not the actual filling time but related to it.

Atomization time
The characteristic time for atomization for a low Re number (large viscosity) is given by

vl

g

(3.11)

aviscosity

where v is the kinematic viscosity, o is the surface tension, and £ is the thickness of the gate.
The characteristic time for atomization for large Re number is given by

_pl?U

g

(3.12)

tamumentam

The results obtained from these equations are different and the actual atomization time in die
casting has to be between these two values.

Conduction time (die mold)

The governing equation the heat transfer for die reads

oT, (asz Ty a?:rd)

Pay ¢ = ka 0x? + 0y? 022 (3.13)

To obtain the characteristic time we dimensionlessed the governing equation and present it
with a group of constants that determine value of of the characteristic time by set it to unity.

Lets define
! t 1 x ' Yy ’ z T — TB
t:—;x ==, 27;227;927 3.14
dth dLydeLdTM—TB ( )
L the characteristic path of the heat transfer from the die inner surface
to the cooling channels
subscript
B boiling temperature of cooling liquid
M liquid metal melting temperature

With these definitions equation (3.13) is transformed to

00 t 820 %6 820
Fd _ Tead d 4421 (3.15)
ot i ox' oy’ 0z
which leads into estimate of the characteristic time as
~2
L
te, ~ — 3.16
‘™ (3-16)

discussion about the wpicsl  NOt€ the characteristic time is not effected by the definition of the 8.
L estimates and how to cal-
culate it
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Section 3.4. Estimates of the time scales in die casting

Conduction time in the liquid metal (solid)

The governing heat equation in the solid phase of the liquid metal is the same as equation (3.13)
with changing properties to liquid metal solid phase. The characteristic time for conduction is
derived similarly as done previously by introducing the dimensional parameters

z y z T-Tg
tV=—"—2'=";y="2=%2; 0,= — - 3.17

) z ? y 67 s TM _ TB ( )
where 1. is the characteristic time for conduction process and, £, denotes the main path of
the heat conduction process die cavity. With these definitions, similarly as was done before the
characteristic time is given by

52

Qs

te (3.18)

s

Note again that a; has to be taken for properties of the liquid metal in the solid phase. Also
note that the solidified length, £, changes during the process and discussing the case where
whole die is solidified is not of the interest. Initially the thickness, £ = 0 (or very small). The
characteristic time for very thin layers is very small, t., ~ 0. As the solidified layer increases
the characteristic time increase. However, the temperature profile is almost established (if
other processes where to remain in the same conditions). Similar situation can be found in a
semi infinite slab undergoes solidification with AT changes as well as results of increase in the
resistance. For the forgoing reasons the characteristic time is very small.

Solidification time
Miller’s approach

Following Eckert's work, Miller and his student (Horacio and Miller1997) altered the calcula-
tions'? and based the assumption that the conduction heat transfer characteristic time in die
(liquid metal in solid phase) is the same order magnitude as the solidification time. This as-
sumption leads them to conclude that the main resistance to the solidification is in the interface
between the die and mold 3. Hence they conclude that the solidified front moves according to
the following

phav, = hAT (3.19)

12Miller and his student calculate the typical forces required for clamping. The calculations Mr. Miller has
made show interesting phenomenon in which small casting (2[kg]) requires larger force than heavier casting
(20[kg])?! Check it out in their paper page 43 in NADCA Transaction 1997! If the results extrapolated to
about 50[kg] casting, no force will be required for clamping. Furthermore, the force for 20 [kg] casting was
calculated to be in the range of 4000[N]. In reality this kind of casting will made on 1000 [ton] machine or
more (3 order of magnitude larger than Miller calculation suggested). The typical required force should be
determined by the plunger force and the machine parts transient characteristics and etc. Guess, how sponsored
this research and how much it cost!

13\Why? What is the logic?
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Chapter 3. Dimensional Analysis

Where here b is the innovative heat transfer coefficient between solid and solid * and v, is
front velocity. Then the filling time is given by the equation

_ phsl !
"~ hAT

where £ designates the half die thickness. As a corollary conclusion one can arrived from this

construction is that the filling time is linearly proportional to the die thickness since phy /hAT
is essentially constant (according to Miller). This interesting conclusion contradicts all the
previous research about solidification problem (also known as the Stefan problem). The author
not aware of any solidification problem to show similar results. Of course, Miller has all the
experimental evidence to back it up.

ts

(3.20)

Present approach
Heat balance at the liquid-solid interface yields

8(Tl - Ts)
on

where n is perpendicular to the surface and p has to be taken at the solid phase see Appendix
C. Additionally, note that in many alloys the density change during the solidification is quite
substantial which has a significant effect on the moving of the liquid/solid front. We notice
that at the die interface k;0T/0n = k40T /0n and further assume that temperature gradient
in the liquid side, 8T/0n ~ 0 , negligible compared to other fluxes. Hence, the speed of the
solid/liquid front moves

pshsfvn =k (3.21)

o - k 0T, —T;, kATyp

= = .22
pshsl on pshsiL (3 )

The main resistance to the heat transfer from the die to the mold (cooling liquid) is in the
die mold. Hence, the characteristic heat transfer from the mold is proportional to ATMB/ﬂ15.
The characteristic temperature difference is between the melting temperature and the boiling
temperature. The time scale for the front can be estimated by

. L pshal? (%)

= 7/ 2
Vs deTMB (3 3)

Note that the solidification time isn’t a linear function of the die thickness, ¢, but a function
of ~ (£2)15.

4 Anyone have any explanation? This coefficient is commonly used either between solid and liquid, or
to represent the resistance between two solids. | do not think, and hope, that they refer that this coefficient
represents the resistance between the two solids since it is a minor factor and does not determine the characteristic
time.

15The estimate can be improved by converting the resistances of the die to represented die length and the
same for the other resistance into the cooling liquid i.e. £1/ho + L/k+ -+ +1/h; .

167, can be represented by £ for example see the more simplified assumption leads to pure = £2.
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Section 3.4. Estimates of the time scales in die casting

Dissipation time

Examples how dissipation is governing the flow can be found abundantly in nature. Since the
dissipation characteristic time isn’'t commonly studied in a “regular” fluid mechanics we first
introduce two classical examples of dissipation problems. One problem is dealing with the
oscillating manometer and two, “rigid body” brought to a rest in a thin cylinder.

Example 3.1
A liquid in manometer is disturbed from a rest by a distance of H. Assume that the flow
is laminar and neglected secondary flows. Describe H as function of time. Defined 3
cases: 1)under damping, 2) critical damping, and 3) over damping. Discuss the physical
significance of the critical damping. Compute the critical radius to create the critical

damping.
Solution
0%X 6u) 60X 3g
Op\ox 29 _ 3.24
o+ <R2> ot T ar (3:24)

Similarity to spring with damping.

Example 3.2
A thin (t/D < 1) cylinder full with liquid is rotating in a velocity, w. The rigid body is
brought to a stop. Assuming no secondary flows (Bernard’s cell, etc.), describe the flow
as a function of time. Utilize the ratio 1 > t/D.

Solution

d?X py dX
G (@) g v X =0 (3:25)

Discuss the case of rapid damping, and the case of the characteristic damping

These examples illustrate that the characteristic time of dissipation can be assessed by
~ p(du/d“y")? thus given by ¢2/v. Note the analogy between t; and tgiss, for which ¢2
appears in both of them, the characteristic length, ¢, appears as the typical die thickness.

Meta
00, 00, 00, 00\ 0%, 0%0;, 0%,
(Eﬁ-u%-i-e}%-l-wa) —a (W e R BN CED
Where & is the dissipation function is defined as
o= |(2) (2} £ ()] + ) 4 (2] 4
N or oy oy or oy
8_11) + @2_}_6_“] + 6_/02_2 6_u+6_v+3_w2 (327)
Oy 0z Oy 0z 3\0zx Oy Oz ’
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Chapter 3. Dimensional Analysis

End

is it important to discuss the
2/3?

3.4.2 The ratios of various time scales

Now we can look at several time ratios. The ratio of solidification time to filling time

iy - LkaATyp _ Ste (le) (ﬁ) (E) 529
ts  UpshgtL  PrRe \ p;, i ) \T _
where
Re Reynolds number V£
Cp IZTMB
Ste Stefan number e —

Here we augment the discussion on the importance of equation (3.28). The ratio is extremely
important since it actually define the required filling time.

_ Pim ﬂ £ Ste
=0 ( Ps ) (k,m) (L) Pr Re (3.29)

At the moment, the “constant”, C, is unknown and its value has to come out from experiments.
Furthermore, the “constant” is not really a constant and is a very mild function of the geometry.
discuss the geometry shape NOte that this equation also different from all the previously proposed filling time equations,
cfeczonthizeen™™  since it take into account solidification and filling process into account!’.
The ratio of liquid metal conduction characteristic time to characteristic filling time is given
by

te,

UL*> Ul v L? L2

The solidification characteristic time to conduction characteristic time is given by

ts , pohatloa _ 1 (p_s ) o ( L ) 1)
te  kgATympLl?  Ste \pi) \ ¢, I -
The ratio of the filling time and atomization is

ta, . . iU J4
viscosity C ~6 10—8 3.32
7tf ~ —— =Ca (—) X ( )

Note that Z, in this case, is the thickness of the gate and not of the die cavity.

o pl2U? ¢
momentom ~ — W _ ~ 0_184 333
Y oL ‘\z (339

which means that if atomization occurs, it will be very fast compared to the filling process.

7] have take the liberty to call this equation Eckert-BarMeir’s equation. | would like to have a good
experimental work so we can add your name to this equation.
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Section 3.5. Similarity applied to Die cavity

The ratio of the dissipation time to solidification time is given by

;55 2 AT m L
taiss € kaATmp _ (%) (ﬂ) (Pl_) (_> 100 (3.34)

ts Vim pshglL Pr kim Ps L
this equation yields typical values for many situations in the range of 10° indicating that the
solidification process is as fast as the dissipation. It has to be noted that when the solidification
progress, the die thickness decreases. The ratio, £/ L, reduced as well. As results the last stage

of the solidification can be considered as a pure conduction problem as was done by the “english”
group.

3.5 Similarity applied to Die cavity

3.5.1 Governing equations

The filling of the mold cavity can be divided into two periods. In the first period (only fluid
mechanics; minimum heat transfer/solidification) and the second period in which the solidifi-
cation and dissipation occur. We discuses how to conduct experiments in die casting!®. It has
to stress that the conditions down—stream have to be understood prior to experiment with the
die filling. The liquid metal velocity profile and flow pattern are still poorly understood at this
stage. However, in this discussion we will assume that they are known or understood to same
degreel®.

The governing equations are given in the preceding sections and now we discuses the bound-
ary conditions. The boundary condition at the solid interface for the gas/air and for the liquid
metal are assumed to be “no-slip” condition which reads

Ug = Vg = Wy = Uy = Ul = Wiy, =0 (3.35)

where we use the subscript g indicates the gas phase. It noteworthy to mention that this also
applied to the case where liquid metal is mixed with air/gas and both are touching the surface.
At the interface between the liquid metal and gas/air pressure jump is expressed as
g
T+ 7o

~ Ap (3.36)

where r; and ry are the principal radii of the free surface curvature, and, o, is the surface
tension between the gas and the liquid metal. The surface geometry is determined by several
factors which include the liquid movement?® instabilities etc.

Now to the difficult parts, the velocity at gate has to be determined from the pQ2 diagram
or previous studies on the runner and shot sleeve. The difficulties arise due to fact that we
cannot assign a specific constant velocity and assume only liquid flow out. It has to be realized
that due to the mixing processes in the shot sleeve and the runner (especially in a poor design

18| this addition | had only time to discuss how to conduct experiments about the filling of the die. In the
future, other zones and different processes will be discussed.

19Again the die casting process is a parabolic process.
20Note the liquid surface cannot be straight, for unsteady state, because it results in no pressure gradient and
therefore no movement.
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Chapter 3. Dimensional Analysis

process and runner system, now commonly used in the industry) some portion at the beginning
has a significant part which contains air/gas. There are several possibilities that the conditions
can be prescribed. The first possibility is to describe the pressure variation at the entrance.
The second possibility is to describe the velocity variation (as a function of time). The velocity
is reduced during the filling of the cavity and is a function of the cavity geometry. The change
in the velocity is a sharp in the initial part of the filling due to the change from a free jet to an
immersed jet. The pressure varies also at the entrance, however, the variations are more mild.
Thus, it is better possibility?! to consider the pressure prescription. The simplest assumption
is constant pressure

1 .
p= P() = §pU02 (337)

We also assume that the air/gas obeys the ideal gas model.

p

= 3.38
where R is the air/gas constant and T is gas/air temperature. Here we must insert the previous
assumption of negligible heat transfer and further assume that the process is polytropic??. We
define the dimensionless gas density as

1
o= - (12) (3.39)
Po p

The subscript 0 denotes the atmospheric condition.

The air/gas flow rate out the cavity is assumed to behave according to the model in Chapter
9. Thus, the knowledge of the vent relative area and ”TL are important parameters. For cases
where the vent is well design (vent area is near the critical area or above the density, p, can
be determine as was done by (Bar-Meir1995b)).

To study the controlling parameters the equations are dimensionlessed. The mass conser-

vation for the liquid metal becomes

6plm 8le Ullm + aplm Ullm + 6le wllm

ot d' dy' gz 0 (340)

where 2’ = 7, y' =y/l, 2" = z/L , v = u/Up, v' = v/Up, w' = w/Uy and the dimensionless
time is defined as ¢/ = % where Uy = /2P, /p.
Equation (3.40) can be the same simplified under the assumption of constant density to
read
6ullm 8vllm 8/wllm
+ +
ox' oy’ oz

=0 (3.41)

21 At this stage, we must reserved ourself to an intelligent guessing.
22There are several possibilities, | have chose this one only to obtain the main controlling parameters.

What have your membership dues
done for you today? plagiarism?

copyright (©), 2000, by Dr. Bar—Meir 38



Section 3.5. Similarity applied to Die cavity

Please note that we cannot use this simplification for the gas phase. The momentum equation
for the liquid metal in the x-coordinate assuming constant density and no body forces reads

6plmullm +u/ap1mullm +U/8plmullm +w,6leU'lm —
ot' ox' oy’ 0z

- Oa Re

where Re = Upl /vy and p' = p/Fo.
The gas phase continuity equation reads

op', Opyuy Opyvy  Opyw,

VR P W WaS

The gas/air momentum equation?® is transformed into

8p;u’g I@p’gu’g I@p'gu’g I@p;u’g

o "oy TV ey TV oy -

Wy, vin g 1 (PP
Ox' vy pim Re \ 0z'*  9y* 092"

~0
Note that in this equation additional terms were added, (vim /vy)(pg0/pim)-
The “no-slip” conditions are converted to:

[ S R S R S
Uy = Vg = Wy = Upyy = Vppyy = Wiy, =0

The surface between the liquid metal and the air satisfy
(P +rh) = —
P (r 2) We
where the p', 7|, and 4 are defined as r]{ =11/ 1) =ro /L
The solution to equations has the from of

S
Il

A Pe Ul
! fu (wl7yl7zl7Re7 We7 A ) 4£L7n7 g 7 =
C Pim Vg

A v,
UI = fv <x',y',z',Re,We,A—C,%,n &Jﬂ>

b
Pilm Vg
' " Re.W A AfL Pg Vim
w - fw r,y,z, e, 67A y D 1Y )
C Pim Vg

A L Pg U
pl = fp (.Z’I,yl,ZI,Re,WG,E,%,TL,pl—fn,y—;n

om 1 (0%, 0% + 0w’
0" " ay,? " 04,

) 5)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

23|n writing this equation it is assumed that viscosity of the air independent of pressure and temperature.
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Chapter 3. Dimensional Analysis

If it will be found that equation (3.44) can be approximated®* by
o'y ulaulg + vlaulg T o'y op',

N — 4
ot' or’ oy’ 0z ox' (3.48)
then the solution is reduced to
A

o= f (x',y',z';R@WC’E’ %,n)

1 A A AfL

v - f’U xayazaReawe7%777n

1 ' ' 2 Re.W A 4fL
w - f’w z,y,z, e, e)%a?an

! Pl A AfL

b = fp xayazaReaweazaTan (349)

At this stage we do not know if it the case and it has to come—out from the experiments. The
density ratio can play a role because two phase flow characteristic in major part of the filling
process.

3.5.2 Design of Experiments

Under Construction 2°

3.6 Summary of dimensionless numbers

In this section we summarize all the major dimensionless parameters what effect the die casting
process.

Reynolds number

pU?/t _ inertail Forces

Re = > = —
vU/#2  viscouse forces

Reynolds number represent the ratio of the momentum forces to the viscous forces. In die
casting Reynolds number play a significant role which determine the flow pattern in the runner
and the vent system. The discharge coefficient, Cp, is used in the pQ? diagram is determined
largely by the Re number through the value of friction coefficient, f, in side the runner.

Eckert number

1/2pU? inertial energy
EC = =
1/2pc, AT termal energy

Eckert number determines if the role of the momentum energy transfered to thermal energy is
significant.

24This topic is controversial in the area of two phase flow.
25see for time being Eckert’s paper
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Section 3.6. Summary of dimensionless numbers

Brinkman number

U?/f?  heat production by viscouse dissapetion
_k _

Br = =
! EAT /¢2 heat transer transport by conduction

Brinkman number is a measure of the importance of the viscous heating relative the conductive
heat transfer. This number is important in cases where large velocity changes occurs over short
distances such as lubricant flow (perhaps, flow in the gate). In die casting this number has
small values indicating that practically the viscous heating is not important.

Mach number

For ideal gas (good assumption for the mixture of the gas leaving the cavity). It becomes

U charecteristic velocity

Ma = =
¢ VYRT gas sound velocity

Mach number determine the characteristic of flow in the vent system where the air/gas velocity
is reaching to the speed of sound. The air is chocked at the vent exit and in some cases other
locations as well for vacuum venting. In atmospheric venting the flow is not chocked for large
portion of the process. Moreover, the flow, in well design vent system, is not chocked. Yet
the air velocity is large enough so that the Mach number has to be taken into account for
reasonable calculation of the Cpy.

Ozer number

Cp>%Pmae . .
Oz = o mas _ < Aj )2 92 Pras _ effective static pressure enegery
Qmaa 2 Qmaz
Az
One of the must import number in the pQ? diagram calculation is Ozer number. This number
represent the how good the runner is designed.

p avarge kenimatic energy

Froude number

_ pU?/t _ inertial forces

Fr = -
P9 gravity forces

Fr number represent the ratio of the gravity forces to the momentum forces. It is very important
in determining the critical slow plunger velocity. This number is determine by the hight of the
liquid metal in the shot sleeve. The Froude number does not play a significant role in the filling
of the cavity.
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Capillary number

__ pU?/L _ inertial forces

Ca = -
pg gravity forces

capillary number (Ca) determine when the flow during the filling the cavity is atomized or
is continuous flow (for relatively low Re number).

Weber number
_1/2pU? _ inertial forces

We

~ 1/20/t  surface forces

We number is the other parameter that govern the flow pattern in the die. The flow in die
casting is atomized and, therefore, We with combinations of the gate design also determining
the drops sizes and distribution.

Critical vent area

V(0

VO
Ctma,;cMmam

The critical area is the area for which the air/gas is well vented.

3.7 Summary

The dimensional analysis demonstrates that the fluid mechanics process, such as filling of the
cavity with liquid metal and evacuation/extraction of the air from the mold, can be dealt when
the heat transfer is negligible. This proved an excellent opportunity for simple models to predict
many parameters in the die casting process which are discussed in this book. It is recommended
for interested readers to read Eckert’s book “Analysis of Heat and Mass transfer” to have better
and more general understanding of this topic.

3.8 Questions

3.3.1 Calculate the liquid metal velocity in transition for typical shot sleeve, runner.

3.3.1 What is the critical velocity for pipe with diameter of 0.1 [m] when critical Re number
is 23007

Under construction
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(b)

Figure 3.7: Typical flow pattern in die casting, jet entering into empty cavity
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Figure 3.8: Transition to turbulent flow in circular pipe for instantaneous flow after Wygnanski
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Figure 3.9: Flow pattern in the shot sleeve

Figure 3.10: Two streams of fluids into a medium
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Figure 3.11: Schematic of heat transfer processes in the die
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Figure 3.12: The oscillating manometer for the example 3.4.1
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Figure 3.13: Rigid body brought into rest.
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CHAPTER 4

Fundamentals of Pipe Flow

Chapter Under construction

4.1 Introduction

The die casting engineer encounters many aspects of network flow. For example, the liquid
metal flows in the runner is a network flow. The flow of the air and other gases out of the mold
through the vent system is also another example network flow. The pQ? diagram also requires
intimate knowledge of the network flow. However, most die casting engineers/researchers are
unfamiliar with fluid mechanics and furthermore have a limited knowledge and understanding
of the network flow. Therefore, this chapter is dedicated to describe a brief introduction to a
flow in a network. It is assumed that the reader does not have extensive background in fluid
mechanics. However, it is assumed that the reader is familiar with the basic concepts such as
pressure and force, work, power. More comprehensive coverage can be found in books dedicated
to fluid mechanics and pipe flow (network for pipe). First a discussion on the relevancy of the
data found for other liquids to the die casting process is presented. Later a simple flow in
a straight pipe/conduit is analyzed. Different components which can appear in network are
discussed. Lastly, connection of the components in series and parallel are presented.

Figure 4.1: Flow in a pipe with an orifice for different liquids

4.2 Universality of the loss coefficients

Die casting engineers who are not familiar with fluid mechanics ask whether the loss coefficients
obtained for other liquids should/could be used for the liquid metal. To answer this question,

47
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Figure 4.2: The results for the flow in a pipe with orifice

many experiments have been carried out for different liquids flowing in different components in
the last 300 years. An example of such experiments is a flow of different liquids in a pipe with
an orifice (see Figure 4.1). Different liquids create significant head loss for the same velocity.
Moreover, the differences for the different liquids are so significant that the similarity is unclear
as shown in Figure 4.2. As the results of the past geniuses work, it can be shown that when
results are normalized by Reynolds number (Re) instated of the velocity and when the head loss

is replaced by the loss coefFicient,U% one obtains that all the lines are collapsed on to a single

line as shown in Figure 4.3. This result indicates that the experimental results obtained for
12
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Figure 4.3: The results for the flow in a pipe with orifice

one liquid can be used for another liquid metal provided the other liquid is a Newtonian liquid?®.
Researchers shown that the liquid metal behaves as Newtonian liquid if the temperature is
above the mushy zone temperature. This example is not correct only for this spesific geometry
but is correct for all the cases where the results are collapsed into a single line. The parameters
which control the problem are found when the results are “collapsed” into a single line. It was
found that the resistance to the flow for many components can be calculated (or extracted
from experimental data) by knowing the Re number and the geometry of the component. In
a way you can think about it as a prof of the dimensional analysis (presented in Chapter 77).

INewtonian liquid obeys the following stress law 7 = ,u‘fi—l;
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Section 4.3. A simple flow in a straight conduit

4.3 A simple flow in a straight conduit

Figure 4.4: General simple conduit description

A simple and most common component is a straight conduit as shown in Figure 4.4. The
simplest conduit is a circular pipe which would be studied here first. The entrance problem
and the unsteady aspects will be discussed later. The parameters that the die casting engineers
interested are the liquid metal velocity, the power to drive this velocity, and the pressure
difference occur for the required/desired velocity. What determine these parameters? The
velocity is determined by the pressure difference applied on the pipe and the resistance to the
flow. The relationship between the pressure difference, the flow rate and the resistance to the
flow is given by the experimental equation (4.1). This equation is used because it works?. The
pressure difference determined by the geometrical parameters and the experimental data which
expressed by f3 which can be obtained from Moody's diagram.

Moody Diagram (Plot of Colehrook’s Correlation)
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Figure 4.5: Moody's diagram

LU? LU?
AP = fp—~—AH=f=_— 4.1
fry—5 D2g (4.1)

Note, head is energy per unit weight of fluid (i.e. Force x Length/Weight = Length) and it

2Actually there are more reasons but they are out of the scope of this book

3At this stage, we use different definition than one used in Chapter D. The difference is by a factor of 4.
Eventially we will adapt one system for the book.
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has units of length. Thus, the relationship between the Head (loss) and the pressure (loss) is
AH

AP = """ 4.2
Py (4-2)
The resistance coefficient for circular conduit can be defined as
L
Kp=f% (43)

This equation is written for a constant density flow and a constant cross section. The flow
rate is expressed as

Q=UA (4.4)

The cross sectional area of circular is A = mr? = wD? /4, using equation (4.4) and substituting
it into equation (4.1) yields

6L

2 D3 Q (4.5)
The equation (4.5) shows that the required pressure difference, AP, is a function of 1/D?3
which demonstrates the tremendous effect the diameter has on the flow rate. The length, on

the other hand, has mush less significant effect on the flow rate.
The power which requires to drive this flow is give by

P=0QP (4.6)

AP = fp

These equations are very important in the understanding the economy of runner design,
and will be studied in Chapter ?? in more details.

The power in terms of the geometrical parameters and the flow rate is given
oL

7€ D>

P={p2L @2 (4.7)

4.3.1 Examples of the calculations

Example 4.1
calculate the pressure loss (difference) for a circular cross section pipe for driving alu-
minum liquid metal at velocity of 10[m/sec] for a pipe length of 0.5 [m] (like a medium
quality runner) with diameter of 5[mm] 10[mm] and 15[mm]

Solution

This is example 4.3.1

Example 4.2
calculate the power required for the above example

Solution
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4.4 Typical Components in the Runner andVent Systems

In the calculations of the runner the die casting engineer encounter beside the straight pipe
which was dealt in the previous section but other kind of components. These components
include the bend, Y—connection and tangential gate, “regular gate”, the extended Y connection
and expansion/contraction (including the abrupt expansion/contraction). In this section a
general discussion on the good design practice for the different component is presented. A
separate chapter is dedicated to the tangential runner due to its complication.

44.1 bend

The resistance in the bend is created because a change in the momentum and the flow pattern.
Engineers normally convert the bend to equivalent conduit length. This conversion produces
adequate results in same cases while in other it might introduce larger error. The knowledge
of this accuracy of this conversion is very limited because limited study have been carry out
for the characteristic of flows in die casting. From the limited information the author of this
book gadered it seem that it is reasonable to carry this conversion for the calculations of liquid
metal flow resistance while in the air/liquid metal mixture it far from adequate. Moreover,
“hole” of our knowledge of the gas flow in vent system are far more large. Nevertheless, for
the engineering purpose at this stage it seem that some of the errors will cancel each other and
the end result will be much better.

cross section

Figure 4.6: A sketch of the bend in die casting

The schematic of a bend commonly used in die casting is shown in Figure 4.6. The resistance
of the bend is a function of several parameters: angle, 6, radius, R and the geometry before
and after the bend. Commonly, the runner is made with the same geometry before and after
the bend. Moreover, we will assume in this discussion that downstream and upstream do not
influence that flow in the flow. This assumption is valid when there is no other bend or other
change in the flow nearby. In cases that such a change(s) exists more complicated analysis is
required.

In the light of the for going discussion, we left with two parameters that control the re-
sistance, the angle, 8, and the radius, R As larger the angle is larger the resistance will be.
In the practice today, probably because the way the North American Die Casting Association
teaching, excessive angle can be found through the industry. It is recommended never to exceed
the straight angle (90°). Figure 4.7 made from a data taken from several sources. From the
Figure it is clear that optimum radius should be around 3

What have your membership dues . M
51 done for you today? plagiarise? copyright (©, 2000, by Dr. Bar-Meir

bad english, change it please

to continue after the figure
finished



picture of Y connection
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Figure 4.7: A geometrical description of the resistance in a bend

4.4.2 Y connection

The Y—connection reprsent a split in the runner system. The resistence

4.4.3 Expansion/Contraction

One of the undisirable element is the runner system is sudden change in the conduict area. In
some instance they are inevodeble. We will disscuss how to design and what are the better
design options which availble for the engineer.

4.5 Putting it all to Together

There are two main kinds of connections; series and parallel. The resistance in the series
connection has to be added in a fashion similar to electrical resistance i.e. every resistance
has to be added plainly to the total resistance. There are many things that contribute to
the resistance besides the regular length, i.e. bends, expansions, contractions etc. All these
connections are of series type.

4.5.1 Series Connection

The flow rate in different locations is a function of the temperature. Eckert (Eckert1989)
demonstrated that the heat transfer is insignificant in the duration of the filling of the cavity,
and therefore the temperature of the liquid metal can be assumed almost constant during the
filling period (which in most cases is much less 100 milliseconds). As such, the solidification
is insignificant (the liquid metal density changes less than 0.1% in the runner); therefore, the
volumetric flow rate can be assumed constant:

Q1=Q2=Q3=0Q; (4.8)

Clearly, the pressure in the points is different and
PL# P # Py #10 (4.9)
However the total pressure loss is composed of from all the small pressure loss
Pl —Pepa=(PL—PR)+ (P —P3) +--- (4.10)
Every single pressure loss can be written as

U2
There is also resistance due to parallel connection i.e. y connections, y splits and manifolds

etc. First, lets look at the series connection (see Figure 4.8). where:
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to add a figure and change it

Figure 4.8: A connection in series

Kpena the resistance in the bend
L length of the duct (vent),
f friction factor, and

4.5.2 Parallel Connection

An example of the resistance of parallel connection (see Figure 77?).
The pressure at point 1 is the same for two branches however the total flow rate is the
combination

Qtotat = Qi + Q) (4.12)

between two branches and the loss in the junction is calculated as
To add a figure and check if the old one is good

Figure 4.9: A parallel connection
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CHAPTER 5

Flow in Open Channels

5.1 Introduction

One of the branches of the fluid mechanics discussed in Chapter 2. Here we expand this
issue further because it is give the basic understanding to the “wave” phenomenon. There are
numerous books that dealing with open channel flow and the interested reader can broader
his/her knowledge by reading book such as Open-Channel Hydraulics by Ven Te Chow (New
York: McGraw-Hill Book Company, Inc. 1959). Here a basic concepts for the non-Fluid
Mechanics Engineers are given.

W

The flow in open channel flow in steady state is balanced by between the gravity forces and
mostly by the friction at the channel bed. As one might expect, the friction factor for open
channel flow has similar behaver to to one of the pipe flow with transition from laminar flow
to the turbulent at about Re ~ 103. Nevertheless, the open channel flow has several respects
the cross section are variable, the surface is at almost constant pressure and the gravity force
are important.

The flow of a liquid in a channel can be characterized by the specific energy that is associated
with it. This specific energy is comprised of two components: the hydrostatic pressure and the
liquid velocity.

The energy at any point of height in a rectangular channel is

—2
e= v + il +2z (5.1)
29 p

IThe velocity is an average velocity
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Chapter 5. Flow in Open Channels

Figure 5.1: Equilibrium of Forces in an open channel

P

and, since S tz=y for any point in the cross section (free surface),

=2
U
e=y+ g (52)

where:

specific energy per unit

height of the liquid in the channel
acceleration of gravity

average velocity of the liquid

e = o

If the velocity of the liquid is increased, the height, y, has to change to keep the same flow
rate Q = gb = by U. For a specific flow rate and cross section, there are many combinations
of velocity and height. Plotting these points on a diagram, with the y—coordinate as the height
and the z—coordinate as the specific energy, e, creates a parabola on a graph. This line is known
as the “specific energy curve”. Several conclusions can be drawn from Figure 5.2. First, there
is a minimum energy at a specific height known as the “critical height”. Second, the energy
increases with a decrease in the height when the liquid height is below the critical height. In
this case, the main contribution to the energy is due to the increase in the velocity. This flow
is known as the “supercritical flow”. Third, when the height is above the critical height, the
energy increases again. This flow is known as the “subcritical flow”, and the energy increase
is due to the hydrostatic pressure component.

The minimum point of energy curve happens to be at

U= i (5.3)
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Figure 5.2: Specific Energy and momentum Curves

where the critical height is defined by

Ye = i/g (5'4)
g

Thrust is defined as
2 UQ
f=Lay (5.5)

The minimum thrust also happens to be at the same point U = ,/gy. Therefore, one can
define the dimensionless number as:

9Yn

U
Dividing the velocity by /gy provides one with the ability to check if the flow is above or
below critical velocity. This quantity is very important, and its significance can be studied from
many books on fluid mechanics. The gravity effects are “measured” by the Froude number
which is defined by equation (5.6).
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5.2 Typical diagrams
5.3 Hydraulic Jump

The flow can change only from a supercritical flow to a subcritical flow, in which the height
increases and the velocity decreases. There is no possibility for the flow to go in the reverse
direction because of the Second Law of Thermodynamics (the explanation of which is out of the
scope of this discussion). If there is no energy loss, the flow moves from point 1 to point 2 in
Figure 5.2. In actuality, energy loss occurs in any situation, but sometimes it can be neglected
in the calculations. In cases where the flow changes rapidly (such as with the hydraulic jump),
the energy loss must be taken into account. In these cases, the flow moves from point 1 to
point 3 and has energy loss (EL). In many cases the change in the thrust is negligible, such as
the case of the hydraulic jump, and the flow moves from point 1 to point 3 as shown in Figure
5.2.

In 1981, Garber “found” the hydraulic jump in the shot sleeve which he called a “wave”.
Garber built a model to describe this wave, utilizing mass conservation and Bernoulli’s equation
(energy conservation). This model gives a set of equations relating plunger velocity and wave
velocity to other geometrical properties of the shot sleeve. Over 150 years earlier, Bélanger
(Bélanger1828) demonstrated that the energy is dissipated, and that energy conservation mod-
els cannot be used to solve hydraulic jump. He demonstrated that the dissipation increases
with the increase of the liquid velocity before the jump. This conclusion is true for any kind of
geometry.

A literature review demonstrates that the hydraulic jump in a circular cross—section (like
in a shot sleeve) appears in other cases, for example a flow in a storm sewer systems. An
analytical solution that describes the solution is Bar—Meir’s formula and is shown in Figure 8.4.

The energy loss concept manifests itself in several designs, such as in the energy—dissipating
devices, in which hydraulic jumps are introduced in order to dissipate energy. The energy—
dissipating devices are so common that numerous research works have been performed on
them in the last 200 hundreds years. An excellent report by the U.S. Bureau of Reclamation
(Branch1958) shows the percentage of energy loss. However, Garber, and later other researchers
from Ohio State University (Brevick, Armentrout and Chu1994), failed to know/understand/use
this information.
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CHAPTER 6

Runner Design

Under construction please ignore the rest of the chapter.

6.1 Introduction

In this chapter the desisgn and the different relationship between runner secments are studied
herein. The first step in runner design is to diveded the mold into several logical sections.
The volume of every section has to be calculated. Then the design has to ensure that the
gate velocity and the filling time of every section to be as recommend by experimental results.
At this stage there is no known relaible theory/model known to the author to predits these
values. The values are based havily on semi-rilaible experiments. The Backword Design is
discuused. The reader with knolege in electrical enginnering (electrical circtes) will notice in
some similarities. However, hydralulic circuts are more complex. Part of the expressions are
simplified to have analytical expressions. Yet, in actuality all the terms should be taken into
considerations and commercial software such DiePerfect ™M should be used.

6.1.1 Backward Design

Suppose that we have n sections with n gates. We know that volume to be delivered at gate i
and is denoted by V;. The gate velocity has to be in a known range. The filling time has to be
in a known function and we recomend to use Eckert/Bar—Meir’s formula. For this discussion it
is assumed that the filling has to be in known range and the flow rate can be calculated by

Q=+ (6.1)
Thus, gate area for the section
Qi
A= 6.2
’ Ugate ( )
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Chapter 6. Runner Design

Tovent inthe picture. Toput Armed with this knowledge, one can start design the runner system.

ref to the picture

Figure 6.1: A geometry of runner connection

6.1.2 Connecting runner seqments

Design of connected runner secments have insure that the flow rate at each secment has to
be designed one. In Figure 6.1a branches i/ and j are connected to branch x at point K. The
pressure drop (difference) on branches i and j has to be the same since the pressure in the mold
cavity is the same for both secments. The sum of the flow rates for both branch has to be
equal to flow rate in branch &

RQe=Qi+Q; = Q; =Qx — Qi (6.3)
The flow rate in every branch is related to the pressure difference by
AP
i= 6.4
Q=% (64)

Where the subscrit 7 in this case also means any branch e.g. J, j and so on. For example, one
can write for branch j

_AP

Q= R, (6.5)

Utilizing the mass conservation for point K in which Q, = @Q; + Q; and the fact that the
pressure difference, AP, is the same thus we can write

_ AP AP RR;

= — =AP— < .
@ R; + Rj R; + Rj (6 6)
where we can define equalent resistance by
_ R:R.
R—= 27 6.7
R; + R; (67)
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Lets further manipolte the equations to get some more important relationships. Using equation
(??) and equation (77)

The flow rate in a branch j can be related to flow rate in branch i and corresponding resistances

R;
=0, 6.9
Q=@ (69)
Using equation (??) and equation (??) one can obtain
Qi R;
—_— = 6.10
Qr R; + Ri ( )
Solving for the resistance ratio since the flow rate is known
Ri Qi
X 6.11
R " O (6.11)

6.1.3 Resistance

What does the resistance include? How to achieve resistance ratio in the previous equation
(??) will be discussed herein further. The total resistence reads

Figure 6.2: y connection

R= Ru + R9 + Rgeometery + Rcontraction + Rki + Rezit (612)

The contraction resistence, Rcontraction, 1S the due the contraction of the gate. The exit
resistence, R, is due to resitence of the liquid metal in mold cavity. Or in other words, the
exit resistence is due the lost of energy of emersed jet. The angle resistence, Ry is due to the
change of direction. The Ry; is the resistence due to flow in the branch « on branch i. The
geometry resistence Rgcometery: 1S due to who rounded the connection.

= == (6.13)
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since U; = %
AP L @
> a4 (6.14)
AP L Q2
> T (C)fH—;,»? (6.15)
D

Lets assume further that L; = L, 8—; = known

fi=fi=Ff (6.16)
L @ _ L Q3

(©) o2 (©) H—%JTJ (6.17)

Hp; _ (Qi s

i~ (3) 619

Comparison between scrap between (multi-lines) two lines to one line
first find the diameter equalent to two lines

L Q3 L(Qi+Qy)?

AP = (O)f= 2k = (O)f =2 212 6.19
()2HD2()2 Hp} (6.19)

AP 2

2_2 g3

Qi = 7 7 Hp; (6.20)

subtitling in to
Hp = {/(Hp} + Hp} (6.21)

Now we know the relationship between the hydraulic radius. Let see what is the scrap
difference between them.

put drawing of the trapezoid

let scrap denoted by 7

converting the equation
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Hp; = °% w:w (6.22)
the ratio of the scrap is
ni+n _ (Hpi+2 * Hpj) (6.23)
Mk Hpj
and now lets write Hp,, in term of the two other
(Hp? + Hp?) (6.24)

(HD? + HD§)2/3
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CHAPTER 7

PQ: Diagram Calculations

In conclusion, it’s just a plain sloppy piece of work.
Referee Il, see In the appendix A
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7.1 Introduction

The pQ? diagram is the most common calculation, if any at all, are used by most die casting
engineers. The importance of this diagram can be demonstrated by the fact that tens of
millions of dollars have been invested by NADCA, NSF, and other major institutes here and
abroad in the pQ? diagram research. The pQ? diagram is one of the manifestations of supply
and demand theory which was developed by Alfred Marshall (1842-1924) in the turn of the
century. It was first introduced to the die casting industry in the late'70s (Davis1975). In this
diagram, an engineer insures that die casting machine ability can fulfill the die mold design
requirements; the liquid metal is injected at the right velocity range and the filling time is small
enough to prevent premature freezing. One can, with the help of the pQ2 diagram, and by
utilizing experimental values for desired filling time and gate velocities improve the quality of
the casting.

perhaps put this section in In the die casting process (see Figure 7.1), a liquid metal is poured into the shot sleeve

generl discussion where it is propelled by the plunger through the runner and the gate into the mold. The gate
thickness is very narrow compared with the averaged mold thickness and the runner thickness
to insure that breakage point of the scrap occurs at that gate location. A solution of increasing
the discharge coefficient, Cp, (larger conduits) results in a larger scrap. A careful design of the
runner and the gate is required.

First, the “common” pQ? diagram?! is introduced. The errors of this model are analyzed.

Later, the reformed model is described. Effects of different variables is studied and questions
for students are given in the end of the chapter.

1

7.2 The “common” pQ? diagram

The injection phase is (normally) separated into three main stages which are: slow part, fast
part and the intensification (see Figure 7.2). In the slow part the plunger moves in the critical
velocity to prevent wave formation and therefore expels maximum air/gas before the liquid
metal enters the cavity. In the fast part the cavity supposed to be filled in such way to prevent

1as this model is described in NADCA'’s books
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mold

"V~ gate

runner

1 Shot sleeve

Figure 7.1: Schematic of typical die casting machine

premature freezing and to obtain the right filling pattern. The intensification part is to fill the
cavity with additional material to compensate for the shrinkage porosity during the solidification
process. The pQ? diagram deals with the second part of the filling phase.

In the pQ? diagram, the solution is determined by finding the intersecting point of the
runner/mold characteristic line with the pump (die casting machine) characteristic line. The
intersecting point sometime refereed to as the operational point. The machine characteristic
line is assumed to be understood to some degree and it requires finding experimentally two
coefficients. The runner/mold characteristic line requires knowledge on the efficiency/discharge
coefficient, Cp, thus it is an essential parameter in the calculations. Until now, Cj has been
evaluated either experimentally, to be assigned to specific runner, or by the liquid metal proper-
ties (Cp o p) (Cocks1986) which is de facto the method used today and refereed herein as the
“common” pQ? diagram?. Furthermore, C is assumed constant regardless to any change in
any of the machine/operation parameters during the calculation. The experimental approach is
arduous and expensive, requiring the building of the actual mold for each attempt with average
cost of $5,000-$10,000 and is rarely used in the industry3. A short discussion about this issue
is presented in the Appendix A comments to referee 2.

Herein the “common” model (constant Cp) is constructed. The assumptions made in the
construction of the model as following

1. C, assumed to be constant and depends only the metal. For example, NADCA recom-
mend different values for aluminum, zinc and magnesium alloys.

2Another method has been suggested in the literature in which the Cp is evaluated based on the volume to
be filled (Cocks and Wall1983). The author does not know of anyone who use this method and therefore is not
discussed in this book. Nevertheless, this method is as “good” as the “common” method.

3if you now of anyone who use this technique please tell me about it.
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pl unger |ocation

dliquid netal reaches
to the venting system

starging filling the cavity

liquid netal pressure at the plunger tip
or the hydralic pressure

Ti me

Figure 7.2: A typical trace on a cold chamber machine

2. Many terms in Bernoulli's equation can be neglected.

3. The liquid metal is reached to gate.

&

No air/gas is present in the liquid metal.

5. No solidification occurs during the filling.

6. The main resistance to the metal flow is in the runner.

7. A linear relationship between the pressure, P, and flow rate (squared), Q2.

According to the last assumption, the liquid metal pressure at the plunger tip, P;, can be

written as
0 2
P, :Pmaz 1- (Qmaz (71)
Where:
P, the pressure at the plunger tip
Q the flow rate
Prias maximum pressure which can be attained by the die casting machine
in the shot sleeve
Qmaz maximum flow rate which can be attained in the shot sleeve

The Ppqe and @Quq: values to be determined for every set of the die casting machine
and the shot sleeve. The P,,,, value can be calculated using a static force balance. The
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Section 7.2. The “common” pQ? diagram

determination of ()4, value is done by measuring the velocity of the plunger when the shot
sleeve is empty. The maximum velocity combined with the shot sleeve cross—sectional area
yield the maximum flow rate,

Qi=AxU; (7.2)

where ¢ represent any possible subscription e.g. i = max

Thus, the first line can be drawn on pQ?2 diagram as it shown by the line denoted as 1 in
Figure 7.3. The line starts from a higher pressure (P,,,;) to a maximum flow rate (squared).
A new combination of the same die casting machine and a different plunger diameter creates a
different line. A smaller plunger diameter has a larger maximum pressure (Py,4,) and different
maximum flow rate as shown by the line denoted as 2.

The maximum flow rate is a function of the maximum plunger velocity and the plunger
diameter (area). The plunger area is a obvious function of the plunger diameter, A = 7D?/4.
However, the maximum plunger velocity is a far-more complex function. The force that can
be extracted from a die casting machine is essentially the same for different plunger diameters.
The change in the resistance as results of changing the plunger (diameter) depends on the
conditions of the plunger. The “dry” friction will be same what different due to change plunger
weight, even if the plunger conditions where the same. Yet, some researchers claim that
plunger velocity is almost invariant in regard to the plunger diameter*. Nevertheless, this piece
of information has no bearing on the derivation in this model or reformed one, since we do not
use it.

A simplified force balance on the rode yields (see more details in section 7.4.2 page 89)

Pros = P DBQ—PBD"’ 7.3
max — B(Dl) —D12 B ()
where subscript B denotes the actuator.

Example 7.1
What is the pressure at the plunger tip when the pressure at the actuator is 10 [bars]
with diameter of 0.1Jm] and with a plunger diameter, Dy, of 0.05[m]?

Solution
Substituting the data into equation (7.3) yields

p=10x (9L = soprpa
1= 005/

In the “common” pQ2? diagram C, is defined as

1
1+ Kp

Cp = = constant (7.4)

“More research is need on this aspect.
++ read the comment made by referee Il to the paper on pQ2 on page 126.
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smaller P
plunger

v

2

Qmax

Figure 7.3: The “common” p@? version

Note, therefore K5 is also defined as a constant for every metal®. Utilizing Bernoulli's equa-
tion®.

= oy 25 7o

The flow rate at the gate can be expressed as

Qs = A3Cpy| % (7.6)

The flow rate in different locations is a function of the temperature. However, Eckert (Eck-
ert1989)7 demonstrated that the heat transfer is insignificant in the duration of the filling of
the cavity, and therefore the temperature of the liquid metal can be assumed almost constant
during the filling period (which in most cases is much less 100 milliseconds). As such, the
solidification is insignificant (the liquid metal density changes less than 0.1% in the runner);

to make question about mass  therefore, the volumetric flow rate can be assumed constant:

balance

Q1=0Q2=Q3=Q (7.7)

5The author would like to learn who came—out with this “clever’ idea.
6for more details see section 7.4 page 79.
"read more about it in Chapter 3.
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Section 7.2. The “common” pQ? diagram

P Q max

D

1

Figure 7.4: Pp,4, and Qpqe as a function of the plunger diameter according to “common”
model.

Hence, we have two equations (7.1) and (7.6) with two unknowns (Q and P;) for which the
solution is

Pmaz
P = 1— 2Cp2Pras Az? (7'8)
PQmaz
Example 7.2

What is the pressure at plunger tip (metal side), the flow rate and gate velocity when
the following are given: liquid metal material is aluminum, Pp,., = [5|M Pa, Qmez =
0.016/m3/sec] and the gate area 3 x 10=°[m?]? Use NADCA's recommended value of
Cy=0.55 (Kr ~ 3.3).

Solution
Utilizing equation (7.8)

5

1— 2x(0.55)2 x5x(3x10—5)2
2350%0.0162

P =

the gate velocity can by obtained by utilizing equation (7.5)

2 X P1
2350

The flow rate can be obtained by utilizing equation (7.2)

Us = 0.55

Q= x3x10°
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Example 7.3
Repeat previous example with Cp, ranging from 0.4 to 0.9 draw a diagram

Solution
under construction
insert a discussion in regards
to the trends

insert the calculation with re-

dU. d P
spect to H‘} and dAi

7.3 The validity of the “common” diagram

In the construction of the “common” model, two main assumptions were made: one Cj is
a constant which depends only on the liquid metal material, and two) many terms in the
energy equation (Bernoulli's equation) can be neglected. Unfortunately, the examination of the
validity of these assumptions was missing in all the previous studies. Here, the question when
the “common” model valid or perhaps whether the “common’ model valid at all is examined.
Some argue that even if the model is wrong and do not stand on sound scientific principles,
it still has a value if it produces reasonable trends. Therefore, this model should produce
reasonable results and trends when varying any parameter in order to have any value. Part of
the examination is done by varying parameters and checking to see what happen to trends.

7.3.1 Is the “common” model valid?

Is the mass balance really satisfied in the “common™ model? Lets examine this point. Equation
(7.7) states that the mass (volume, under constant density) balance is exist.

AUy = A3Us (7.9)

So, what is the condition on Cj to satisfy this condition? Can C, be a constant as stated
in assumption 17 To study this point let derive an expression for C. Utilizing equation (7.5)
yields

| P
AlUl = A3CD 71 (710)

From the machine characteristic, equation (7.1), it can be shown that

U1 = Unas V Proz — P1 (711)

Substituting equation (7.11) into equation (7.10) yield,

| P,
AlUma:c V Pma:c - Pl = A3CD 71 (712)

It can be shown that equation (7.12) can be transformed into

_ Al Umaz\/ﬁ
o= (7-13)
P’maz_Pl
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Section 7.3. The validity of the “common” diagram

According to the “common” model U,,4., and P, are independent of the gate area, As.
The term Az, / ﬁ is not a constant and is a function of A3 (possibility other parameters).

To maintain the mass balance C; must be a function at least of the gate area, A3. Since the
“common” pQ? diagram assumes that C is a constant it diametrically opposite the mass
conservation principle. Moreover, in the “common” model, a major assumption is that the
value of C depends on the metal, therefore, the mass balance is probably never achieved in
many cases. This violation demonstrates, once for all, that the “common” pQ2 diagram is
erroneous.

Example 7.4
Use the information from example 7.2 and check what happened to the flow rate at two
location ( 1) gate 2) plunger tip) when discharge coefficient is varied C,= 0.4-0.9

Solution
under construction

ol

A:

Figure 7.5: P as A; to be relocated
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Pbar

A3

Figure 7.6: P as A3 to be relocated

7.3.2 Are the trends reasonable?

Now second part, are the trends predicted by the “common” model are resumable (correct)?
To examine that, we vary the plunger diameter, (A; or D) and the gate area, A3 to see if any
violation of the physics laws occurs as results. The comparison between the real trends and the
“common” trends is discussed in the following section.

Plunger area/diameter variation

First, the effect of plunger diameter size variation is examined. In section 7.2 it was shown that
Proz X 1/D12. Equation (7.8) demonstrates that P; increases with an increase of P,,,,°.
The value P,,,; can attained is an infinite value (according to the “common” model)
therefore P is infinite as well. The gate velocity, Us, increases as the plunger diameter decreases
as shown in Figure 7.7. Armed with this knowledge now, several cases can be examined if the

8]t also demonstrates that the value of P never can exceed

[ P ] :E(Qmam)z (714)
Pz mazx 2 CDAS
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Section 7.3. The validity of the “common” diagram

Figure 7.7: pressure at the plunger tip, Py, the flow rate, ), and the gate velocity, Us as a
function of plunger diameter , A;

trends are realistic.

Gate area variation

Energy conservation (power supply machine characteristic) Let's assume that mass con-
servation is fulfilled, and, hence the plunger velocity can approach infinity, U; — oo when
Dy — 0 (under constant Q.4z)- The hydraulic piston also has to move with the same ve-
locity, Ui. Yet, according to the machine characteristic the driving pressure, approaches zero
(Pp1— Ppy) — 0. Therefore, the energy supply to the system is approaching zero. Yet, energy
obtained from the system is infinite since jet is inject in infinite velocity and finite flow rate.
This cannot exist in our world or perhaps one can proof the opposite.

Energy conservation (power supply) Assuming that the mass balance requirement is ob-
tained, the pressure at plunger tip, P, and gate velocity, Us, increase (and can reach infin-
ity,(when P; — oo then Us — 00) when the plunger diameter is reduced. Therefore, the
energy supply to the system has to be infinity (assuming a constant energy dissipation, actually
the dissipation increases with plunger diameter in most ranges) However, the energy supply to
the system (c.v. only the liquid metal) system would be Pg,Ap;U; (finite amount) and the
energy the system provide plus would be infinity (infinite gate velocity) plus dissipation.

Energy conservation (dissipation problem) A different way to look at this situation is
check what happen to physical quantities. For example, the resistance to the liquid metal flow
increases when the gate velocity velocity is increased. As smaller the plunger diameter the
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Chapter 7. pQ? Diagram Calculations

PQ

max

2 2
2A,Cp

A 4

Figure 7.8: Py as a function of P4,

larger the gate velocity and the larger the resistance. However, the energy supply to the system
has a maximum ability. Hence, this trend from this respect is unrealistic.

Mass conservation (strike) According to the “common” model, the gate velocity decreases
when the plunger diameter increases. Conversely, the gate velocity increases when the plunger
diameter decreases®. According to equation (7.2) the liquid metal flow rate at the gate increases
as well. However, according to the “common” pQ2 diagram, the plunger can move only in a
finite velocity lets say in the extreme case U,,,, 1°. Therefore, the flow rate at the plunger tip
decreases. Clearly, these diametrically opposing trends cannot coexist. Either the “common”
pQ?2 diagram wrong or the mass balance concept is wrong, take your pick.

Mass conservation (hydraulic pump): The mass balance also has to exist in hydraulic pump
(obviously). If the plunger velocity have to be infinite to maintain mass balance in the metal
side, the mass flow rate at the hydraulic side of the rode also have to be infinite. However, the
pump has maximum capacity for flow rate. Hence, mass balance can be obtained.

7.3.3 Variations of the Gate area, A;

under construction

9check again Figure 7.4
10this is the velocity attained when the shot sleeve is empty
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Section 7.4. The reformed pQ?2 diagram

7.4 The reformed pQ? diagram

The method based on the liquid metal properties is with disagreement with commonly agreed
on in fluid mechanics (Pao1961, pp. 235-299). It is commonly agreed that Cj is a func-
tion of Reynolds number and the geometry of the runner design. The author (Bar-Meir and
Winkler1994) suggested adopting an approach where the Cp is calculated by utilizing data of
flow resistance of various parts (segments) of the runner. The available data in the literature
demonstrates that a typical value of Cj can change as much as 100% or more just by changing
the gate area (like valve opening). Thus, the assumption of a constant Cp, which is used in
“common” pQ2 calculations!?, is not valid. Here a systematic derivation of the pQ2 diagram
is given. The approach adapted in this book is that everything (if possible) should be presented
in dimensionless form.

7.4.1 The reform model
Equation (7.1) can be transformed into dimensionless from as

0 = V1i-P (7.15)
Where:

reduced pressure, P;/Ppaz
reduced flow rate, Q1/Qmaz

Ql

Eckert (Eckert1989) also demonstrated that the gravity effects are negligible!?. Assuming
steady state!3 and utilizing Bernoulli's equation between point (1) on plunger tip and point (3)
at the gate area (see Figure 7.1) yields
h U*_ P U

e AT 1
p+2 p+2+h1,3 (76)

where:

U velocity of the liquid metal

p the liquid metal density

hi3 energy loss between plunger tip and gate exit
subscript

1 plunger tip

2 entrance to runner system

3 gate

It has been shown that the pressure in the cavity can be assumed to be about atmospheric
(for air venting or vacuum venting) providing vents are properly designed Bar—Meir at el (Bar-
Meir, Eckert and Goldstein1996; Bar-Meir, Eckert and Goldstein1997)14. This assumption is

Wor as it is suggested by the referee 11

125ee for more details chapter 3

Bread in the section 7.4.4 on the transition period of the pQ?
14Read a more detailed discussion in Chapter 9
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not valid when the vents are poorly designed. When they are poorly designed, the ratio of the
vent area to critical vent area determines the build up pressure, P3, which can be calculated
as it is done in Bar—Meir et al (Bar-Meir, Eckert and Goldstein1997). However, this is not a
desirable situation since a considerable gas/air porosity is created and should be avoided. It
also has been shown that the chemical reactions do not play a significant role during the filling
of the cavity and can be neglected (Bar-Meir1995b).

The resistance in the mold to liquid metal flow depends on the geometry of the part to
be produced. If this resistance is significant, it has to be taken into account calculating the
total resistance in the runner. In many geometries, the liquid metal path in the mold is short,
then the resistance is insignificant compared to the resistance in the runner and can be ignored.
Hence, the pressure at the gate, P;, can be neglected. Thus, equation (7.16) is reduced to

P UC_UF

S 4 h 7.17
p 2 g T s (7.17)
The energy loss, hq 3, can be expressed in terms of the gate velocity as
U2
hi3 = KF73 (7.18)

where K is the resistance coefficient, representing a specific runner design and specific gate
area.
Combining equations (7.7), (7.17) and (7.18) and rearranging yields

Us = Cp, /% (7.19)

where

1
A 2
() + K

Cp = f(As3, A1) = (7.20)

Converting equation (7.19) into a dimensionless form yields

Q=V20:P (7.21)

When the Ozer Number is defined as

Cp®Prmas 2

e A P,

Oz = P 5 — ( 3 ) CD2 max (722)
<M) Qmaiﬂ P

Az

The significance of the Oz number is that this is the ratio of the “effective” maximum energy
of the hydrostatic pressure to the maximum kinetic energy. Note that the Ozer number is not
a parameter that can be calculated a priori since the Cj is varying with the operation point.

15 For practical reasons the gate area, A3 cannot be extremely large. On the other hand,
the gate area can be relatively small A3 ~ 0 in this case Ozer number A3A3™ where is a
number larger then 2 (n > 2).

151t should be margin-note and so please ignore this footnote.
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Section 7.4. The reformed pQ?2 diagram

Solving equations (7.21) with (7.15) for P, and taking only the possible physical solution,
yields

1
= — 7.2
1+20z (7.23)

which is the dimensionless form of equation (7.8).

7.4.2 Examining the solution

This solution provide a powerful tool to examine various parameters and their effects on the
design. The important factors that every engineer has to find from these calculations are: gate
area, plunger diameters, the machine size, and machine performance etcl®. These issues are
explored further in the following sections.

The gate area effects

Gate area affects the reduced pressure, P, in two ways: via the Ozer number which include
two terms: one, (As/Qmaz) and, two, discharge coefficient Cp. The discharge coefficient, Cp
is also affected by the gate area affects through two different terms in the definition (equation
7.20), one, (A3/A1)? and two by K.

Qmas effect is almost invariant with respect to the gate area up to small gate area sizes'’.
Hence this part is somewhat clear and no discussion is need.

(A3/A1)? effects Lets look at at the definition of Cy equation (7.20). For illustration
purposes let assume that K is not a function of gate area, Kp(A3) = const. A small
perturbation of the gate area results in Taylor series,

ACp = CD(A3 + AA3) — CD(A3) (724)

1 As AA
_ _ n 3AA3

L=+ Ke 4,2 (1- 435 + Ko )

—+

wleo

hS

2
2
3;432 5 + i > AA3
At (1—A—f2+Kp) A2 (1—ﬁg+Kp)

2\/1- 4% + Kp

how Ozer number behaves as a function of the gate area?
P, A
Oz — max . 32
PQmaz” 1 — (ﬂ) + Kp

1

+0(A43)°

16The machine size also limited by a second parameter known as the clamping forces to be discussed in
Chapter 10

17This is reasonable speculation about this point. More study is well come
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Chapter 7. pQ? Diagram Calculations

In this case equation (7.8) still hold but Cj has to be reevaluated.

Example 7.5
repeat the example 7.2 with K = 3.3

Solution
First calculate the discharge coefficient, Cp, for various gate area starting from 2.4 10~
[m?] to 310~* [m?] using equation 7.20.

This example demonstrate the very limited importance of the inclusion of the term (A3/A;)?
into the calculations.

Ky effects The change in the gate area increases the resistance to the flow via several
contributing factors which include: the change in the flow cross section, change in the direction
of the flow, frictional loss due to flow through the gate length, and the loss due to the abrupt
expansion after the gate. The loss due to the abrupt expansion is a major contributor and
its value changes during the filling process. The liquid metal enters the mold cavity in the
initial stage as a “free jet” and sometime later it turns into an immersed jet which happens
in many geometries within 5%-20% of the filling. The change in the flow pattern is believed
to be gradual and is a function of the mold geometry. A geometry with many changes in
the direction of the flow and/or a narrow mold (relatively thin walls) will have the change to
immersed jet earlier. Many sources provide information on K for various parts of the designs
of the runner and gate. Utilizing this information produces the gate velocity as a function of
the given geometry. To study further this point consider a case where Kr is a simple function
of the gate area. When Ags is very large then the effect on K are relatively small. Conversely,

KF

KO

A3
Figure 7.9: K as a function of gate area, A3

when A3z — 0 the resistance, Kr — oo. The simplest function, shown in Figure 7.9, that
represent such behavior is

Kr=0C1 +— (725)
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Section 7.4. The reformed pQ? diagram

Cy and C, are constants and can be calculated (approximated) for a specific geometry.
The value of C; determine the value of the resistance where A3 effect is minimum and Cs
determine the range (point) where Az plays a significant effect. In practical, it is found that
C> is in the range where gate area are desired and therefore program such as DiePerfect ™
are important to calculated the actual resistance.

Example 7.6
Under construction
create a question with respect to the function 7.25

Solution
Under construction

The combined effects Consequently, a very small area ratio results in a very large resistance,
and when ﬁ—f — 0 therefore the resistance — oo resulting in a zero gate velocity (like a closed
valve). Conversely, for a large area ratio, the resistance is insensitive to variations of the gate
area and the velocity is reduced with increase the gate area. Therefore a maximum gate velocity
must exist, and can be found by

dUs

el S 2
T =0 (7.26)

which can be solved numerically. The solution of equation (7.26) requires full information on
the die casting machine.

A general complicated runner design configuration can be converted into a straight conduit
with trapezoidal cross—section, provided that it was proportionally designed to create equal gate
velocity for different gate locations!®. The trapezoidal shape is commonly used because of the
simplicity, thermal, and for cost reasons.

Example 7.7

To illustrate only the effects of the gate area change two examples are presented: one,
a constant pressure is applied to the runner, two, a constant power is applied to the
runner. The resistance to the flow in the shot sleeve is small compared to resistance in
the runner, hence, the resistance in the shot sleeve can be neglected. The die casting
machine performance characteristics are isolated, and the gate area effects on the the gate
velocity can be examined. Typical dimensions of the design are presented in Figure 7.10.
The short conduit of 0.25[m] represents an excellent runner design and the longest conduit
of 1.50[m] represents a very poor design. The calculations were carried for aluminum alloy
with a density of 2385[kg/m?] and a kinematic viscosity of 0.544 x 10~¢[m? /sec] and
runner surface roughness of 0.01 [mm]. For the constant pressure case the liquid metal
pressure at the runner entrance is assumed to be 1.2[MPa] and for the constant power
case the power loss is [1Kw].

18read about poor design effect on pQ2 diagram
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Chapter 7. pQ? Diagram Calculations

Solution
The gate velocity is exhibited as a function of the ratio of the gate area to the conduit
area as shown in Figure 7.11 for a constant pressure and in Figure 7.12 for a constant
power.

old
\/
<00timl_ gravity 7 \

0.008 [m\ A-A A

gate
area

flow direction

- 0.01438 [m] J L T 1

A

Y ZG/AZ

shot runner
sleeve entrance

Figure 7.10: Design and dimensions of the runner for the example 7.4.2. The length, L,
represents different runner design qualities. The gate design is made of straight lines to
the gate area, creating a symmetrical gate.

Figure 7.11: Gate velocities as a function of the area ratio for constant pressure.
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Section 7.4. The reformed pQ?2 diagram

Figure 7.12: Gate velocities as a function of the area ratio for constant power.

General conclusions from example 7.4.2

For the constant pressure case the “common”!?

a zero gate area.

assumption yields a constant velocity even for

The solid line in Figure 7.11 represents the gate velocity calculated based on the common
assumption of constant C, while the other lines are based on calculations which take into
account the runner geometry and the Re number. The results for constant Cj represent
“averaged” of the other results. The calculations of the velocity based on a constant C, value
are unrealistic. It overestimates the velocity for large gate area and underestimates for the area
ratio below ~ 80% for the short runner and 35% for the long runner. Figure 7.11 exhibits that
there is a clear maximum gate velocity which depends on the runner design (here represented
by the conduit length). The maximum indicates that the preferred situation is to be on the
“right hand side branch” because of shorter filling time. The gate velocity is doubled for the
excellent design compared with the gate velocity obtained from the poor design. This indicates
that the runner design is more important than the specific characteristic of the die casting
machine performance. Operating the die casting machine in the “right hand side” results in
smaller requirements on the die casting machine because of a smaller filling time, and therefore
will require a smaller die casting machine.

For the constant power case, the gate velocity as a function of the area ratio is shown in
Figure 7.12. The common assumption of constant C, yields the gate velocity Us o< A;/A3
shown by the solid line. Again, the common assumption produces unrealistic results, with the
gate velocity approaching infinity as the area ratio approaches zero. Obviously, the results with
a constant Cp, overestimates the gate velocity for large area ratios and underestimates it for
small area ratios. The other lines describe the calculated gate velocity based on the runner
geometry. As before, a clear maximum can also be observed. For large area ratios, the gate
velocity with an excellent design is almost doubled compared to the values obtained with a
poor design. However, when the area ratio approaches zero, the gate velocity is insensitive to
the runner length and attains a maximum value at almost the same point.

In conclusion, this part has been shown that the use of the “common” pQ? diagram with
the assumption of a constant C may lead to very serious errors. Using the pQ? diagram, the
engineer has to take into account the effects of the variation of the gate area on the discharge
coefficient, C;, value. The two examples given inhere do not represent the characteristics of
the die casting machine. However, more detailed calculations shows that the constant pressure
is in control when the plunger is small compared to the other machine dimensions and when the
runner system is very poorly designed. Otherwise, the combination of the pressure and power
limitations results in the characteristics of the die casting machine which has to be solved.

19As it is written in NADCA'’s books
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u3

“‘common’ model

realistic velocity

A3

Figure 7.13: U; as a function of gate area, A3

The die casting machine characteristic effects

There are two type of operation of the die casting machine, one) the die machine is operated
directly by hydraulic pump (mostly on the old machines). two) utilizing the non continuous
demand for the power, the power is stored in a container and released when need (mostly on
the newer machines). The container is normally a large tank contain nitrogen and hydraulic
liquid®. The effects of the tank size and gas/liquid ratio on the pressure and flow rate can
easily be derived.

Meta The power supply from the tank with can consider almost as a constant pressure but
the line to actuator is with variable resistance which is a function of the liquid velocity.
The resistance can be consider, for a certain range, as a linear function of the velocity
square, "Ug?". Hence, the famous a assumption of the “common” die casting machine
pox Q%

End

The characteristic of the various pumps have been studied extensively in the past (Fair-
banks1959). The die casting machine is a pump with some improvements which are patented
by different manufactures. The new configurations, such as double pushing cylinders, change
somewhat the characteristics of the die casting machines. First let discuss some general char-
acteristic of a pump (issues like empelor, speed are out of the scope of this discussion). A
pump is mechanical devise that transfers and electrical power (mostly) into “hydraulic” power.
A typical characteristic of a pump are described in Figure 7.14.

20This similar to operation of water system in a ship, many of the characteristics are the same. Furthermore,
the same differential equations are governing the situation. The typical questions such as the necessarily
container size and the ratio of gas to hydraulic liquid were part of my study in high school (probably the
simplified version of the real case). If demand to this material raised, | will insert it here in the future.
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Section 7.4. The reformed pQ?2 diagram

/ . efficiency

Figure 7.14: General characteristic of a pump

Two similar pumps can be connect in two way series and parallel. The parallel connection
increase mostly the flow rate as shown in Figure 7.14. The serious connection increase mostly
the pressure as shown in Figure 7.14. The series connection if “normalized” is very close to the
original pump. However, the parallel connection when “normalized” show a better performance.

To study the effects of the die casting machine performances, the following functions are
examined (see Figure 7.15):

= 1-P (7.27a)
= V1-P (7.27b)
= V1-P (7.27¢c)

The functions (7.27a), (7.27b) and (7.27c) represent a die casting machine with a poor per-
formance, the common performance, and a die casting machine with an excellent performance,
respectively.

Combining equation (7.21) with (7.27) yields

Q| L Q)

1-P =+v20zP (7.28a)
V1-P =+20zP (7.28b)
V1-P =+v20:P (7.28¢)

rearranging equation (7.28) yields
P -21+0:)P+1 = 0 (7.29a)
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Figure 7.15: Various die casting machine performances

1-P(1+202) = 0 (7.29b)
10:P°+P-1 = 0 (7.29¢)
Solving equations (7.29) for P, and taking only the possible physical solution, yields
P = 1+02—+/(2+02)0z (7.30a)
— 1

P — 7.30b
1+202 (7.30b)

- V1+1602° -1
P = 7.30c
8022 ( )

The reduced pressure, P, is plotted as a function of the Oz number for the three die casting
machine performances as shown in Figure 7.16.

Figure 7.16: Reduced pressure,P, for various machine performances as a function of the Oz
number

Figure 7.16 demonstrates that P monotonically decreases with an increase in the Oz number
for all the machine performances. All the three results convert to the same line which is a

plateau after_Oz = 20. For large Oz numbers the reduced pressure, P, can be considered to
be constant P ~ 0.025. The gate velocity, in this case, is

Pmaw
Us ~ 0.22Cpy | o (7.31)

The Ozer number strongly depends on the discharge coefficient, Cp, and Ppq;. The value
of Qumaz is relatively insensitive to the size of the die casting machine. Thus, this equation
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Section 7.4. The reformed pQ? diagram

is applicable to a well designed runner (large C) and/or a large die casting machine (large
Pmaz)- —

The reduced pressure for a very small value of the Oz number equals to one, P ~ 1
or Pyaz = Pi, due to the large resistance in the runner (when the resistance in the runner
approaches infinity, Kz — oo, then P = 1). Hence, the gate velocity is determined by the
approximation of

2Pmaz
U3 ~ CD

(7.32)

The difference between the various machine performances is more considerable in the middle
range of the Oz numbers. A better machine performance produces a higher reduced pressure,
P. The preferred situation is when the Oz number is large and thus indicates that the machine
performance is less important than the runner design parameters. This observation is further

elucidated in view of Figures 7.11 and 7.12.

Plunger area/diameter effects

PB, atmospheric
Il ! pressure S
Dg |PB;, ™ g D,

hydraulic plunger

piston
Figure 7.17: Schematic of the plunger and piston balance forces

The pressure at the plunger tip can be evaluated from a balance forces acts on the hydraulic
piston and plunger as shown in Figure 7.17. The atmospheric pressure that acting on the left
side of the plunger is neglected. Assuming a steady state and neglecting the friction, the forces
balance on the rod yields

Dgp’r Dgr*n Di3x
o (Poy = Ps) + ——Ppy = —— P (7.33)
In particular, in the stationary case the maximum pressure obtains
D327T DR27T D127i'
4 (PBI _PB2)|maa:+T PB2|maa: = T Pllmaaf: (734)
The equation (7.34) is reduced when the rode area is negligible; plus, notice that P|, =
P,,02 to read
D327T D127T
(PBI - PBQ)'maz = 4 Pma:c (735)
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Chapter 7. pQ? Diagram Calculations

Figure 7.18: Reduced liquid metal pressure at the plunger tip and reduced gate velocity as a
function of the reduced plunger diameter

Rearranging equation (7.35) yields

DB 2 Pmaz DB 2
e = Pmaq: = P —P =—— 7
<D1> (PBl _PBz)|maz - ( B B2)|maw <D1> ( 36)

21

The gate velocity relates to the liquid metal pressure at plunger tip according to the following
equation combining equation (7.5) and (7.30b) yields

2
. o \/5 (PBI - PB2)|ma.7c (%_f) (7 37)
3 =0Upy/— 2 2 -

P 14+ %(CQDTf:) (PB4 —PB2)|maw (%}13)

_ . . e =2 = —2
perhaps, discuss L2 Under the assumption that the machine characteristicis P, x Q  —= P=1-Q ,

iy

Meta the solution for the intersection point is given by equation ? To study equation
(7.37), let’s define

X= \/(PB1 - ‘[;332)|maz {ggz] [%] (7.38)

and the reduced gate velocity

Us As
— 7.39
y Qmaz ( )
Using these definitions, equation (7.37) is converted to a simpler form:
1
= 7.4
=\ T (7.40)

2Note that Pil|,,,p 7 [Pilmas. The difference is that Pi,,,. represents the maximum pressure of the
liquid metal at plunger tip in the stationary case, where as [P1], .. represents the value of the maximum
pressure of the liquid metal at the plunger tip that can be achieved when hydraulic pressure within the piston is
varied. The former represents only the die casting machine and the shot sleeve, while the latter represents the
combination of the die casting machine (and shot sleeve) and the runner system.

Equation (7.14) demonstrates that the value of [P1], .. is independent of Ppaz (for large values of Praz)
under the assumptions in which this equation was attained (the “common” die casting machine performance,
etc). This suggests that a smaller die casting machine can achieve the same job assuming average performance
die casing machine.
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Section 7.4. The reformed pQ? diagram

With these definitions, and denoting

2
n=p2 (%D AS) —20:P (7.41)

one can obtain from equation (7.30b) that (make a question about how to do it?)

1

= 42

n

The coefficients of P; in equation (7.41) and D; in equation (7.38) are assumed
constant according to the “common” pQ? diagram. Thus, the plot of ¥ and 7 as
a function of x represent the affect of the plunger diameter on the reduced gate
velocity and reduced pressure. The gate velocity and the liquid metal pressure at
plunger tip decreases with an increase in the plunger diameters, as shown in Figure
7.18 according to equations (7.40) and (7.42).

End

liquid
the moving part of metal out
the control volume
atmospheric

pressure

air flow

fnction\\ Aegmed/

Figure 7.19: A general schematic of the control volume of the hydraulic piston with the plunger
and part of the liquid metal

A control volume as it is shown in Figure 7.19 is constructed to study the effect of the
plunger diameter, (which includes the plunger with the rode, hydraulic piston, and shot sleeve,
but which does not include the hydraulic liquid or the liquid metal jet). The control volume is
stationary around the shot sleeve and is moving with the hydraulic piston. Applying the first law
of thermodynamics, when that the atmospheric pressure is assumed negligible and neglecting
the dissipation energy, yields

. Uin2 . Uou 2 d
Q + mz’n (hzn + ) = Mout (hout + ! ) + _m

2 2 dt

Uecw? .
(e + T) + W,.{7.43)

In writing equation (7.43), it should be noticed that the only change in the control volume is
in the shot sleeve. The heat transfer can be neglected, since the filling process is very rapid.
There is no flow into the control volume (neglecting the air flow into the back side of the
plunger and the change of kinetic energy of the air, why?), and therefore the second term on
the right hand side can be omitted. Applying mass conservation on the control volume for the
liquid metal yields

dm .
E o = —Mout (744)
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Chapter 7. pQ? Diagram Calculations

The boundary work on the control volume is done by the left hand side of the plunger and can
be expressed by

Wev. = —(Pp1 — Pp2)ApUs (7.45)
The mass flow rate out can be related to the gate velocity

Mout = pAsUs (7.46)
Mass conservation on the liquid metal in the shot sleeve and the runner yields

AUL = AsUs = U} =Uj (ﬁ—i)z (7.47)

Substituting equations (7.44-7.47) into equation (7.43) yields

U3 Az\?
(hout — €) + 73 (1 - (A—D )] (7.48)
Rearranging equation (7.48) yields

(Pos = Poz) 3% = (hows =€) + & <1 - (ﬁ) ) (7.49)

(Pp1 — Ppo)ApUsAi = pA3Us

Solving for Us yields

_ Ap _ -
g |2 [P = P2 = (e = o) (7.50)

VW]

Or in term of the maximum values of the hydraulic piston

1420z Aip
U, = (7.51)

LN N CON

When the term (hoqy — €) is neglected (C, ~ C,, for liquid metal)

-P,
) -

9 (PB1*PB2)|mM f_B
U3 = 1+20z 1p (752)

V-]

Normalizing the gate velocity equation (7.52) yields

CUsAs Co

_ _ 2 (7.53)
Y= O X2[1+ 202 [1 - (i_i) ]
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Section 7.4. The reformed pQ? diagram

us
‘\“common” model
realistic velocity
ye)
_ oss/‘b

2 [ A ey

Al

Figure 7.20: The gate velocity, Uz as a function of the plunger area, A

Figure 7.21: The reduced power of the die casting machine as a function of the normalized
flow rate

The expression (7.53) is a very complicated function of A;. It can be shown that when
the plunger diameter approaches infinity, D1 — oo (or when A; — o0) then the gate velocity
approaches Us — 0. Conversely, the gate velocity, Us — 0, when the plunger diameter,
Dy — 0. This occurs because mostly K — oo and Cp — 0. Thus, there is at least one
plunger diameter that creates maximum velocity (see figure 7.20). A more detailed study shows
that depending on the physics in the situation, more than one local maximum can occur. With
a small plunger diameter, the gate velocity approaches zero because C, approaches infinity.
For a large plunger diameter, the gate velocity approaches zero because the pressure difference
acting on the runner is approaching zero. The mathematical expression for the maximum gate
velocity takes several pages, and therefore is not shown here. However, for practical purposes,
the maximum velocity can easily (relatively) be calculated by using a computer program such
as DiePerfect ™,

Machine size effect

The question how large the die casting machine depends on how efficient it is used. To
maximized the utilization of the die casting machine we must understand under what condition
it happens. It is important to realize that the injection of the liquid metal into the cavity
requires power. The power, we can extract from a machine, depend on the plunger velocity
and other parameters. We would like to design a process so that power extraction is maximized.
Let’s defined normalized machine size effect
AR VLY SRy o I - (7.54)
Pmaz X Qmam

Every die casting machine has a characteristic curve on the pQ? diagram as well. ASSUMING  make for the three function of
the machine characteristic as

. . . u " —— —2 .
that the die casting machine has the “common” characteristic, P = 1 — (), the normalized auestion.
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power can be expressed
— = —2. =2 =3
Pn=0Q0-Q)=Q"-Q (7.55)

where P,, is the machine power normalized by P,,,00 X Qmaz. The maximum power of this kind
of machine is at 2/3 of the normalized flow rate, @ as shown in Figure 7.21. It is recommended
to design the process so the flow rate occurs at the vicinity of the maximum of the power. For
a range of 1/3 of @ that is from 0.5Q to 0.83Q, the average power is 0.1388 Py,0:Qmaz, as
shown in Figure 7.21 by the shadowed rectangular. One may notice that this value is above
the capability of the die casting machine in two ranges of the flow rate. The reason that this
number is used is because with some improvements of the the runner design the job can be
performed on this machine, and there is no need to move the job to a larger machine?.

Precondition effect (wave formation)

Meta discussion when Q1 # Q3

End

7.4.3 Poor design effects

Meta discussed the changes when different velocities are in different gates. Expanded on
the sudden change to turbulent flow in one of the branches.

End

7.4.4 Transient effects

Under construction
To put the discussion about the inertia of the system and compressibility.
the magnitude analysis before intensification effects

7.5 Design Process

Now with these pieces of information how one design the process/runner system. A design
engineer in a local company have told me that he can draw very quickly the design for the mold
and start doing the experiments until he gets the products running well. Well, the important
part should not be how quickly you get it to try on your machine but rather how quickly you
can produce a good quality product and how cheap ( little scrap as possible and smaller die
casting machine). Money is the most important factor in the production. This design process is
longer than just drawing the runner and it requires some work. However, getting the production
going is much more faster in most cases and cheaper (less design and undesign scrap and less

22 Assuming that requirements on the clamping force is meet.
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Section 7.6. The Intensification Consideration

experiments/starting cost). Hence, for given die geometry, four conditions (actually there are
more) need to satisfied

aUs
79 _ 7.
=0 (7.56)
aUs
o 7.57
oA, 0 (7.57)

the clamping force, and satisfy the power requirements.

For these criteria the designer has to check the runner design to see if gate velocity are
around the recommended range. A possible answer has to come from financial considerations,
since we are in the business of die casting to make money. Hence, the optimum diameter is the
one which will cost the least (the minimum cost). How, then, does the plunger size determine
cost? It has been shown that plunger diameter has a value where maximum gate velocity is
created.

A very large diameter requires a very large die casting machine (due to physical size and
the weight of the plunger). So, one has to chose as first approximation the largest plunger on
a smallest die casting machine. Another factor has to be taken into consideration is the scrap
created in the shot sleeve. Obviously, the liquid metal in the sleeve has to be the last place to
solidify. This requires the biscuit to be of at least the same thickness as the runner.

Trunner = Tbiscuz’t (758)

Therefore, the scrap volume should be

wD? 7D, 2
TlTbiscuit - TlTrunner (759)

When the scrap in the shot sleeve becomes significant, compared to scrap of the runner

wD1?2 —
TlTrunner = LTrunner (760)

Thus, the plunger diameter has to be in the range of

D, = EZ (7.61)
™

7.6 The Intensification Consideration
Intensification is a process in which pressure is increased making the liquid metal flows during the

solidification process to ensure compensation for the solidification shrinkage of the liquid metal
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(up to 20%). The intensification is applied by two methods: one) by applying additional pump,
two) by increasing the area of the actuator (the multiplier method, or the prefill method)?3.

. The first method does not increase the intensification force to “Py,,;" by much. However,
the second method, commonly used today in the industry, can increase considerably the ratio.

Meta Analysis of the forces demonstrates that as first approximation the plunger diameter
does not contribute any additional force toward pushing the liquid metal.

End

A very small plunger diameter creates faster solidification, and therefore the actual force is
reduced. Conversely, a very large plunger diameter creates a very small pressure for driving the
liquid metal.

7.7 Summary

In this chapter it has been shown that the “common” diagram is not valid and produces
unrealistic trends therefore has no value what so ever?*. The reformed pQ2? diagram was
introduced. The mathematical theory/presentation based on established scientific principles
was introduced. The effects of various important parameters was discussed. The method of
designing the die casting process was discussed. The plunger diameter has a value for which
the gate velocity has a maximum. For D; — 0 gate velocity, Us — 0 when D; — oo the
same happen Us — 0. Thus, this maximum gate velocity determines whether an increase in
the plunger diameter will result in an increase in the gate velocity or not. An alternative way
has been proposed to determine the plunger diameter.

7.8 Questions

7.2 Prove that the maximum flow rate, @42 is reduced and that Q4. 1/Dp2 (see Figure
7.4). if Upqq is a constant

7.3.1 Derive equation 7.11. Start with machine characteristic equation (7.1)

7.3.1 Find the relationship between Cpand Ozer number that satisfy equation (7.13)

7.3.1 find the relationship between [A3 P’%l_Pl ] and Az

max

7.3.1 A; what other parameters that Cydepend on which do not provide the possibility Cp =
constant?

23A note for the manufactures, if you would like to have your system described here with its advantages,
please drop me a line and | will discuss with you about the material that | need. | will not charge you any
money.

24Beside the historical value
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CHAPTER 8

Critical Slow Plunger Velocity

Garber concluded that his model was not able to predict an
acceptable value for critical velocity for fill percentages lower than

50% ...
Brevick, Ohio
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Chapter 8. Critical Slow Plunger Velocity

8.1 Introduction

This Chapter deals with the first stage of the injection in a cold chamber machine in which
the desire (mostly) is to expel maximum air/gas from the shot sleeve. Porosity is a major
production problem in which air/gas porosity constitutes a large portion. Minimization of Air
Entrainment in the Shot Sleeve (AESS) is a prerequisite for reducing air/gas porosity. This can
be achieved by moving the plunger at a specific speed also known as the critical slow plunger
velocity. It happens that this issue is related to the hydraulic jump, which was discussed in the
previous Chapters 5 (accidently? you thought!).

The “common” model, also known as Garber's model, with its extensions made by Brevick!,
Miller?, and EKK’s model are presented first here. The basic fundamental errors of these models
are presented. Later, the reformed and “simple” model is described. It followed by the transient
and poor design effects®. Afterwards, as usual questions are given at the end of the chapter.

8.2 The “common” models

In this section the “common” models are described. Since the “popular” model also known
as Garber’s model never work (even by its own creator)*, several other models have appeared.
These models are described here to have a clearer picture of what was in the pre Bar-Meir’s
model. First, a description of Garber's model is given later Brevick's two models along with
Miller's model® are described briefly. Lastly, the EKK's numerical model is described.

8.2.1 Garber’s model

Figure 8.1: A schematic of wave formation in stationary coordinates

The description in this section is based on one of the most cited paper in the die casting
research (Garber1982). Garber's model deals only with a plug flow in a circular cross—section.

Undustrial and Systems Engineering (ISE) Graduate Studies Chair, ISE department at The Ohio State
University

2The chair of ISE Dept. at OSU

31t be added in the next addition

41 wonder if Garber and later Brevick have ever considered that their the models were simply totally false.

5This model was developed at Ohio State University by Miller's Group in the early 1990's.
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Section 8.2. The “common” models

In this section, we “improve” the model to include any geometry cross section with any velocity
profile®.

Consider a duct (any cross section) with a liquid at level hs and a plunger moving from
the left to the right, as shown in Figure 8.1. Assuming a quasi steady flow is established after
a very short period of time, a unique height, h;, and a unique wave velocity, V,,, for a given
constant plunger velocity, V, are created. The liquid in the substrate ahead of the wave is
still, its height, hs, is determined by the initial fill. Once the height, hi, exceeds the hight of
the shot sleeve, H, there will be splashing. The splashing occurs because no equilibrium can
be achieved (see Figure 8.2a). For h; smaller than H, a reflecting wave from the opposite
wall appears resulting in an enhanced air entrainment (see Figure 8.2b). Thus, the preferred
situation is when hy; = H (in circular shape H = 2R) in which case no splashing or a reflecting
wave result.

== [

initial height

(b)
Figure 8.2: A schematic of reflecting wave formation in sub and supper critical velocity

It is easier to model the wave with coordinates that move at the wave velocity, as shown
in Figure 8.3. With the moving coordinate, the wave is stationary, the plunger moves back at

6This addition to the original Garber’s paper is derived here. | assumed that in this case, some mathematics
will not hurt the presentation.
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a velocity (V,, — V},), and the liquid moves from the right to the left. Dashed line shows the
stationary control volume.

Figure 8.3: A schematic of the wave with moving coordinates

Mass conservation of the liquid in the control volume reads:
/ PVpdA = p(vy —Vp)dA (8.1)
A A

where v is the local velocity. Under quasi-steady conditions, the corresponding average velocity
equals the plunger velocity:

1
— vidA=11=V), (8.2)
A Ja,
Assuming that heat transfer can be neglected because of the short process duration’. Therefore,
the liquid metal density (which is a function of temperature) can be assumed to be constant.
Under the above assumptions, equation (8.1) can be simplified to

h;
VwA(h2) = (Vi — Vp)A(h) ; A(hy) = / dA (8.3)
0
Where 7 in this case can take the value of 1 or 2. Thus,
Ve
——— = f(h1,h 8.4
Ty = ) (84)

where f(hy,hs) = QEZS is a dimensionless function. Equation (8.4) can be transformed into
a dimensionless form:

f(hi,h) = ﬁ (8.5a)
:”:ﬁ%%%i (8.5b)
Vu

where & = #. Assuming energy is conserved (the Garber's model assumption), and under
P

conditions of negligible heat transfer, the energy conservation equation for the liquid in the

control volume (see Figure 8.3) reads:

/ Pp  v1e(Vaw — Vp)2
Ay

P, V,?
B A T T (W, — V,)dA = [—+i—
Az
7see Chapter 3 for a detailed discussion

p 2

; > ]mm (8.6)
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Section 8.2. The “common” models

where

B 1 s, 1 TR
’Yle_Al(Vw—Vp):; /Al(Vw v1)°dA = 4G =1) /Al (v V},) dA (8.7)

The shape factor, 7., is introduced to account for possible deviations of the velocity profile at
section 1 from a pure plug flow. Note that in die casting, the flow is pushed by the plunger
and can be considered as an inlet flow into a duct. The typical Re number is 10%, and for this
value the entry length is greater than 50m, which is larger than any shot sleeve by at least two
orders of magnitude.

The pressure in the gas phase can be assumed to be constant. The hydrostatic pressure in
the liquid can be represent by Ry.gp (Rajaratnam1965), where Ry, is the center of the cross
section area. For a constant liquid density equation (8.6) can be rewritten as:

(Vw — Vp)2

Rycig + 7ie 2

V 2
(Vi = Vi) () = | g + V- | Vi Aho) (89
Garber (and later Brevick) put this equation plus several geometrical relationships as the so-
lution. Here we continue to obtain an analytical solution. Defining a dimensionless parameter
Fr as

Fr= % (89)
Utilizing definition (8.9) and rearranging equation (8.8) yields

2Fr. X Yo1 + Y1e(0 — 1)? = 2Fr, X Joz + 0° (8.10)
Solving equation (8.10) for F'r, the latter can be further rearranged to yield:

Fr.= 2(Ye1 — Vz) (8.11)

(1+71¢) f(h1,ha)
fr(yllh,hQ)i12 — Ve

Given the substrate height, equation (8.11) can be evaluated for the F'r,, and the corresponding
plunger velocity ,V,. which is defined by equation (8.9). This solution will be referred herein
as the “energy solution”.

8.2.2 Brevick’s Model
The square shot sleeve

Since Garber's model never work Brevick and co—workers go on a “fishing expedition” in the
fluid mechanics literature to find equations to describe the wave. They found in Lamb’s book
several equations relating the wave velocity to the wave height for a deep liquid (water)®. Since
these equations are for a two dimensional case, Brevick and co—workers built it for a squared

8] have checked the reference and I still puzzled by the equations they found?
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shot sleeve. Here are the equations that they used. The “instantaneous” height difference
(Ah = hy — hg) is given as

Vo
2\/gh2

This equation (8.12), with little rearranging, obtained a new form

V, = 2/ghs l\/? - 1] (813)

The wave velocity is given by

sz\/ﬁlm/ui—f—z] (8.14)

Brevick introduces the optimal plunger acceleration concept. “By plotting the height and
position of each incremental wave with time, their model is able to predict the ‘stability’ of the
resulting wave front when the top of the front has traveled the length of the shot sleeve.”®.
They then performed experiments on this “miracle acceleration 1°."

2
Ah = hy [ + 1:| — ho (8.12)

8.2.3 Brevick’s circular model

Probably, because it was clear to the authors that the previous model was only good for a
square shot sleeve 1. They say let reuse Garber’'s model for every short time steps and with
different velocity (acceleration).

8.2.4 Miller’s square model

Miller and his student borrowed a two dimensional model under assumption of turbulent flow.
They assumed that the flow is “infinite” turbulence and therefor it is a plug flow'?. Since the
solution was for 2D they naturally build model for a square shot sleeve!®>. The mass balance
for square shot sleeve

Vwha = (Vi — Vp)a (8.15)
Momentum balance on the same control volume yield

@ + (Vw B V}))z

P2 Vw2
p 2 2

(Vi = Vy)hy = [7 + —] Vihs (8.16)

9What an interesting idea?? Any physics?

10As to say this is not good enough a fun idea, they also “invented” a new acceleration units “cm/sec—cm”.

|t is not clear whether they know that this equations are not applicable even for a square shot sleeve.

2How they come—out with this conclusion?

13Why are these two groups from the same university and the same department not familiar with each others
work.

What have your membership dues

. 102
done for you today? plagiarism? 0

copyright (©), 2000, by Dr. Bar—Meir



Section 8.3. The validity of the “common” models

and the solution of these two equations is

1hy (M
Fro; =—-———=+1 1
Tmiller 2 h2 <h2 + ) (8 7)

8.3 The validity of the “common” models

8.3.1 Garber’'s model

Energy is known to dissipate in a hydraulic jump in which case the equal sign in equation (8.11)
does not apply and the criterion for a nonsplashing operation would read

Fr. < FT’optz’mal (8.18)

A considerable amount of research work has been carried out on this wave, which is known
in the scientific literature as the hydraulic jump. The hydraulic jump phenomenon has been
studied for the past 200 years. Unfortunately, Garber, ( and later other researchers in die
casting — such as Brevick and his students from Ohio State University (Brevick, Armentrout
and Chul994), (Thome and Brevick1995))!*, ignored the previous research. This is the real
reason that their model never works.

8.3.2 Brevick’s models

square model

There are two basic mistakes in this model, first) the basic equations are not applicable to the
shot sleeve situation, second) the square geometry is not found in the industry. To illustrate
why the equations Brevick chose are not valid, take the case where 1 > h; /hy > 4/9. For that
case V,, is positive and yet the hydraulic jump opposite to reality (hy < hs).

Improved Garber’s model

Since Garber’'s model is scientific erroneous any derivative that is based on it no better than
its foundation!®.

8.3.3 Miller’s model

The flow in the shot sleeve in not turbulent!®. The flow is a plug flow because entry length
problem!”.

Besides all this, the geometry of the shot sleeve is circular. This mistake is discussed in the
comparison in the discussion section of this chapter.

14Even with these major mistakes NADCA under the leadership of Gary Pribyl and Steve Udvardy continues
to award Mr. Brevick with additional grands to continue this research until now, Why?

15| wonder how much NADCA paid Brevick for this research?
16Unless someone can explain and/or prove otherwise.
17see Chapter 3.
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Chapter 8. Critical Slow Plunger Velocity

8.3.4 EKK’s model (numerical model)

This model based on numerical simulations based on the following assumptions: 1) the flow is
turbulent, 2) turbulence was assume to be isentropic homogeneous every where (k-¢ model),
3) un-specified boundary conditions at the free interface (how they solve it with this kind of
condition?), and 4) unclear how they dealt with the “corner point” in which plunger premiter
in which smart way is required to deal with zero velocity of the sleeve and known velocity of
plunger.

Several other assumptions implicitly are in that work'® such as no heat transfer, a constant
pressure in the sleeve etc.

According to their calculation a jet exist somewhere in the flow field. They use the k-¢
model for a field with zero velocity! They claim that they found that the critical velocity to be
the same as in Garber's model. The researchers have found same results regadless the model
used, turbulent and laminar flow!! One can only wonder if the usage of k- model (even for
zero velocity field) was enough to produce these erroneous results or perhaps the problem lays
within the code itself!°.

8.4 The Reformed Model

The hydraulic jump appears in steady—state and unsteady—state situations. The hydraulic
jump also appears when using different cross—sections, such as square, circular, and trapezoidal
shapes. The hydraulic jump can be moving or stationary. The “wave” in the shot sleeve is a
moving hydraulic jump in a circular cross—section. For this analysis, it does not matter if the
jump is moving or not. The most important thing to understand is that a large portion of the
energy is lost and that this cannot be neglected. All the fluid mechanics books?®® show that
Garber's formulation is not acceptable and a different approach has to be employed. Today,
the solution is available to die casters in a form of a computer program — DiePerfect ™,

8.4.1 The reformed model

In this section the momentum conservation principle is applied on the control volume in Figure
8.3. For large Re (~ 10°) the wall shear stress can be neglected compared to the inertial terms
(the wave is assumed to have a negligible length). The momentum balance reads:

/ [Ps + pyiss (Vi — Vp)?] dA = / [P + pV,,*] dA (8.19)
A1 A2
where

1 1 - V1 2
S — Ve —v1)%dA = ——— / (v — —) dA 8.20
MM Al(Vw — VP)Q /Al( ’Ul) Al(v — 1)2 ” v, ( )

18This paper is a good example of poor research related to a poor presentation and text processing.
19see remark on pape 30
20in the last 100 years
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Section 8.4. The Reformed Model

Given the velocity profile v;, the shape factor ;5 can be obtained in terms of ©. The expres-
sions for 15y for laminar and turbulent velocity profiles at section 1 easily can be calculated.
Based on the assumptions used in the previous section, equation (8.19) reads:

|Rwerg + v (Vi = Vi)*| Alhy) = [Rfezg + V] Alhe) (8:21)
Rearranging equation (8.21) into a dimensionless form yields:

f (b, o) [FerFr + (0 = 1)°] = G Fr + (8.22)
Combining equations (8.5) and (8.22) yields

2 2
f(hi,h2) f(hi,h2)
Fhha)—1] — S (b ho) | (777 ) — 1
Frop — [f(h h2) 1} [(f(h h2) 1) ] (8.23)

[f (h1, h2)¥et — Ye2]
where F'rys is the Fr number which evolves from the momentum conservation equation.
Equation (8.23) is the analogue of equation (8.11) and will be referred herein as the “Bar—
Meir’s solution”.

16.00 , /
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6.40 —

4.80 |
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Figure 8.4: The Froude number as a function of the relative height

It has been found that the solutions of the “Bar-Meir’s solution” 2! and the “energy

solution” can be presented in a simple form. Moreover, these solutions can be applied to

21This model was constructed with a cooperation of a another researcher.
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Chapter 8. Critical Slow Plunger Velocity

any cross section for the transition of the free surface flow to pressurized flow. The discussion
here focuses on the circular cross section, since it is the only one used by diecasters. Solutions
for other velocity profiles, such as laminar flow (Poiseuille paraboloid), are discussed in the
Appendix ?2. Note that the Froude number is based on the plunger velocity and not on the
upstream velocity commonly used in the two—dimensional hydraulic jump.

The experimental data obtained by Garber (Garber1982), and Karni (Karnil991) and the
transition from the free surface flow to pressurized flow represented by equations (8.11) and
(8.23) for a circular cross section are presented in Figure 8.4 for a plug flow. The Miller's
model (two dimensional) of the hydraulic jump is also presented in Figure 8.4. This Figure
shows clearly that the “Bar—Meir’s solution” is in agreement with Karni's experimental results.
The agreement between Garber's experimental results and the “Bar—Meir's solution,” with the
exception of one point (at hy = R), is good.

The experimental results obtained by Karni were taken when the critical velocity was ob-
tained (liquid reached the pipe crown) while the experimental results from Garber are interpre-
tation (kind of average) of subcritical velocities and supercritical velocities with the exception
of the one point at hy/R = 1.3 (which is very closed to the “Bar—Meir’s solution”). Hence,
it is reasonable to assume that the accuracy of Karni's results is better than Garber’s results.
However, these data points have to be taken with some caution?®>. Non of the experimental
data sets were checked if a steady state was achieved and it is not clear how the measurements
carried out.

It is widely accepted that in the two dimensional hydraulic jump small and large eddies
are created which are responsible for the large energy dissipation (Henderson1966). Therefore,
energy conservation cannot be used to describe the hydraulic jump heights. The same can be
said for the hydraulic jump in different geometries. Of course, the same has to be said for the
circular cross section. Thus, the plunger velocity has to be greater than the one obtained by
Garber's model, which can be observed in Figure 8.4. The Froude number for the Garber's
model is larger than the Froude number obtained in the experimental results. Froude number
inversely proportional to square of the plunger velocity, F'r l/Vp2 and hence the velocity is
smaller. The Garber's model therefore underestimates the plunger velocity.

8.4.2 Design process
To obtain the critical slow plunger velocity, one has to follow this procedure:
1. Calculate/estimate the weight of the liquid metal.

2. Calculate the volume of the liquid metal (make sure that you use the liquid phase property
and not the solid phase).

3. Calculate the percentage of filling in the shot sleeve, @.
4. Find the F'r number from Figure 8.4.

5. Use the F'r number found to calculate the plunger velocity by using equation (8.9).

22To appear in the next addition.
23Results of good experiments performed by serious researchers are welcome.
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Section 8.5. Summary

8.5 Summary

In this Chapter we analyzed the flow in the shot sleeve and developed a explicit expression to
calculated the required plunger velocity. It has been shown that Garber's model is totally wrong
and therefore Brevick's model is necessarily erroneous as well. The same can be said to all the
other models discussed in this Chapter. The connection between the “wave” and the hydraulic
jump has been explained. The method for calculating the critical slow plunger velocity has
been provided.

8.6 Questions
8.2.1 What is justification for equation 8.27
8.2.1 Show that A(hy) = 27 R? for hy = 2R

8.2.1 under—construction

8.3.1 Show the relative error created by Garber’'s model when the substrate height hs is the
varying parameter.
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CHAPTER 9

Venting System Design

The difference between the two is expressed by changing standard
atmospheric ambient conditions to those existing in the vacuum
tank.

Miller’s student, p. 102

0.1 Introduction

Proper design of the venting system is one of the requirements for reducing air/gas porosity.
Porosity due to entrainment of gases constitutes a large portion of the total porosity, especially
when the cast walls are very thin (see Figure 9.1). The main causes of air/gas porosity are
insufficient vent area, lubricant evaporation (reaction processes), incorrect placement of the
vents, and the mixing processes. The present chapter considers the influence of the vent area
(in atmospheric and vacuum venting) on the residual gas (in the die) at the end of the filling
process.

shrinkage maximum
porosity porosity

wall thickness

Figure 9.1: The relative shrinkage porosity as a function of the casting thickness
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Chapter 9. Venting System Design

Atmospheric venting, the most widely used casting method, is one in which the vent is
opened to the atmosphere and is referred herein as air venting. Only in extreme cases are
other solutions required, such as vacuum venting, Pore Free Technique (in zinc and aluminum
casting) and squeeze casting. Vacuum is applied to extract air/gas from the mold before it
has the opportunity to mix with the liquid metal and it is call vacuum venting. The Pore
Free technique is a variation of the vacuum venting in which the oxygen is introduced into the
cavity to replace the air and to react with the liquid metal, and therefore creates a vacuum (Bar-
Meir1995b). Squeeze casting is a different approach in which the surface tension is increased
to reduce the possible mixing processes (smaller Re number as well). The gases in the shot
sleeve and cavity are made mostly of air and therefore the term “air” is used hereafter. These
three “solutions” are cumbersome and create a far more expensive process. In this chapter, a
qualitative discussion on when these solutions should be used and when they are not needed is
presented.

Obviously, the best ventilation is achieved when a relatively large vent area is designed.
However, to minimize the secondary machining (such as trimming), to ensure freezing within
the venting system, and to ensure breakage outside the cast mold, vents have to be very narrow.
A typical size of vent thicknesses range from 1-2[mm]. These conflicting requirements on the
vent area suggest an optimum area. As usual the “common” approach is described the errors
are presented and the reformed model is described.

9.2 The “common” models

9.2.1 Early (etc.) model

The first model dealing with the extraction of air from the cavity was done by Sachs. In this
model, Sachs (Sachs1952) developed a model for the gas flow from a die cavity based on the
following assumptions: 1) the gas undergoes an isentropic process in the die cavity, 2) a quasi
steady state exists, 3) the only resistance to the gas flow is at the entrance of the vent, 4)
a “maximum mass flow rate is present”, and 5) the liquid metal has no surface tension, thus
the metal pressure is equal to the gas pressure. Sachs also differentiated between two cases:
choked flow and un—choked flow (but this differentiation did not come into play in his model).
Assumption 3 requires that for choked flow the pressure ratio be about two between the cavity
and vent exit.

Almost the same model was repeat by several researchers’. All these models, with the
exception of Veinik (Veinik1966), neglect the friction in the venting system. The vent design
in a commercial system includes at least an exit, several ducts, and several abrupt expan-
sions/contractions in which the resistance coefficient (5% see (Shapiro1953, page 163)) can
be evaluated to be larger than 3 and a typical value of % is about 7 or more. In this case,
the pressure ratio for the choking condition is at least 3 and the pressure ratio reaches this
value only after about 2/3 of the piston stroke is elapsed. It can be shown that when the flow
is choked the pressure in the cavity does not remain constant as assumed in the models but
increases exponentially.

LApparently, no literature surry was required/available/needed at that time.
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Section 9.2. The “common” models

0.2.2 Miller’'s model

Miller and his student, in the early 90's, constucted a model to account for the frinction in the
venting system. They based their model on the following assumptions:

1. No heat transfer

2. Isothermal flow (constant temperature) in the entrance to vent (according to the authors
in the presentation)

3. Fanno flow in the rest vent
4. Air/gas obeys the ideal gas model

Miller and his student described the calculation procedures for the two case as choked and
unchoked conditions. The calculations for the choked case are standard and can be found in
any book about Fanno flow but with an interesting twist. The conditions in the mold and the
sleeve are calculated according the ambient condition (see the smart quote of this Chapter)?.
The calculations about unchoked case are very interesting and will be discussed here in a little
more details. The calculations procedure for the unchoked as the following:

e Assume M;,, number (entrance Mach number to the vent) lower than M, for choked
condition

e Calculate the corresponding star (choked conditions) %, the pressure ratio, and the
temperature ratio for the assume M;,, number

e Calculate the difference between the calculated % and the actual %.

e Use the difference % to calculate the double stars (theoretical exit) conditions based
on the ambient conditions.

e Calculated the conditions in the die based on the double star conditions.

Now the mass flow out is determined by mass conservation.

Of course, these calculations are erroneous. In choked flow, the conditions are determined
only and only by up—steam and never by the down steam®. The calculations for unchoked
flow are mathematical wrong. The assumption made in the first step never was checked. And
mathematically speaking, it is equivalent to just guessing solution. These errors are only fraction
of the other other in that model which include among other the following: one) assumption of
constant temperature in the die is wrong, two) poor assumption of the isothermal flow, three)

poor measurements etc. On top of that was is the criterion for required vent area.

2This model results in negative temperature in the shot sleeve in typical range.
3How otherwise, can it be? It is like assuming negative temperature in the die cavity during the injection.
Is it realistic?
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Chapter 9. Venting System Design

9.3 General Discussion

When a noncompressible liquid such as water is pushed, the same amount propelled by the
plunger will flow out of the system. However, air is a compressible substance and thus the
above statement cannot be applied. The flow rate out depends on the resistance to the flow
plus the piston velocity (piston area as well). There could be three situations 1) the flow rate
out is less than the volume pushed by the piston, 2) the flow rate out is more than the volume
pushed by the piston, or 3) the flow rate out is equal to the volume pushed by the piston. The
last case is called the critical design, and it is associated with the critical area.

Air flows in the venting system can reach very large velocities up to about 350 [m/sec]. The
air cannot exceed this velocity without going through a specially configured conduit (converging
diverging conduit). This phenomena is known by the name of “choked flow". This physical
phenomenon is the key to understanding the venting design process. In air venting, the venting
system has to be designed so that air velocity does not reach the speed of sound: in other
words, the flow is not choked. In vacuum venting, the air velocity reaches the speed of sound
almost instantaneously, and the design should be such that it ensures that the air pressure does
not exceed the atmospheric pressure.

Prior models for predicting the optimum vent area did not consider the resistance in the
venting system (pressure ratio of less than 2). The vent design in a commercial system includes
at least an exit, several ducts, and several abrupt expansions/contractions in which the resis-
tance coefficient, %, is of the order of 3—7 or more. Thus, the pressure ratio creating choked
flow is at least 3. One of the differences between vacuum venting and atmospheric venting
occurs during the start—up time. For vacuum venting, a choking condition is established almost
instantaneously (it depends on the air volume in the venting duct), while in the atmospheric
case the volume of the air has to be reduced to more than half (depending on the pressure
ratio) before the choking condition develops - - and this can happen only when more than
2/3 or more of the piston stroke is elapsed. Moreover, the flow is not necessarily choked in
atmospheric venting. Once the flow is choked, there is no difference in calculating the flow
between these two cases. It turns out that the mathematics in both cases are similar, and
therefore both cases are presented in the present chapter.

The role of the chemical reactions was shown to be insignificant. The difference in the gas
solubility (mostly hydrogen) in liquid and solid can be shown to be insignificant (ASM1987).
For example, the maximum hydrogen release during solidification of a kilogram of aluminum
is about 7cm?® at atmospheric temperature and pressure. This is less than 3% of the volume
needed to be displaced, and can be neglected. Some of the oxygen is depleted during the filling
time (Bar-Meir1995b). The last two effects tend to cancel each other out, and the net effect
is minimal.

The numerical simulations produce unrealistic results and there is no other quantitative
tools for finding the vent locations (the last place(s) to be filled) and this issue is still an open
question today. There are, however, qualitative explanations and reasonable guesses that can
push the accuracy of the last place (the liquid metal reaches) estimate to be within the last
10%-30% of the filling process. This information increases the significance of the understanding
of what is the required vent area. Since most of the air has to be vented during the initial
stages of the filling process, in which the vent locations do not play a role.

Air venting is the cheapest method of operation, and it should be used unless acceptable
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Section 9.4. The Analysis

results cannot be obtained using it. Acceptable results are difficult to obtain 1) when the
resistance to the air flow in the mold is more significant than the resistance in the venting
system, and 2) when the mixing processes are augmented by the specific mold geometry. In
these cases, the extraction of the air prior to the filling can reduce the air porosity which require
the use of other techniques.

An additional objective is to provide a tool to “combine” the actual vent area with the
resistance (in the venting system) to the air flow; thus, eliminating the need for calculations
of the gas flow in the vent in order to minimize the numerical calculations. Hu et al. (Hu
et al.1992) and others have shown that the air pressure is practically uniform in the system.
Hence, this analysis can also provide the average air pressure that should be used in numerical
simulations.

9.4 The Analysis

The model is presented here with a minimal of mathematical details. However, emphasis is
given to all the physical understanding of the phenomena. The interested reader can find more
detailed discussions in several other sources (Bar-Meir1995a). As before, the integral approach
is employed. All the assumptions which are used in this model are stated so that they can
be examined and discussed at the conclusion of the present chapter. Here is a list of the
assumptions which are used in developing this model:

1. The main resistance to the air flow is assumed to be in the venting system.
2. The air flow in the cylinder is assumed one—dimensional.

The air in the cylinder undergoes an isentropic process.

ow

The air obeys the ideal gas model, P = pRT'.

5. The geometry of the venting system does not change during the filling process (i.e., the
gap between the plates does not increase during the filling process).

6. The plunger moves at a constant velocity during the filling process, and it is determined
by the pQ?2 diagram calculations.

7. The volume of the venting system is negligible compared to the cylinder volume.

8. The venting system can be represented by one long, straight conduit.

9. The resistance to the liquid metal flow, ”TL, does not change during the filling process

(due to the change in the Re, or Mach numbers).

10. The flow in the venting system is an adiabatic flow (Fanno flow).

11. The resistance to the flow, ”TL, is not affected by the change in the vent area.
With the above assumptions, the following model as shown in Figure 9.2 is proposed. A
plunger pushes the liquid metal, and both of them (now called as the piston) propel the air
through a long, straight conduit.
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Chapter 9. Venting System Design

Figure 9.2: A simplified model for the venting system

The mass balance of the air in the cylinder yields

dm .

E + Moyt = 0. (91)
This equation (9.1) is the only equation that needed to be solved. To solve it, the physical prop-
erties of the air need to be related to the geometry and the process. According to assumption
4, the air mass can be expressed as

PV
= — 2

" RT (0:2)
The volume of the cylinder under assumption 6 can be written as

V(¢) t

7 =(1= 9.3

o (i) 02)
Thus, the first term in equation (9.1) is represented by

d [PV(0)(1-
dm _ ( ! ) (9.4)

dt dt RT

The filling process occurs within a very short period time [milliseconds], and therefore
the heat transfer is insignificant 3. This kind of flow is referred to as Fanno flow*. The
instantaneous flow rate has to be expressed in terms of the resistance to the flow, %’;—L, the
pressure ratio, and the characteristics of Fanno flow (Shapiro1953). Knowledge of Fanno flow
is required for expressing the second term in equation (9.1).

The mass flow rate can be written as

out = Po(0) Ab o 20 ()T [ bt (95)
where
k-1 B
1Min(0)] = 1+ 32 000 (06)

4Fanno flow has been studied extensively, and numerous books describing this flow can be found. Neverthe-
less, a brief summary on Fanno flow is provided in Appendix D.
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Section 9.5. Results and Discussion

The Mach number at the entrance to the conduit, M;,(t), is calculated by Fanno flow charac-
teristics for the venting system resistance, f , and the pressure ratio. M4, is the maximum
value of M;,,(t). In vacuum venting, the entrance Mach number, M;,(t), is constant and equal
to Myaz-

Substituting equations (9.4) and (9.5) into equation (9.1), and rearranging, yields:

_ tmae N (M. VP
aw_* (1 A P, P(0) =1 (9.7)
dt 1-1 ’ - '

The solution to equation (9.7) can be obtained by numerical integration for P . The residual
mass fraction in the cavity as a function of time is then determined using the “ideal gas”
assumption. It is important to point out the significance of the t”” . This parameter represents
the ratio between the filling time and the evacuation time. ¢, is the time which would be required
to evacuate the cylinder for a constant mass flow rate at the maximum Mach number when
the gas temperature and pressure remain at their initial values, under the condition that the
flow is choked, (The pressure difference between the mold cavity and the outside end of the
conduit is large enough to create a choked flow.) and expressed by

_ m(0)
AMmawPO(O) \/ #@

Critical condition occurs when t. = t,,4,- In vacuum venting, the volume pushed by the
piston is equal to the flow rate, and ensures that the pressure in the cavity does not increase
(above the atmospheric pressure). In air venting, the critical condition ensures that the flow
is not choked. For this reason, the critical area A, is defined as the area that makes the time
ratio t,,4./tc equal to one. This can be done by looking at equation (9.8), in which the value
of t. can be varied until it is equal to ¢,,,; and so the critical area is

A, = m(0) 9.9)

tma,meazPO (0) \/ ﬁm)

Substituting equation (9.2) into equation (9.9), and using the fact that the sound velocity can
be expressed as ¢ = VERT, yields:

V(0)

Ctmaz Mmaz

(9.8)

A= (9.10)
where ¢ is the speed of sound at the initial conditions inside the cylinder (ambient conditions).
The 4, should be expressed by Eckert/Bar—Meir equation.

0.5 Results and Discussion

The results of a numerical evaluation of the equations in the proceeding section are presented

in Figure 9.3, which exhibits the final pressure when 90% of the stroke has elapsed as a function
of Ai
C
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Chapter 9. Venting System Design

Parameters influencing the process are the area ratio, %. and the friction parameter,
”TL. From other detailed calculations (Bar-Meir1995a) it was found that the influence of the

parameter % on the pressure development in the cylinder is quite small. The influence is
small on the residual air mass in the cylinder, but larger on the Mach number, M.,;;. The
effects of the area ratio, %, are studied here since it is the dominant parameter.

Note that ¢, in air venting is slightly different from that in vacuum venting (Bar-Meir,
Eckert and Goldstein1996) by a factor of f(M,,.,). This factor has significance for small
“TL and small % when the Mach number is large, as was shown in other detailed calculations
(Bar-Meir1995a). The definition chosen here is based on the fact that for a small Mach number
the factor f(Mnq4z) can be ignored. In the majority of the cases M, is small.

For values of the area ratio greater than 1.2, ic > 1.2, the pressure increases the volume
flow rate of the air until a quasi steady—state is reached. In air venting, this quasi steady—state
is achieved when the volumetric air flow rate out is equal to the volume pushed by the piston.
The pressure and the mass flow rate are maintained constant after this state is reached. The
pressure in this quasi steady—state is a function of %. For small values of % there is no
steady—state stage. When % is greater than one the pressure is concave upwards, and when

% is less than one the pressure is concave downwards. These results are in direct contrast to

previous molds by Sachs (Sachs1952), Draper (Draper1967), Veinik (Veinik1962) and Lindsey
and Wallace (Lindsey and Wallacel972), where models assumed that the pressure and mass
flow rate remain constant and are attained instantaneously for air venting.

Figure 9.3: The pressure ratios for air and vacuum venting at 90% of the piston stroke

To refer to the stroke completion (100% of the stroke) is meaningless since 1) no gas mass
is left in the cylinder, thus no pressure can be measured, and 2) the vent can be blocked
partially or totally at the end of the stroke. Thus, the “completion” (end of the process) of
the filling process is described when 90% of the stroke is elapsed. Figure 9.3 presents the final

pressure ratio as a function % for % = 5. The final pressure (really the pressure ratio)

depends strongly on % as described in Figure 9.3. The pressure in the die cavity increases

by about 85% of its initial value when % = 1 for air venting. The pressure remains almost

constant after fiic reaches the value of 1.2. This implies that the vent area is sufficiently large

when % = 1.2 for air venting and when % = 1 for vacuum venting. Similar results can be

observed when the residual mass fraction is plotted.

This discussion and these results are perfectly correct in a case where all the assumptions
are satisfied. However, the real world is different and the assumptions have to examined and
some of them are:

1. Assumption 1 is not a restriction to the model, but rather guide in the design. The
engineer has to ensure that the resistance in the mold to air flow (and metal flow) has to
be as small as possible. This guide dictates that engineer designs the path for air (and
the liquid metal) as as short as possible.

2. Assumptions 3, 4, and 10 are very realistic assumptions. For example, the error in using
assumption 4 is less than 0.5%.
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This model is an indication when assumption 5 is good. In the initial stages (of the
filling process) the pressure is very small and in this case the pressure (force) to open the
plates is small, and therefore the gap is almost zero. As the filling process progresses,
the pressure increases, and therefore the gap is increased. A significant gap requires very
significant pressure which occurs only at the final stages of the filling process and only
when the area ratio is small, % < 1. Thus, this assumption is very reasonable.

Assumption 6 is associated with assumption 9, but is more sensitive. The change in the
resistance (a change in assumption in 9 creates consequently a change in the plunger
velocity. The plunger reaches the constant velocity very fast, however, this velocity
decrease during the duration of the filling process. The change again depends on the
resistance in the mold. This can be used as a guide by the engineer and enhances the
importance of creating a path with a minimum resistance to the flow.

Another guide for the venting system design (in vacuum venting) is assumption 7. The
engineer has to reduce the vent volume so that less gas has to be evacuated. This
restriction has to be design carefully keeping in mind that the resistance also has to be
minimized (some what opposite restriction). In air venting, when this assumption is not
valid, a different model describes the situation. However, not fulfilling the assumption can
improve the casting because larger portion of the liquid metal which undergoes mixing
with the air is exhausted to outside the mold.

Assumption 8 is one of the bad assumptions in this model. In many cases there is more
than one vent, and the entrance Mach number for different vents could be a different
value. Thus, the suggested method of conversion is not valid, and therefore the value
of the critical area is not exact. A better, more complicated model is required. This
assumption cannot be used as a guide for the design since as better venting can be
achieved (and thus enhancing the quality) without ensuring the same Mach number.

Assumption 9 is a partially appropriate assumption. The resistance in venting system is
a function of Re and Mach numbers. Yet, here the resistance, %, is calculated based
on the assumption that the Mach number is a constant and equal to M,,,,. The error
due to this assumption is large in the initial stages where Re and Mach numbers are
small. As the filling progress progresses, this error is reduced. In vacuum venting the
Mach number reaches the maximum instantly and therefore this assumption is exact. The
entrance Mach number is very small (the flow is even not choke flow) in air venting when
the area ratio, AA >> 1 is very large and therefore the assumption is poor. However,
regardless the accuracy of the model, the design achieves its aim and the trends of this
model are not affected by this error. Moreover, this model can be improved by taking
into consideration the change of the resistance.

The change of the vent area does affect the resistance. However, a detailed calculation
can show that as long as the vent area is above half of the typical cross section, the error
is minimal. If the vent area turns out to be below half of the typical vent cross section a
improvement is needed.
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9.6 Summary

This analysis (even with the errors) indicates there is a critical vent area below which the
ventilation is poor and above which the resistance to air flow is minimal. This critical area
depends on the geometry and the filling time. The critical area also provides a mean to
“combine” the actual vent area with the vent resistance for numerical simulations of the cavity
filling, taking into account the compressibility of the gas flow. Importance of the design also
was shown.

9.7 Questions

Under construction
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Chapter 10. Clamping Force Calculations
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APPENDIX A

What The Establishment’s Scientists
Say

What a Chutzpah? to say samething like that!

anonymous
In this section exhibits the establishment “experts” reaction the position that the “common”

pQ2 diagram is improper. Their comments are responses to the author's paper: “The math-
ematical theory of the pQ2 diagram” (similar to Chapter 7). The paper was submitted to
Journal of Manufacturing Science and Engineering.

This part is for the Associate Technical Editor Dr. R. E. Smelser.

| am sure that you are proud of the referees that you have chosen and that you do
not have any objection whatsoever with publishing this information. Please send a
copy of this appendix to the referees. | will be glad to hear from them.

This concludes comments to the Editor.

| believe that you, the reader should judge if the mathematical theory of the pQ2 diagram
is correct or whether the “experts”’ position is reasonable. For the reader unfamiliar with the
journal review process, the associate editor sent the paper to “readers” (referees) which are
anonymous to the authors. They comment on the paper and according to these experts the
paper acceptance is determined. | have chosen the unusual step to publish their comments
because | believe that other motivations are involved in their responses. Coupled with the
response to the publication of a summary of this paper in the Die Casting Engineer, bring me
to think that the best way to remove the information blockage is to open it to the public.

1The exact paper can be obtain free of charge from Minnesota Suppercomputing Institute,
http://www2.msi.umn.edu/publications.html report number 99/40 “The mathematical theory of the pQ?2 dia-
gram” or by writing to the Supercomputing Institute, University of Minnesota, 1200 Washington Avenue South,
Minneapolis, MN 55415-1227
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Here, the referees can react to this rebuttal and stay anonymous via correspondence with
the associated editor. If the referee/s choose to respond to the rebuttal, their comments will
appear in the future additions. | will help them as much as | can to show their opinions. | am
sure that they are proud of their criticism and are standing behind it 100%. Furthermore, | am
absolutely, positively sure that they are so proud of their criticism they glad that it appears in
publication such as this book.

A.1 Summary of Referee positions

The critics attack the article in three different ways. All the referees try to deny publication
based on grammar!! The first referee didn’t show any English mistakes (though he alleged that
he did). The second referee had some hand written notes on the preprint (two different hand
writing?) but it is not the grammar but the content of the article (the fact that the “common”
pQ? diagram is wrong) is the problem.

Here is an original segment from the submitted paper:

The design process is considered an art for the 8—billion—dollar die casting industry. The
pQ?2 diagram is the most common calculation, if any that all, are used by most die
casting engineers. The importance of this diagram can be demonstrated by the fact
that tens of millions of dollars have been invested by NADCA, NSF, and other major
institutes here and abroad in pQ2 diagram research.

In order to correct “grammar”, the referee change to:

The pQ2 diagram is the most common calculation used by die casting engineers to de-
termine the relationship between the die casting machine and gating design parameters,
and the resulting metal flow rate.

It seems, the referee would not like some facts to be written/known.
Summary of the referees positions:

Referee 1 Well, the paper was published before (NADCA die casting engineer) and the errors
in the “common” pQ?2 are only in extreme cases. Furthermore, it actually supports the
“common” model.

Referee 2 Very angrily!! How dare the authors say that the “common” model is wrong. When
in fact, according to him, it is very useful.

Referee 3 The bizzarro approach! Changed the meaning of what the authors wrote (see the
“ovaled boxed” comment for example). This produced a new type logic which is almost
absurd. Namely, the discharge coefficient, Cy, is constant for a runner or can only vary
with time. The third possibility, which is the topic of the paper, the fact that C cannot
be assigned a runner system but have to calculated for every set of runner and die casting
machine can not exist possibility, and therefore the whole paper is irrelevant.

Genick Bar—Meir's answer:
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Section A.2. Referee 1 (from hand written notes)

Let me say what a smart man once said before:
I don’t need 2000 scientists to tell me that I am
wrong. What I need is one scientist to show what
is wrong in my theory.

Please read my rebuttal to the points the referees made. The referees version are kept as close
as possible to the original. | put some corrections in a square bracket [] to clarify the referees

point.

Referee comments appear in roman font like this sentence,

and rebuttals appear in a courier font as this sentence.

A.2 Referee 1 (from hand written notes)

1. Some awkward grammar — See highlighted portions

Where?

2. Similarity of the submitted manuscript to the attached Die Casting Engineer Trade
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journal article (May/June 1998) is Striking.

The article in Die Casting Engineer is a summary of the present
article. It is mentioned there that it is a summary of the present
article. There is nothing secret about it. This article points out
that the ‘‘common’’ model is totally wrong. This is of central
importance to die casting engineers. The publication of this
information cannot be delayed until the review process is finished.

. It is not clear to the reader why the “constant pressure” and “constant power”

situations were specifically chosen to demonstrate the author’s point. Which
situation is most like that found [likely found] in a die casting machine? Does the
“constant pressure” correspond closely to older style machines when intensifyer
[intensifier] bottle pressure was applied to the injection system unthrottled? Does
the “constant power” situations assume a newer machines, such as Buher Sc, that
generates the pressure required to achieve a desired gate velocity? Some explanation
of the logic of selecting these two situations would be helpful in the manuscript.

As was stated in the article, these situations were chosen because
they are building blocks but more importantly to demonstrate that the
‘‘common’’ model is totally wrong! If it is wrong for two basic cases
it should be absolutely wrong in any combinations of the two cases.
Nevertheless, an additional explanation is given in Chapter 7.
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4. The author’s approach is useful? Gives perspective to a commonly used process
engineering method (pQ? ) in die casting. Some of the runner lengths chosen (1
meter) might be consider exceptional in die casting — yet the author uses this to
show how much in error an “average” value for C can be. The author might also
note that the North American Die Casting Association and many practitioners use
a Az /A, ratio of &~ .65 as a design target for gating. The author” analysis reinforces
this value as a good target, and that straying far from it may results in poor design
part filling problems (Fig. 5)

The reviewer refers to several points which are important to address.
A1l the four sizes show large errors (we do not need to take 1[m] to
demonstrate that). The one size, the referee referred to as
exceptional (1 meter), is not the actual length but the represented
length (read the article again). Poor design can be represented by a
large length. This situation can be found throughout the die casting
industry due to the ‘‘common’’ model which does not consider runner
design. My office is full with runner designs with represent 1 meter
length such as one which got NADCA’s design award?.

In regards to the area ratio, please compare with the other referee
who claim A3/A; = 0.8 - 0.95. I am not sure which of you really
represent NADCA’s position (I didn’t find any of NADCA’s publication
in regards to this point). I do not agree with both referees. This
value has to be calculated and cannot be speculated as the referees
asserted. Please find an explanation to this point in the paper or in
even better in Chapter 7.

A.3 Referee 2

There are several major concerns I have about this paper. The [most] major one [of
these] is that [it] is unclear what the paper is attempting to accomplish. Is the paper
trying to suggest a new way of designing the rigging for a die casting, or is it trying to
add an improvement to the conventional pQ? solution, or is it trying to somehow suggest
a ‘mathematical basis for the pQ2 diagram’?

The paper shows that 1) the ‘‘conventional pQ? solution’’ is totally
wrong, 2) the mathematical analytical solution for the pQ? provides an
excellent tool for studying the effect of various parameters.

The other major concern is the poor organization of the ideas which the authors [are]
trying to present. For instance, it is unclear how specific results presented in the results
section where obtained ([for instance] how were the results in Figures 5 and 6
calculated?).

I do not understand how the organization of the paper relates to the fact
that the referee does not understand how Fig 5 and 6 were calculated. The

2to the best of my understanding
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organization of the paper does not have anything do with his understanding
the concepts presented. In regard to the understanding of how Figure 5
and 6 were obtained, the referee should referred to an elementary fluid
mechanics text book and combined it with the explanation presented in the
paper.

Several specific comments are written on the manuscript itself; most of these were areas
where the reviewer was unclear on what the authors meant or areas where further
discussion was necessary. One issue that is particularly irksome is the authors tendency
in sections 1 and 2 to wonder [wander] off with “editorials” and other unsupported
comments which have no place in a technical article.

Please show me even one unsupported comment!!

Other comments/concerns include-

127

what does the title have to do with the paper? The paper does not define what a
pQ2 diagram is and the results don’t really tie in with the use of such diagrams.

The paper presents the exact analytical solution for the pQ2
diagram. The results tie in very well with the correct pQ? diagram.
Unfortunately, the ‘‘common’’ model is incorrect and so the results
cannot be tied in with it.

p.4 The relationship Q « v/P is a result of the application of Bernoulli’s equation
system like that shown in Fig 1. What is the rational or basis behind equation 1;
e.g. Q@ x (1 —P)" withn =1,1/2, and 1/4?

Here I must thank the referee for his comment! If the referee had
serious problem understanding this point, I probably should have
considered adding a discussion about this point, such as in Chapter 7.

p-5 The relationship between equation 1(a) to 1(c) and a die casting machine as
“poor”, “common”, and “excellent” performance is not clear and needs to be
developed, or at least defined.

see previous comment

It is well known that C, for a die casting machine and die is not a constant. In fact
it is common practice to experimentally determine C, for use on dies with ‘similar’
gating layouts in the future. But because most dies have numerous gates branching
off of numerous runners, to determine all of the friction factors as a function of
Reynolds number would be quite difficult and virtually untractable for design
purposes. Generally die casting engineers find conventional pQ2 approach works
quite well for design purposes.

This ‘‘several points’ comment give me the opportunity to discusses
the following points:
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* I would kindly ask the referee, to please provide the names of
any companies whom ¢‘experimentally determine C,.’’ Perhaps they
do it down under (Australia) where the ‘‘regular’’ physics laws
do not apply (please, forgive me about being the cynical about
this point. I cannot react to this any other way.). Please,
show me a company that uses the ‘‘common’’ pQ? diagram and it
works.

X Due to the computer revolution, today it is possible to do the
calculations of the C, for a specific design with a specific flow
rate (die casting machine). In fact, this is exactly what this
paper all about. Moreover, today there is a program that already
does these kind of calculations, called DiePerfect ™.

X Here the referee introduce a new idea of the ‘‘family’’ -- the
improved constant C,. In essence, the idea of ‘‘family’’ is
improve constant C, in which one assigned value to a specific
group of runners. Since this idea violate the basic physics laws
and the produces the opposite to realty trends it must be
abandoned. Actually, the idea of ‘‘family’’ is rather bizarre,
because a change in the design can lead to a significant change
in the value of C,. Furthermore, the ‘‘family’’ concept can lead
to a poor design (read about this in the section ‘‘poor design
effects’’ of this book). How one can decided which design is
part of what ‘‘family’’? Even if there were no mistakes, the
author’s method (calculating the C,) is of course cheaper and
faster than the referee’s suggestion about ‘‘family’’ of runner
design. In summary, this idea a very bad idea.

X What is Cy=constant? The referee refers to the case where C, is
constant for specific runner design but which is not the case in
reality. The C; does not depend only on the runner, but on the
combination of the runner system with the die casting machine via
the Re number. Thus, a specific runner design cannot have Cj
‘‘assigned’’ to it. The C, has to be calculated for any
combination runner system with die casting machine.

% I would like to find any case where the ‘‘common’’ pQ2? diagram

does work. Please read the proofs in Chapter 7 showing why it
cannot work.

e Discussion and results A great deal of discussion focuses on the regions where
A3 /A 0.1; yet in typical die casting dies A3/A5 0.8 to 0.95.

Please read the comments to the previous referee

In conclusion, it’s just a plain sloppy piece of work

I hope that referee does not mind that I will use it as the chapter
quote.
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(the Authors even have one of the references to their own publications sited incorrectly!).

Perhaps, the referee should learn that magazines change names and, that
the name appears in the reference is the magazine name at the time of
writing the paper.

A.4 Referee 3

The following comments are not arranged in any particular order.

General: The text has a number of errors in grammar, usage and spelling that need to be
addressed before publication.

p 6 1% paragraph - The firsts sentence says that the flow rate is a function of
temperature, yet the rest of the paragraph says that it isn’t.

The rest of the paragraph say the flow rate is a weak function of the
temperature and that it explains why. I hope that everyone agrees with me
that it is common to state a common assumption and explain why in that
particular case it is not important. I wish that more people would do
just that. First, it would eliminate many mistakes that are synonymous
with research in die casting, because it forces the ‘‘smart’’ researchers
to check the major assumptions they make. Second, it makes clear to the
reader why the assumption was made.

p 6 - after Eq 2 - Should indicate immediately that the subscript[s] refer to the sections in
Figure 1.

I will consider this, Yet, I am not sure this is a good idea.

p 6 - after equation 2 - There is a major assumption made here that should not pass
without some comment[s]® “Assuming steady state ” - This assumption goes to the heart
of this approach to the filling calculation and establishes the bounds of its applicability.
The authors should discuss this point.

Well, I totally disagree with the referee on this point. The major
question in die casting is how to ensure the right range of filling time
and gate velocity. This paper’s main concern is how to calculate the C,
and determine if the C; be ‘‘assigned’’ to a specific runner. The unsteady
state is only a side effect and has very limited importance due to AESS.
0f course the flow is not continuous/steady state and is affected by many
parameters such as the piston weight, etc, all of which are related to the
transition point and not to the pQ? diagram per se. The unsteady state
exists only in the initial and final stages of the injection. As a
general rule, having a well designed pQ? diagram will produce a
significant improvement in the process design. It should be noted that a
full paper discussing the unsteady state is being prepared for publication
at the present time.

3|s the referee looking for one or several explanations?
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In general the organization of the paper is somewhat weak - the introduction especially
does not very well set the technical context for the pQ2 method and show how the
present work fits into it.

The present work does not fit into past work! It shows that the past
work is wrong, and builds the mathematical theory behind the pQ? diagram.

The last paragraph of the intro is confused [confusing]. The idea introduced in the last
sentence on page 2 is that the CD should vary somehow during the calculation, and
subsequently variation with Reynolds number is discussed, but the intervening material
about geometry effects is inconsistent with a discussion of things that can vary during the
calculation. The last two sentences do not fit together well either - “the assumption of
constant CD is not valid” - okay, but is that what you are going to talk about, or are you
going to talk about “particularly the effects of the gate area”?

Firstly, C, should not vary during the calculations it is a constant for a
specific set of runner system and die casting machine. Secondly, once any
parameter is changed, such as gate area, C, has to be recalculated. Now
the referee’s statement C; should vary, isn’t right and therefore some of
the following discussion is wrong.

Now about the fitting question. What do referee means by ‘‘fit
together?’’ Do the paper has to be composed in a rhyming verse? Anyhow,
geometrical effects are part of Reynolds number (review fluid mechanics).
Hence, the effects of the gate area shows that C, varies as well and has to
be recalculated. So what is inconsistent? How do these sentences not fit
together?

On p 8, after Eq 10 - I think that it would be a good idea to indicate immediately that
these equations are plotted in Figure 3, rather than waiting to the next section before
referring to Fig 3.

Also, making the Oz-axis on this graph logarithmic would help greatly in showing the
differences in the three pump characteristics.

Mentioning the figure could be good idea but I don’t agree with you about
the log scale, I do not see any benefits.

On p. 10 after Eq 11 - The solution of Eq 11 requires full information on the die casting
machine - According to this model, the machine characterized by Pmax, Qmax and the
exponent in Eq 1. The wording of this sentence, however, might be indicating that there
is some information to be had on the machine other that these three parameters. I do not
think that that is what the authors intend, but this is confusing.

This is exactly what the authors intended. The model does not confined
to a specific exponent or function, but rather gives limiting cases.
Every die casting machine can vary between the two extreme functiomns, as
discussed in the paper. Hence, more information is needed for each
individual die casting machine.

p 12 - T tend to disagree with the premises of the discussion following Eq 12. I think that
Qmax depends more strongly on the machine size than does Pmax. In general, P max is
the intensification pressure that one wants to achieve during solidification, and this

What have your membership dues

done for you today? plagiarism? 130

copyright (©), 2000, by Dr. Bar—Meir



Section A.4. Referee 3

should not change much with the machine size, whereas the clamping force, the product
of this pressure and platten are, goes up. On the other hand, when one has larger area to
make larger casting, one wants to increase the volumetric flow rate of metal so that flow
rate of metal so that fill times will not go up with the machine size. Commonly, the shot
sleeve is larger, while the maximum piston velocity does not change much.

Here the referee is confusing so many different concepts that it will
take a while to explain it properly. Please find here a attempt to
explain it briefly. The intensification pressure has nothing to do with
the pQ? diagram. The pQ? does not have much to do with the
solidification process. It is designed not to have much with the
solidification. The intensification pressure is much larger than P,,,;. I
give up!! It would take a long discussion to teach you the fundamentals
of the pQ? diagram and the die casting process. You confuse so many
things that it impossible to unravel it all for you in a short paragraph.
Please read Chapter 7 or even better read the whole book.

Also, following Eq 13, the authors should indicate what they mean by “middle range” of
the Oz numbers. It is not clear from Fig 3 how close one needs to get to Oz=0 for the
three curves to converge again.

The mathematical equations are given in the paper. They are very simple
that you can use hand calculator to find how much close you need to go to
Oz =0 for your choice of error. A discussion on such issue is below the
level from an academic paper.

Besides being illustrative of the results, part of the value of an example calculation comes
from it making possible duplication of the results elsewhere. In order to support this, the
authors need to include the relationships that used for CD in these calculations.

The literature is full of such information. If the referee opens any
basic fluid mechanics text book then he can find information about it.

The discussion on p 14 of Fig 5 needs a little more consideration. There is a maximum in
this curve, but the author’s criterion of being on the “right hand branch” is said to be
shorter fill time, which is not a criterion for choosing a location on this curve at all. The
fill time is monotone decreasing with increasing A3 at constant A2, since the flow is the
product of Vmax and A3. According to this criterion, no calculation is needed - the
preferred configuration is no gate whatsoever. Clearly, choosing an operating point
requires introduction of other criteria, including those that the authors mention in the
intro. And the end of the page 14 discussion that the smaller filling time from using a
large gate (or a smaller runner!!??) will lead to a smaller machine just does not follow at
all. The machine size is determined by the part size and the required intensification
pressure, not by any of this.

Once again the referee is confusing many issues; let me interpret again
what is the pQ? diagram is all about. The pQ? diagram is for having an
operational point at the right gate velocity and the right filling time.
For any given As, there are two possible solutions on the right hand side

131 What have your membership dues

done for you today? plagiarise? copyright (©, 2000, by Dr. Bar-Meir



Chapter A. What The Establishment’s Scientists Say

and one on the left hand side with the same gate velocity. However, the
right hand side has smaller filling time.

And again, the referee confusing another issue. Like in many engineering
situations, we have here a situation in which more than one criterion is
needed. The clamping force is one of the criteria that determines what
machine should be chosen. The other parameter is the pQ? diagram.

It seems that they authors have obscured some elementary results by doing their
calculations.*

For example, the last sentence of the middle paragraph on p 15 illustrates that as
CD reaches its limiting value of 1, the discharge velocity reaches its maximum. This
is not something we should be publishing in 1998.

There is no mention of the alleged fact of ¢‘C; reaches its limiting value
of 1.’? There is no discussion in the whole article about ‘‘C, reaching
its maximum (Cy=1)’’. Perhaps the referee was mistakenly commenting on
different articles (NADCA’s book or an other die casting book) which he
has confused with this article.

Regarding the concluding paragraph on p 15:

1. The use of the word “constant” is not consistent throughout this paper. Do they
mean constant across geometry or constant across Reynolds number, or both.

To the readers: The referee means across geometry as different
geometry and across Reynolds number as different Re number®. I really
do not understand the difference between the two cases. Aren’t
actually these cases the same? A change in geometry leads to a change
in Reynolds number number. Anyhow, the referee did not consider a
completely different possibility. Constant C, means that C; is

(34

assigned to a specific rumner system, or like the ‘‘common’’ model in

which all the runners in the world have the same value.

2. Assuming that they mean constant across geometry, then obviously, using a fixed
value for all runner/gate systems will sometimes lead to large errors. They did not
need to do a lot calculation to determine this.

And yet this method is the most used method in the industry(some even
will say the exclusive method).

3. Conversely, if they mean constant across Reynolds number, i.e. CD can vary
through the run as the velocity varies, then they have not made their case very well.
Since they have assumed steady state and the P3 does not enter into the

4If it is so elementary how can it be obscured.
| have broken—out this paragraph for purposes of illustration.
5if the interpretation is not correct | would like to learn what it really mean.
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calculation, then the only reason that mention for the velocity to vary during the
fill would be because Kf varies as a function of the fill fraction. They have not
developed this argument sufficiently.

Let me stress again the main point of the article. C; varies for
different runners and/or die casting machines. It is postulated that
the velocity does not vary during run. A discussion about FP3; is an
entirely different issue related to the good venting design for which
P3; remains constant.

. If the examples given in the paper do not represent the characteristics of a typical

die casting machine, why to present them at all? Why are the “more detailed
calculations” not presented, instead of the trivial results that are shown?

These examples demonstrate that the ‘‘common’’ method is erroneous

and that the ‘‘authors‘’’ method should be adopted or other methods
based on scientific principles. I believe that this is a very good
reason.
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APPENDIX B

My Relationship with Die Casting
Establishment

I cannot believe the situation that | am in. The hostility | am receiving from the
establishment is unbelievable, as individual who has spent the last 12 years in research to
improve the die casting. At first | was expecting to receive a welcome to the club. Later when
my illusions disappeared, | realized that it revolves around money along with avoiding
embarrassment to the establishment due to exposing of the truths and the errors the
establishment has sponsored. | believe that the establishment does not want people to know
that they had invested in research which produces erroneous models and continues to do so,
even though they know these research works/models are scientifically rubbish. They don’t
want people to know about their misuse of money.

When | started my research, | naturally called what was then SDCE. My calls were never
returned. A short time later SDCE developed into what is now called NADCA. | had hoped
that this new creation would prove better. Approximately two years ago | wrote a letter to
Steve Udvardy, director of research and education for NADCA ( a letter | never submitted).
Now | have decided that it is time to send the letter and to make it open to the public. | have
a long correspondence with Paul Bralower, former director of communication for NADCA,
which describes my battle to publish important information. An open letter to Mr. Baran,
Director of Marketing for NADCA, is also attached. Please read these letters. They reveal a
lot of information about many aspects of NADCA's operations. | have submitted five (5)
articles to this conference (20th in Cleveland) and only one was accepted (only 20%
acceptance compared to ~ 70% to any body else). Read about it here. During my battle to
“insert” science in die casting, many curious things have taken place and | wonder: are they
coincidental? Read about these and please let me know what you think.

135



Chapter B. My Relationship with Die Casting Establishment

Open Letter to Mr. Udvardy

Steve Udvardy NADCA,
9701 West Higgins Road, Suite 880
Rosemont, IL 60018-4721
January 26, 1998
Subject: Questionable ethics

Dear Mr. Udvardy:

I am writing to express my concerns about possible improprieties in the way that
NADCA awards research grants. As a NADCA member, I believe that these possible
improprieties could result in making the die casting industry less competitive than the
plastics and other related industries. If you want to enhance the competitiveness of the
die casting industry, you ought to support die casting industry ethics and answer the
questions that are raised herein.

Many of the research awards raise serious questions and concerns about the ethics of the
process and cast very serious shadows on the integrity those involved in the process. In
the following paragraphs I will spell out some of the things I have found. I suggest to you
and all those concerned about the die casting industry that you/they should help to
clarify these questions, and eliminate other problems if they exist in order to increase the
die casting industry’s profits and competitiveness with other industries. I also wonder
why NADCA demonstrates no desire to participate in the important achievements I have
made.

On September 26, 1996, I informed NADCA that Garber’s model on the critical slow
plunger velocity is unfounded, and, therefore so, is all the other research based on
Garber’s model (done by Dr. Brevick from Ohio State University). To my great surprise
I learned from the March/April 1997 issue of Die Casting Engineer that NADCA has
once again awarded Dr. Brevick with a grant to continue his research in this area. Also, a
year after you stated that a report on the results from Brevick’s could be obtained from
NADCA, no one that I know of has been able to find or obtain this report. I and many
others have tried to get this report, but in vain. It leaves me wondering whether someone
does not want others to know about this research. I will pay $50 to the first person who
will furnish me with this report. I also learned (in NADCA’s December 22, 1997
publication) that once more NADCA awarded Dr. Brevick with another grant to do
research on this same topic for another budget year (1998). Are Dr. Brevick’s results
really that impressive? Has he changed his model? What is the current model? Why
have we not heard about it?

I also learned in the same issue of Die Casting Engineer that Dr. Brevick and his
colleagues have been awarded another grant on top of the others to do research on the
topic entitled “Development and Evaluation of the Sensor System.” In the
September/October 1997 issue, we learned that Mr. Gary Pribyl, chairman of the
NADCA Process Technology Task Group, is part of the research team. This Mr. Pribyl is
the chairman of the very committee which funded the research. Of course, I am sure, this
could not be. I just would like to hear your explanation. Is it legitimate/ethical to have a
man on the committee awarding the chairman a grant?

Working on the same research project with this Mr. Pribyl was Dr. Brevick who also

What have your membership dues
done for you today? plagiarism?

copyright (©), 2000, by Dr. Bar—Meir 136



received a grant mentioned above. Is there a connection between the fact that Gary
Pribyl cooperated with Dr. B. Brevick on the sensor project and you deciding to renew
Dr. Brevick’s grant on the critical slow plunger velocity project? I would like to learn
what the reasoning for continuing to fund Dr. Brevick after you had learned that his
research was problematic.

Additionally, I learned that Mr. Steve Udvardy was given a large amount of money to
study distance communications. I am sure that Mr. Udvardy can enhance NADCA’s
ability in distance learning and that this is why he was awarded this grant. I am also sure
that Mr. Udvardy has all the credentials needed for such research. One can only wonder
why his presentation was not added to the NADCA proceedings. One may also wonder
why there is a need to do such research when so much research has already been done in
this area by the world’s foremost educational experts. Maybe it is because distance
communication works differently for NADCA. Is there a connection between Mr. Steve
Udvardy being awarded this grant and his holding a position as NADCA’s research
director? I would like to learn the reasons you vouchsafe this money to Mr. Udvardy! I
also would like to know if Mr. Udvardy’s duties as director of education include
knowledge and research in this area. If so, why is there a need to pay Mr. Udvardy
additional monies to do the work that he was hired for in the first place?

We were informed by Mr. Walkington on the behalf of NADCA in the Nov—Dec 1996 issue
that around March or April 1997, we would have the software on the critical slow plunger
velocity. Is there a connection between this software’s apparent delayed appearance and
the fact that the research in Ohio has produced totally incorrect and off-base results? I
am sure that there are reasons preventing NADCA from completing and publishing this
software; I would just like to know what they are. I am also sure that the date this article
came out (Nov/Dec 1996) was only coincidentally immediately after I sent you my paper
and proposal on the shot sleeve (September 1996). What do you think?

Likewise, I learned that Mr. Walkington, one of the governors of NADCA, also received a
grant. Is there a connection between this grant being awarded to Mr. Walkington and his
position? What about the connection between his receiving the grant and his former
position as the director of NADCA research? I am sure that grant was awarded based on
merit only. However, I have serious concerns about his research. I am sure that these
concerns are unfounded, but I would like to know what Mr. Walkington’s credentials are
in this area of research.

The three most important areas in die casting are the critical slow plunger velocity, the
pQ? diagram, and the runner system design. The research sponsored by NADCA on the
critical slow plunger velocity is absolutely unfounded because it violates the basic physics
laws. The implementation of the pQ2 diagram is also absolutely unsound because again,
it violates the basic physics laws. One of the absurdities of the previous model is the idea
that plunger diameter has to decrease in order to increase the gate velocity. This
conclusion (of the previous model) violates several physics laws. As a direct consequence,
the design of the runner system (as published in NADCA literature) is, at best,
extremely wasteful.

As you also know, NADCA, NSF, the Department of Energy, and others sponsoring
research in these areas exceed the tens of millions, and yet produce erroneous results. I
am the one who discovered the correct procedure in both areas. It has been my
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Chapter B. My Relationship with Die Casting Establishment

continuous attempt to make NADCA part of these achievements. Yet, you still have not
responded to my repeated requests for a grant. Is there a reason that it has taken you 1%
years to give me a negative answer? Is there a connection between any of the above
information and how long it has taken you?

Please see the impressive partial-list of the things that I have achieved. I am the one who
found Garber’s model to be totally and absolutely wrong. I am also the one responsible
for finding the pQ? diagram implementation to be wrong. I am the one who is
responsible for finding the correct pQ? diagram implementation. I am the one who
developed the critical area concept. I am the one who developed the economical runner
design concept. In my years of research in the area of die casting I have not come across
any research that was sponsored by NADCA which was correct and/or which produced
useful results!! Is there any correlation between the fact that all the important discoveries
(that I am aware of) have been discovered not in—but outside of NADCA? I would like to
hear about anything in my area of expertise supported by NADCA which is useful and
correct? Is there a connection between the foregoing issues and the fact that so many of
the die casting engineers I have met do not believe in science?

More recently, I have learned that your secretary/assistant, Tricia Margel, has now been
awarded one of your grants and is doing research on pollution. I am sure the grant was
given based on qualification and merit only. I would like to know what Ms. Margel’s
credentials in the pollution research area are? Has she done any research on pollution
before? If she has done research in that area, where was it published? Why wasn’t her
research work published? If it was published, where can I obtain a copy of the research?
Is this topic part of Ms. Margel’s duties at her job? If so, isn’t this a double payment?
Or perhaps, was this an extra separated payment? Where can I obtain the financial
report on how the money was spent?

Together we must promote die casting knowledge. I am doing my utmost to increase the
competitiveness of the die casting industry with our arch rivals: the plastics industry, the
composite material industry, and other industries. I am calling on everyone to join me to
advance the knowledge of the die casting process.

Thank you for your consideration.
Sincerely,
Genick Bar—Meir, Ph.D.

cc: NADCA Board of Governors
NADCA members
Anyone who care about die casting industry
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Correspondence with Paul Bralower

Paul Bralower is the former director of communications at NADCA. | have tried to publish
articles about critical show shot sleeve and the pQ? diagram through NADCA magazine.
Here is an example of my battle to publish the article regarding pQ2 . You judge whether
NADCA has been enthusiastic about publishing this kind of information. Even after Mr.
Bralower said that he would publish it | had to continue my struggle.

He agreed to publish the article but ---

At first | sent a letter to Mr. Bralower (Aug 21, 1997):
Paul M. Bralower

NADCA, Editor

9701 West Higgins Road, Suite 880

Rosemont, IL 60018-4721

Dear Mr. Bralower:

Please find enclosed two (2) copies of the paper “The mathematical theory of the pQ?2
diagram” submitted by myself for your review. This paper is intended to be considered
for publication in Die Casting Engineer.

For your convenience I include a disk DOS format with Microsoft WORD for window
format (pq2.wid) of the paper, postscript/pict files of the figures (figures 1 and 2). If
there is any thing that I can do to help please do not hesitate let me know.

Thank you for your interest in our work.

Respectfully submitted,

Dr. Genick Bar—Meir

cc: Larry Winkler
a short die casting list

1:Documents,
Disk
He did not responded to this letter, so | sent him an additional one on December 6, 1997.
Paul M. Bralower
NADCA, Editor
9701 West Higgins Road, Suite 880
Rosemont, IL 60018-4721
Dear Mr. Bralower:

I have not received your reply to my certified mail to you dated August 20, 1997 in which
I enclosed the paper ” The mathematical theory of the pQ2 diagram” authored by myself
for your consideration (a cc was also sent to Larry Winkler from Hartzell). Please
consider publishing my paper in the earliest possible issue. I believe that this paper is of
extreme importance to the die casting field.

I understand that you have been very busy with the last exhibition and congress.
However, I think that this paper deserves a prompt hearing.

I do not agree with your statement in your December 6, 1996 letter to me stating that
”This paper is highly technical-too technical without a less-technical background

enc
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explanation for our general readers ---. I do not believe that discounting your readers is
helpful. T have met some of your readers and have found them to be very intelligent, and
furthermore they really care about the die casting industry. I believe that they can judge
for themselves. Nevertheless, I have yielded to your demand and have eliminated many of
the mathematical derivations from this paper to satisfy your desire to have a ”simple”
presentation. This paper, however, still contains the essentials to be understood clearly.
Please note that I will withdraw the paper if I do not receive a reply stating your
intentions by January 1, 1998, in writing. I do believe this paper will change the way pQ?2
diagram calculations are made. The pQ? diagram, as you know, is the central part of the
calculations and design thus the paper itself is of same importance.

I hope that you really do see the importance of advancing knowledge in the die casting
industry, and, hope that you will cooperate with those who have made the major progress
in this area.

Thank you for your consideration.

Sincerely,

Dr. Genick Bar-Meir

cc: Boxter, McClimtic, Scott, Wilson, Holland, Behler, Dupre, and some other NADCA
members

ps: You probably know by now that Garber’s model is totally and absolutely wrong
including all the other investigations that where based on it, even if they were
sponsored by NADCA. (All the researchers agreed with me in the last congress)

Well that letter got him going and he managed to get me a letter in which he claim that he
sent me his revisions. Well, read about it in my next letter dated January 7, 1998.

Paul M. Bralower,

NADCA, Editor

9701 West Higgins Road, Suite 880

Rosemont, IL 60018-4721

Dear Mr. Bralower:

Thank you for your fax dated December 29, 1997 in which you alleged that you sent me
your revisions to my paper “The mathematical theory of the pQ?2? diagram.” | never
receive any such thing!! All the parties that got this information and myself find this
paper to of extreme importance.

I did not revise my paper according to your comments on this paper, again, since I did
not receive any. I decided to revised the paper since I did not received any reply from you
for more than 4 months. I revised according to your comments on my previous paper on
the critical slow plunger velocity. As I stated in my letter dated December 6, 1997, I sent
you the revised version as I send to all the cc list. I re—sent you the same version on
December 29, 1997. Please note that this is the last time I will send you the same paper
since I believe that you will claim again that you do not receive any of my submittal. In
case that you claim again that you did not receive the paper you can get a copy from
anyone who is on the cc list. Please be aware that I changed the title of the paper
(December, 6, 1997 version) to be ”How to calculate the pQ? diagram correctly”.
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I would appreciate if you respond to my e-Mail by January 14, 1998. Please consider this
paper withdrawn if I will not hear from you by the mentioned date in writing (email is
fine) whether the paper is accepted.

I hope that you really do see the importance of advancing knowledge in the die casting
industry, and, hope that you will cooperate with those who have made the major progress
in this area.

Sincerely,

Dr. Genick Bar-Meir

ps: You surely know by now that Garber’s model is totally and absolutely wrong
including all the other investigations that where based on it

He responded to this letter and changed his attitude - - - | thought.

January 9, 1998.
Dear Mr. Bar-Meir:
Thank you for your recent article submission and this follow-up e-mail. T am now in
possession of your article ”How to calculate the pQ2 diagram correctly.” It is the version
dated Jan. 2, 1998. I have read it and am prepared to recommend it for publication in
Die Casting Engineer. I did not receive any earlier submissions of this article, I was
confusing it with the earlier article that I returned to you. My apologies. However I am
very pleased at the way you have approached this article. It appears to provide valuable
information in an objective manner, which is all we have ever asked for. As is my policy
for highly technical material, I am requesting technical personnel on the NADCA staff to
review the paper as well. I certainly think this paper has a much better chance of
approval, and as I said, I will recommend it. I will let you know of our decision in 2-3
weeks. Please do not withdraw it—give us a little more time to review it! I would like to
publish it and I think technical reviewer will agree this time.
Sincerely,
Paul Bralower

Well | waited for a while and then | sent Mr. Bralower a letter dated Feb 2, 1998.

Dear Mr. Bralower,

Apparently, you do not have the time to look over my paper as you promise. Even a
negative reply will demonstrate that you have some courtesy. But apparently the paper is
not important as your experts told you and I am only a small bothering cockroach.
Please see this paper withdrawn!!!!

I am sorry that we do not agree that an open discussion on technical issues should be
done in your magazine. You or your technical experts do not have to agree with my
research. I believe that you have to let your readers to judge. I am sure that there is no
other reasons to your decision. I am absolutely sure that you do not take into your
consideration the fact that NADCA will have to stop teaching SEVERAL COURSES
which are wrong according to this research.

Thank you for your precious time!!

Dr. Bar-Meir
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Please note that this letter and the rest of the correspondence with you in this matter
will be circulated in the die casting industry. I am sure that you stand by your decision
and you would like other to see this correspondence even if they are NADCA members.

Here is the letter | received in return a letter from Paul Bralower Feb 5, 1998.

Dear Mr. Bar-Meir:

I'll have you know that you have inconvenienced me and others on our staff today with
your untoward, unnecessary correspondence. If you had a working telephone or fax this
e-mail would not be necessary. As it is I must reply to your letter and take it to someone
else’s office and have them e-mail it to you right away.

I tried to telephone you last week on Thurs. 1/29 with the news that we have agreed to
publish your article, “How to Calculate the pQ? diagram correctly.” I wanted to ask you
to send the entire paper, with graphics and equations, on a disk. Because of the current
status of our e-mail system, I would advise you not to e-mail it. Send it on any of the
following: Syquest, Omega ZIP or Omega JAZ. Use Microsoft Office 97, Word 6.0 or
Word Perfect 6.0.

The problem is I couldn’t reach you by phone. I tried sending you a fax several times
Thurs. and last Friday. There was no response. We tried a couple of different numbers
that we had for you. Having no response, I took the fax and mailed it to you as a letter
on Monday 2/2. I sent Priority 2-day Mail to your attention at Innovative Filters, 1107
16th Ave. S.E., Minneapolis, Minn, 55414. You should have received it today at latest if
this address is correct for you, which it should be since it was on your manuscript.

Now, while I’'m bending over backwards to inform you of your acceptance, you have the
nerve to withdraw the paper and threaten to spread negative gossip about me in the
industry! I know you couldn’t have known I was trying to contact you, but I must inform
you that I can’t extend any further courtesies to you. As your paper has been accepted, I
expect that you will cancel your withdrawl and send me the paper on disk immediately
for publication. If not, please do not submit any further articles.

My response to Paul M. Bralower.

Feb 9, 1998
Dear Mr. Bralower:
Thank you for accepting the paper "How to calculate the pQ?2 diagram correctly”. I
strongly believe that this paper will enhance the understanding of your readers on this
central topic. Therefore, it will help them to make wiser decisions in this area, and thus
increase their productivity. I would be happy to see the paper published in Die Casting
Engineer.
As you know I am zealous for the die casting industry. I am doing my utmost to promote
the knowledge and profitability of the die casting industry. I do not apologize for doing
80. The history of our correspondence makes it look as if you refuse to publish important
information about the critical slow plunger velocity. The history shows that you lost this
paper when I first sent it to you in August, and also lost it when I resubmitted it in early
December. This, and the fact that T had not heard from you by February 1, 1998, and
other information, prompted me to send the email I sent. I am sure that if you were in
my shoes you would have done the same. My purpose was not to insults anyone. My only
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aim is to promote the die casting industry to the best of my ability. I believe that those
who do not agree with promoting knowledge in die casting should not be involved in die
casting. I strongly believe that the editor of NADCA magazine (Die Casting Engineer)
should be interested in articles to promote knowledge. So, if you find that my article is a
contribution to this knowledge, the article should be published.

I do not take personal insult and I will be glad to allow you to publish this paper in Die
Casting Engineer. I believe that the magazine is an appropriate place for this article. To
achieve this publication, I will help you in any way I can. The paper was written using
TEX, and the graphics are in postscript files. Shortly, I will send you a disc containing
all the files. I will also convert the file to Word 6.0. I am afraid that conversion will
require retyping of all the equations. As you know, WORD produces low quality setup
and requires some time. Would you prefer to have the graphic files to be in TIFF format?
or another format? I have enhanced the calculations resolution and please be advised
that I have changed slightly the graphics and text.

Thank you for your assistance.

Sincerely,

Dr. Genick Bar-Meir

Is the battle over?

Well, | had thought in that stage that the paper would finally be published as the editor had
promised. Please continue to read to see how the saga continues.

4/24/98

Dear Paul Bralower:

To my great surprise you did not publish my article as you promised. You also did not
answer my previous letter. I am sure that you have a good reasons for not doing so. I
just would like to know what it is. Again, would you be publishing the article in the next
issue? any other issue? published at all? In case that you intend to publish the article,
can I receive a preprint so I can proof-read the article prior to the publication?

Thank you for your consideration and assistance!!

Genick

Then | got a surprise: the person dealing with me was changed. Why? (maybe you, the
reader, can guess what the reason is). | cannot imagine if the letter was an offer to buy me
out. | just wonder why he was concerned about me not submitting proposals (or this matter
of submitting for publication). He always returned a prompt response to my proposals, yah
sure. Could he possibly have suddenly found my research to be so important. Please read his
letter, and you can decide for yourself.

Here is Mr. Steve Udvardy response on Fri, 24 Apr 1998

Genick,

I have left voice mail for you. I wish to speak with you about what appears to be
non-submittal of your proposal I instructed you to forward to CMC for the 1999 call.

I can and should also respond to the questions you are posinjg to Paul.

I can be reached by phone at 219.288.7552.
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Thank you,
Steve Udvardy

Since the deadline for that proposal had passed long before, | wondered if there was any point
in submitting any proposal. Or perhaps there were exceptions to be made in my case? No, it
couldn't be; | am sure that he was following the exact procedure. So, | then sent Mr.
Udvardy the following letter.

April 28, 1998

Dear Mr. Udvardy:

Thank you very much for your prompt response on the behalf of Paul Bralower.

As you know, I am trying to publish the article on the pQ? diagram. I am sure that you
are aware that this issue is central to die casting engineers. A better design and a
significant reduction of cost would result from implementation of the proper pQ?
diagram calculations.

As a person who has dedicated the last 12 years of his life to improve the die casting
industry, and as one who has tied his life to the success of the die casting industry, I
strongly believe that this article should be published. And what better place to publish it
than “Die Casting Engineer”?

I have pleaded with everyone to help me publish this article. I hope that you will agree
with me that this article should be published. If you would like, I can explain further
why I think that this article is important.

I am very glad that there are companies who are adopting this technology. I just wish
that the whole industry would do the same.

Again, thank you for your kind letter.

Genick

ps: I will be in my office Tuesday between 9-11 am central time (612) 378-2940

I am sure that Mr. Udvardy did not receive the comments of /from the referees (see Appendix
A). And if he did, | am sure that they did not do have any effect on him whatsoever. Why

should it have any effect on him? Anyhow, | just think that he was very busy with other things
so he did not have enough time to respond to my letter. So | had to send him another letter.

5/15/98

Dear Mr. Udvardy:

I am astonished that you do not find time to answer my letter dated Sunday, April, 26
1998 (please see below copy of that letter). I am writing you to let you that there is a
serious danger in continue to teach the commonly used pQ? diagram. As you probably
know (if you do not know, please check out IFT’s web site www.dieperfect.com), the
commonly used pQ? diagram as it appears in NADCA'’s books violates the first and the
second laws of thermodynamics, besides numerous other common sense things. If
NADCA teaches this material, NADCA could be liable for very large sums of money to
the students who have taken these courses. As a NADCA member, I strongly recommend
that these classes be suspended until the instructors learn the correct procedures. I, as a
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NADCA member, will not like to see NADCA knowingly teaching the wrong material
and moreover being sued for doing so.

I feel that it is strange that NADCA did not publish the information about the critical
slow plunger velocity and the pQ? diagram and how to do them correctly. I am sure that
NADCA members will benefit from such knowledge. I also find it beyond bizarre that
NADCA does not want to cooperate with those who made the most progress in the
understanding die casting process. But if NADCA teaching the wrong models might ends
up being suicidal and I would like to change that if I can.

Thank you for your attention, time, and understanding!

Sincerely, Dr. Genick Bar-Meir

ps: Here is my previous letter.

Now | got a response. What a different tone. Note the formality (Dr Bar-Meir as oppose to
Genick).

May 19, 1998
Dear Dr Bar-Meir,

Yes, I am here. T was on vacation and tried to contact you by phone before I left for
vacation. During business travel, I was sorry to not be able to call during the time period
you indicated.

As Paul may have mentioned, we have approved and will be publishing your article on
calculating PQ2. The best fit for this is an upcoming issue dedicated to process control.
Please rest assured that it will show up in this appropriate issue of DCE magazine.

Since there has been communications from you to Paul and myself and some of the issues
are subsequently presented to our Executive Vice President, Dan Twarog, kindly direct
all future communications to him. This will assist in keeping him tied in the loop and
assist in getting responses back to you. His e-mail address is Twarog@diecasting.org.
Thank you,

Steve Udvardy

Why does Mr. Udvardy not want to communicate with me and want me to write to Executive
Vice President? Why did they change the title of the article and omit the word “correctly”. |
also wonder about the location in the end of the magazine.

| have submitted other proposals to NADCA, but really never received a reply. Maybe it isn't
expected to be replied to? Or perhaps it just got/was lost?

Open letter to Leo Baran

In this section an open letter to Leo Baran is presented. Mr. Baran gave a presentation in
Minneapolis on May 12, 1999, on “Future Trends and Current Projects” to “sell” NADCA to
its members. At the conclusion of his presentation, | asked him why if the situation is so rosy
as he presented, that so many companies are going bankrupt and sold. | proceeded to ask him
why NADCA is teaching so many erroneous models. He gave me Mr. Steve Udvardy's
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business card and told me that he has no knowledge of this and that since he cannot judge it,
he cannot discuss it. Was he prepared for my questions or was this merely a spontaneous
reaction?

Dear Mr. Baran,

Do you carry Steve Udvardy’s business card all the time? Why? Why do you not think it
important to discuss why so many die casting companies go bankrupt and are sold? Is it
not important for us to discuss why there are so many financial problems in the die
casting industry? Don’t you want to make die casting companies more profitable? And if
someone tells you that the research sponsored by NADCA is rubbish, aren’t you going to
check it? Discuss it with others in NADCA? Don’t you care whether NADCA teaches
wrong things? Or is it that you just don’t give a damn?

I am sure that it is important for you. You claimed that it is important for you in the
presentation. So, perhaps you care to write an explanation in the next NADCA
magazine. I would love to read it.

Sincerely,

Genick Bar—Meir

Is it all coincidental?

I had convinced Larry Winkler in mid 1997 (when he was still working for Hartzell), to ask
Mr. Udvardy why NADCA continued support for the wrong models (teaching the erroneous
Garber’s model and fueling massive grants to Ohio State University). He went to NADCA
and talked to Mr. Udvardy about this. After he came back, he explained that they told him
that | didn't approach NADCA in the right way. (what is that?) His enthusiasm then
evaporated, and he continues to say that, because NADCA likes evolution and not revolution,
they cannot support any of my revolutionary ideas. He suggested that | needed to learn to
behave before NADCA would ever cooperate with me. | was surprised and shaken. “What
happened, Larry?" | asked him. But | really didn't get any type of real response. Later (end
of 1997) | learned he had received NADCA's design award. You, the reader, can conclude
what happened; | am just supplying you with the facts.

Several manufacturers of die casting machines, Buler, HPM, Prince, and UBE presented their
products in Minneapolis in April 1999. When | asked them why they do not adapt the new
technologies, with the exception of the Buler, the response was complete silence. And just
Buler said that they were interested; however, they never later called. Perhaps, they lost my
phone number. A representative from one of the other companies even told me something on
the order of “Yeah, we know that the Garber and Brevick models are totally wrong, but we do
not care; just go away—you are bothering us!”.

| have news for you guys: the new knowledge is here to stay and if you want to make
the die casting industry prosper, you should adopt the new technologies. You should
make the die casting industry prosper so that you will prosper as well; please do not look at
the short terms as important.

The next issue of the Die Casting Engineer (May/Jun 1999 issue) was dedicated to machine
products. Whether this was coincidental, you be the judge.

| submitted a proposal to NADCA (November 5, 1996) about Garber/Brevick work (to which
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| never received a reply). Two things have happened since: | made the proposal(in the
proposal | demonstrate that Brevick's work from Ohio is wrong) 1) publishing of the article by
Bill Walkington in NADCA magazine about the “wonderful research” in Ohio State University
and the software to come. 2)a “scientific” article by EKK. During that time EKK also
advertised how good their software was for shot sleeve calculations. Have you seen any EKK
advertisements on the great success of shot sleeve calculations lately?

Here is another interesting coincidence, After 1996, | sent a proposal to NADCA, the cover
page of DCE showing the beta version of software for calculating the critical slow plunger
velocity. Yet, no software has ever been published. Why? Is it accidental that the author of
the article in the same issue was Bill Walkington.

And after all this commotion | was surprised to learn in the (May/June 1999) issue of DCE
magazine that one of the Brevick group had received a prize (see picture below if | get
NADCA permission). | am sure that Brevick's group has made so much progress in the last
year that this is why the award was given. | just want to learn what these accomplishments
are. put the picture of Brevick,
For a long time NADCA described the class on the pQ2 diagram as a “A close mathematical ardy and pice ey
description.” After | sent the paper and told them about how the pQ2 diagram is erroneous,
they change the description. Well it is good, yet they have to say that in the past material
was wrong and now they are teaching something else. or are they?

| have submitted five (5) papers to the conference (20t" in Cleveland) and four (4) have been
rejected on the grounds well, you can read the letter yourself:

Here is the letter from Mr. Robb.

17 Feb 1999
The International Technical Council (ITC) met on January 20th to review all submitted
abstracts. It was at that time that they downselected the abstracts to form the core of
each of the 12 sessions. The Call for Papers for the 1999 Congress and Exposition
produced 140 possible abstracts from which to choose from, of this number aproximately
90 abstracts were selected to be reviewed as final papers. I did recieve all 5 abstracts and
distribute them to the appropriate Congress Chairmen. The one abstract listed in your
acceptance letter is in fact the one for which we would like to review the final paper. The
Congress Chairmen will be reviewing the final papers and we will be corresponding with
all authors as to any changes revisions which are felt to be appropriate.
The Congress Chairmen are industry experts and it is there sole discretion as to which
papers are solicited based on abstract topic and fit to a particular session.
It is unfortunate that we cannot accept all abstracts or papers which are submitted.
Entering an abstract does not constitue an automatic acceptance of the abstract/or final
paper.
Thank you for your inquiry, and we look forward to reviewing your final paper.
Regards,
Dennis J. Robb
NADCA

I must have submitted the worst kind of papers otherwise. How can you explain that only
20% of my papers (1 out of 5) accepted. Note that the other researchers’ ratio of acceptance
on their papers is 65%, which means that other papers are three times better than mine.
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Chapter B. My Relationship with Die Casting Establishment

Please find here the abstracts and decide if you'd like to hear such topics or not. Guess which
the topic NADCA chose, in what session and on what day (third day).

A Nobel Tangential Runner Design

The tangential gate element is commonly used in runner designs. A novel approach to this
runner design has been developed to achieve better control over the needed performance. The
new approach is based on scientific principles in which the interrelationship between the metal
properties and the geometrical parameters is described.

Vacuum Tank Design Requirements

Gas/air porosity constitutes a large part of the total porosity. To reduce the porosity due to
the gas/air entrainment, vacuum can be applied to remove the residual air in the die. In some
cases the application of vacuum results in a high quality casting while in other cases the
results are not satisfactory. One of the keys to the success is the design of the vacuum system,
especially the vacuum tank. The present study deals with what are the design requirements
on the vacuum system. Design criteria are presented to achieve an effective vacuum system.

How Cutting Edge technologies can improve your Process Design
approach

A proper design of the die casting process can reduce the lead time significantly. In this paper
a discussion on how to achieve a better casting and a shorter lead time utilizing these cutting
edge technologies is presented. A particular emphasis is given on the use of the simplified
calculations approach.

On the effect of runner design on the reduction of air entrainment:
Two Chamber Analysis

Reduction of air entrapment reduces the product rejection rate and always is a major concern
by die casting engineers. The effects of runner design on the air entrapment have been
disregarded in the past. In present study, effects of the runner design characteristics are
studied. Guidelines are presented on how to improve the runner design so that less air/gas are
entrapped.

Experimental study of flow into die cavity: Geometry and Pressure
effects

The flow pattern in the mold during the initial part of the injection is one of the parameters
which determines the success of the casting. This issue has been studied experimentally.
Several surprising conclusions can be drawn from the experiments. These results and
conclusions are presented and can be used by the design engineers in their daily practice to
achieve better casting.
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Afterward

At the 1997 NADCA conference | had a long conversation with Mr. Warner Baxter. He told
me that | had ruffled a lot of feathers in NADCA. He suggested that if | wanted to get real
results, | should be politically active. He told me how bad the situation had been in the past
and how much NADCA had improved. But here is something | cannot understand: isn't there
anyone who cares about the die casting industry and who wants it to flourish? If you do care,
please join me. | actually have found some individuals who do care and are supporting my
efforts to increase scientific knowledge in die casting. Presently, however, they are a minority.
| hope that as Linux is liberating the world from Microsoft, so too we can liberate and bring
prosperity to the die casting industry.

After better than a year since my first (and unsent) letter to Steve Udvardy, | feel that there
are things that | would like to add to the above letter. After my correspondence with Paul
Bralower, | had to continue to press them to publish the article about the pQ? . This process
is also described in the preceding section. You, the reader, must be the judge of what is really
happening. Additionally, open questions/discussion topics to the whole die casting community
are added.

What happened to the Brevick’s research? Is there still no report? And does this type of
research continue to be funded?

Can anyone explain to me how NADCA operates?

Is NADCA, the organization, more important than the die casting industry?
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APPENDIX C

Density change effects

In this appendix we will derive the boundary condition for phase change with a significant
density change. Traditionally in die casting the density change is assumed to be insignificant
in die casting. The author is not aware of any model in die casting that take this phenomenon
into account. In materials like steel and water the density change isn’t large enough or it does
not play furthermore important role. While in die casting the density change play a significant
role because a large difference in values for example aluminum is over 10%. Furthermore, the
creation of shrinkage porosity is a direct consequence of the density change.

A constant control volume! is constructed as shown in figure C.1. Solid phase is on the right
side and liquid phase is on the left side. After a small time increment the moved into the the
dashed line at a distance dz. The energy conservation of the control volume reads

d orT

d = ; dA > .
il L /Aphv d +/Ak6n dA (C.1)

Analogy the mass conservation for the control volume is

i/ pdV:—/pvi dA (C.2)
dt Jy A

The equations (C.1) and (C.2) do not have any restrictions of the liquid movement which has
to be solved separately. Multiply equation (C.1) by a constant h; results in

d
—/ phl dV = —/ phl V; dA (C3)
dt |y A

LA discussion on the mathematical aspects are left out. If explanation on this point will be asked by readers
I will added it.
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Chapter C. Density change effects
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Figure C.1: The control volume of the phase change

Subtraction equation (C.3) from equation (C.1) yields

d T
a/Vp(h — ) dV = —/Ap(h — h)v; dA + /Ak% dA (C.4)

The first term on the right hand side composed from two contributions: one) from the liquid
side and two) from solid side. At the solid side the contribution is vanished because
p(h — hy)v; is zero due to v; is identically zero (no movement of the solid, it is a good

put explanation or question - assumption). In the liquid phase the term h — h; is zero (why? ) thus the whole term is
vanished we can write the identity

/Ap(h —h))v; dA=0 (C.5)

where v; is the velocity at the interface.
maybe the derivations e 001 € first term of equation (C.4 ) can be expressed in the term of the c.v.? as

long. shorten them?

solid liquid=0
d _ paAa(hs = h) = psAi(hs — h) + (- (= )
= /V plh— ) AV = .
dzx
= (ps(hs - hl))a = ps(hs - hl)vn (Cﬁ)

2please note some dimensions will canceled each other out and not enter into equationsssss
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liquid side contribution is zero since h — h; = 0 and the solid contribution appears only in
transitional layer due to transformation liquid to solid. The second term on right hand side of
equation (C.4) is simply

aT oT . AT
/Ak% dA = higm — kg (C.7)

Thus, equation (C.4) is transformed into

oT oT
ps(hs - hl)vn - ksa_n - la_n

(C8)
It is noteworthy that the front propagation is about 10previously was calculated. Equation
(C.7) holds as long as the transition into solid is abrupt (sharp transition).

Meta For the case of where the transition to solid occurs over temperature range we have
create three zones. Mathematically, it is convenient to describe the the mushy zone
boundaries by two boundary conditions.

End

Meta The creation of voids is results of density changes which change the heat transfer
mechanism from conduction to radiation. The location of the void depends on the
crystallization and surface tension effect, etc. The possibility of the “liquid channels”
and the flow of semi-solid and even solid compensate for this void.

End

Klein’s paper

Meta Yet, one has to take into consideration the pressure effect The liquidation temperature
and the latent heat are affected somewhat by the pressure. At pressure between the
atmospheric to typical intensification pressure the temperature and latent heat are
effected very mildly. However, for pressure near vacuum the latent heat and the
temperature are effected more noticeably.?

End

The velocity of the liquid metal due to the phase change can be related to the front
propagation utilizing the equation (C.2). The left hand side can be shown to be (ps — p;)v,.
The right hand side is reduced into only liquid flow and easily can be shown to be p;v;.

(ps = p1) vn + prvg =0

(p-1) == (C9)

Un

where p is the density ratio, p,/pi.

3] have used Clapyron’s equation to estimate the change in temperature to be over 10 degrees (actually about
40°[C]). However, | am not sure of this calculations and | had not enough time to check it in the literature. If
you have any knowledge and want to save me a search in the library, please drop me a line.
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APPENDIX D

Fanno Flow

The flow of air trough the venting system is a flow of compressible substance. There are three
ideal models that can potentionaly discribe the situation.

e The flow of the air/gas is adiabtic i.e. no heat transer is negligible and can be ignored.
This is the case where process is very fast and heat transer mechanisms are considerably
slower (see more discusion about dimensionless number in Chapter ??). This kind of is
known as Fanno flow.

e another possiblity is there is an heat transer and the simplist possible case is when this
heat transfer is a constant. The heat transfer is significant in case where there is
chemical reactions sometime refered to as combusion. This flow is named on Lard
Reyleigh.

e A case between the two previous case is the isothermal case. The flow is has heat
transfer but is low enogh to keep the temperature constant. This is the case when a gas
flows for a long distance (in order of kilometers). In such cases, the gas temperatue is
equal to sorronding temperature. If the sounding are in uniform temperature (that is
simplist case which we like) is call isothermal case. Mathematicaly, it is the simplist

case L.

In die casting, the air/gas flows from the cavity to sourding in very rapid manner. This
situation is very close the first model we discribed before. Hence, we can assume that for
many of the cases the flow is resinably adiabtic?. Therefore, we introduce the Fanno flow and
again in a simplist form.

11 prefere to teach this material first in my casses. The real simplist case is the isontropic flow for which the
pressure is constat in const conduct area.

2in poor design the metal drops flow with the air and solidfied. The heat is relead to the air and the air
temperature is increased. This analysis is much more complicated and depented on the flow. Presently, there
is no model to account for it and to find the error in the assumption of idiabic flow.
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D.1 Introdcion
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Figure D.1: Control volume of the gas flow in constant cross section

add a figure with an clement  CONSider a gas flows through a conduit with a friction (see Figure D.1. The mass
I thi . .
veme ey conservation for the control volume is

p1Vi = pa Vs (D.1)

The energy conservion (under the consriction of ideabtic flow) reads

Vi’ Vs’
To, = T; =T D.2
0, 1+20p0 2+2Cp0 (D.2)
The force acting on the gas is the friction and the momentum conservation reads
—AdP — 1,dA = mdV (D.3)

For simplfy the presentation/footnotenot nessarly for the presentation can be close to circular
we assume the conduit to be a circular therefore,

dA, m

Note that ‘“f is equal to 4D. Utilizing the definiation of the firction factor 1/27 and we
obtain the following

4 m
—dP — 5fda:(1/2pV2) =5V (D.5)

Utilizing the definition of the sound speed one can obtain the following

AP 4fdz (kM?\ _ _ ,dV
e (90)

Converting the exprestion for (dP/P) and for *dV/V in term of the Mach nubmer yeilds

Afde  (1— M?)dM?
D kM1 + k12

(D.7)
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Section D.1. Introdcion

Intergating last equation yeild

4 fomes 11-M? k+1 E£L 2
—/ fdxr = — + n =}
D J, kM2 2k 14 kL2

(D.8)

The results of this equation are ploted in Figure ??

Figure D.2: Fanno flow as a function of ”TL
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