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A FEW PROOFS FOR NONEXISTENCE OF THE METASTABLE STATES
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A b stract: This paper is the bigger part of one until
now unpublished author's work whose title is "A few proofs
for nonexistence of the metastable states". Because of a big
volume of the work, the problems of supersaturated (metasta-
ble) steam which appears at the flowing of slightly, super-
heated, saturated or wet steam in the convergent and Laval
nozzles will be discussed in the main. This steam is mentioned
in the literature as one between of the strongest proofs for
existence of the metastable states in the substances. In this
work the steam is not one-phase gaseous metastable steam, as
it was thought until now, but that it is nonequilibrium wet
steam in which during the expanding process in the nozzles
extreme small particles condensate, consisted of two, three or
only few agglomerated molecules are formed which stay in
heat, mechanical and internal nonequilibrium with the rest of
the expanding gaseous phase of the steam. It means, that this
steam, which is called a supersaturated or metastable steam, in
fact does not exist in reality because it is nothing else but only
nonequilibrium wet steam consisted of two phases: the ex-
panding gaseous phase of the steam in the nozzle and the men-
tioned small and nonequilibrium particles condensate which
are formed there.

The new theoretical explanation presented in this work,
gives possibility not only for a total physical comprehension
of the essence of supersaturated steam, but gives possibility
for evaluation of the properties of state of this steam in the end
of supersaturation which happens at reaching the correspond-
ing Wilson line in the h,s-diagram. The paper also explains the
reasons due to which it comes to appearance of the sudden
little pressure condensation rise which happens regularly in
the Laval nozzles immediately after the end of supersaturation
of the steam in them, respectively at once after reaching the
Wilson line in the h,s-diagram and the manner of calculation
of the properties of state of the steam in the end of the rise is
also presented. After this rise, the steam goes on expanding in
equilibrium forming bigger and equilibrium droplets conden-
sate until the exit section of the Laval nozzles, and as such it is
not interesting here for further observations.

In this paper will be discussed shortly and other exam-
ples for existence of metastable states in the substances, men-
tioned in the existing literature, as, for example, the case of
cooling of water in little blinded glass ampoules which has
been done by Berthold. This experiment also points out the
possibility for achievement of negative absolute pressures in
the substances, which is very unbelievable and impossible

(?7). As opposed to this example, the author of this work
makes experiments by cooling clean saturated water from 1
bar situated in a bigger glass vessel and finds that in this case
neither metastable states nor negative absolute pressure ap-
pear. In the literature there is an example of the metastable
states existence and the case of heating droplets of water dived
into oil (with the same density as water), which have not
evaporated up to the temperature of 180°C, although the pres-
sure (of the oil and droplets) has been approximately equal to
the atmospheric pressure, etc.

Keywords: supersturated steam; metastable states; nonequi-
librium wet steam; little nonequilibrium particles
condensate; little pressure condensation rise;
equilibrium droplets condensate

1. INTRODUCTION

The title itself of this work "A Few Proofs for
Nonexistence of the Metastable States" shows that
it deals with existence or nonexistence of the me-
tastable states at the real substances. If we want to
discuss these things we, at first, must see what the
metastable state is and how it is defined.

The notion of the metastable state is intro-
duced in Thermodynamics from a need to give any
physical explanation for those parts of the Van der
Waals subcritical isotherms which in the region of
wet steam have a waved form, shown in Fig. 1. As
far as these waves are concerned it could be said
quite freely that they have not been confirmed up
to now by any standard experiment, except the be-
lief that something like that has been reached in
any "special" conditions, as for example at the flow
of supersaturated (and subcooled) steam through
the nozzles, at the flow of superheated liquids
through the nozzles, at heating droplets of water in
oil with equal density as the water, at cooling (or
heating) of water in little glass ampoules and in
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many other examples. For those states, which have
been reached in those special conditions, as for
example the state 3 in Fig. 1, it has been asserted
that they lie on the waved parts of the Van der
Waals isotherms with what in essence has been
desirable to prove that those waved parts have to-
tally physical meaning (although they cannot be
reached with any standard experiment, as for ex-
ample with an usual isothermal expansion or com-
pression of any real substance). From that another
very incredible conclusion followed (opposite to
that which has been clearly seen from the usual
experiments) that in any special conditions the
passing from gaseous to liquid phase (and reverse)
must proceed anyhow continuously, or more ex-
actly, as it has followed from the Van der Waals
equation. This very incredible and experimentally
not proved conclusion has been confirmed by one,
at first sight very firm mathematical proof, known
under the name of Maxwell’s principle. According
to this principle the shaded areas under and over
the experimental (straight) isotherms in the wet
region (see Fig. 1) are mutually equivalent. It has
followed that the waved Van der Waals isotherms
and the corresponding real (straight) isotherms in
the wet region (Fig. 1) in fact are mutually equiva-
lent equilibrium processes. From that belief in the
totally physical meaning of the Van der Waals
equation and the Maxwell principle, a conclusion
has followed that (these processes and) these
states, which have been reached in the before men-
tioned special conditions, and which have been
called the metastable states, in fact are equilib-
rium states, see Ref. [1], pagel39 and Ref. [9],
page 96.

p

Expansion process
of supersaturated
(metastable) steam

T=const

Metastable state

p>0 / /_ {f ;? ;\/,/_/X
T=cons
p=0 % T t
peo|
!

x=0

‘"’

Region of negative
absolute pressures (77)

Fig. 1. Presentation of the straight (experimental) and the
waved Van der Waals isotherms in the region of wet steam

2. NEW COMPREHENSIONS

However, in recent time one totally opposite,
but more correct opinion for the character of me-
tastable states, has begun to intrude that these
states in essence are nonequilibrium states (see
Ref. [2], page 24). This totally opposite compre-
hension for the notion and definition of the metast-
able states (in relation to the previous notion) has
followed from the well known fact, on which
whole classical thermodynamics is based, that one
process can proceed in equilibrium if only it lasts
sufficiently long, or more exactly, as long as it is
possible to reach a total thermodynamics’ equilib-
rium (simultaneous heat, mechanical and internal
equilibrium) in every elementary part of the proc-
ess. That time which is necessary for restitution of
such equilibrium, at proceeding of any process, is
called relaxation time (see Ref. [5], page 319).
From this inexorable fact the conclusion has fol-
lowed that only that process which lasts longer
than it is its indispensable relaxation time could
proceed in equilibrium and reversible (if the fric-
tion is eliminated), but in the opposite case it will
be surely nonequilibrium and irreversible (regard-
less if the friction is eliminated or not).

This new and more correct comprehension for
the nonequilibrium character of the metastable
states has followed again from those same experi-
ments which were done in special conditions, as
for example, the flowing of supersaturated and
subcooled steam in the nozzles and alike. From
those experiments it has been seen that the expan-
sion process in the nozzles has proceeded ex-
tremely quickly, which means at a shorter time's
interval than the time necessary for reaching re-
laxation of the process and restitution of thermo-
dynamics’ equilibrium in the system, therefore the
expansion in the nozzle has proceeded in nonequi-
librium and with supersaturation of the steam. This
conclusion has been in principle totally correct be-
cause as an experimentally palpable and measur-
able proof for the nonequilibrium character of the
metastable processes (and states) it has been men-
tioned the extreme velocity of proceeding of the
process and the insufficient relaxation time, but
not the Van der Waals equation.

However, and besides this convincing conclu-
sion for the nonequilibrium character of the me-
tastable processes (and states), the contemporary
authors have not abandoned completely the Van
der Waals equation because it has served them
(with help of the Helmholtz function for free en-
ergy, f = u — Ts) as an "additional" explanation of

Mech. Eng. Sci. J., 26 (2), 39-65 (2007)
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that which they have above already explained for
the nonequilibrium character of the metastable
states (on the basis of the insufficient relaxation
time). But regretably, these "additional" explana-
tions which are based on the Van der Waals equa-
tion (see Ref. [2], page 25) in principle are totally
contradictory because they again lead toward the
original conclusion for the equilibrium character
of the metastable processes and states.

The tragedy of these contradictions to be still
bigger is that all contemporary authors who have
studied the process of supersaturated (metastable)
steam have asserted for that process that it is an
nonequilibrium process (on the basis of the pre-
viously explained fact for the insufficient relaxa-
tion time), but after that they have proclaimed the
same process for an isentropic process, and have
showed it in the h,s and T,s-diagram with a vertical
straight line s = const. (see Ref. [2], page 137)
which in no way goes together, because if it is as-
serted for a process that it is a nonequilibrium
process, then for it in no one case could be asserted
that it is also an isentropic process (??).

From what has been said up-to-now, the fol-
lowing conclusion could be drawn:

— first, that the metastable states are equilib-
rium states,

— second, that the metastable states are non-
equilibrium states, and

— third, that the metastable states again are
equilibrium states (??).

From these contradictory definitions nobody
could conclude uniformly whether these states
after all are equilibrium or not (??).

One very important example for these contra-
dictions which are connected with the up-to-now
notion and definition of the supersaturated (metast-
able) steam, could be mentioned and the case when
the expansion process of nonequilibrium super-
saturated steam A-3, Fig. 2, is compared with the
corresponding expansion process of equilibrium
wet steam A-2, at which as starting comparable
state for both processes the state A which lies on
the limit curve of saturation, X = 1, has been
adopted and as final states are adopted (see Ref.
[2], page 26) the corresponding states 3 and 2
which are reached at the same final pressure
p;=P,. At this consideration the first part of the
process, respectively the process of superheated
steam 1-A, is not interesting for discussion because
it is equal in both cases.

Mau. unync. nayw. ciiuc., 26 (2), 39-65 (2007)

X

Fig. 2. Presentation of the processes 1-A-2 and 1-A-3
in p,v-diagram

The contemporary authors explain these two
processes so that the process of nonequilibrium
supersaturated steam A-3 (see Fig. 2) approxi-
mately shown with an isentropic curve (??)
pv* = const, whose exponent k' they adopt equally
the isentropic exponent of the superheated steam
k= 1.3, which also means as for the part of the
process 1-A, but the corresponding process of
equilibrium wet steam A-2 in the same region also
shown with an isentropic curve pv* = const, with
that difference that for it steam the exponent k they
adopt according to the empirical Zetliner relation
(1840), k = 1.035 + 0.1x, which for the starting
saturated steam, with X = 1, turns into k = 1.135.
(Larger discussion for the numeric values of the
exponents k' and K is given in the attachment 1.)

From such presentation a conclusion follows
that in the wet region, beginning from the same
starting-point A (Fig. 2) in different conditions,
two different isentropic processes could proceed,
with different exponents, k> = 1.3 and k = 1.135,
which in this work is proved that it is absolutely
incorrect. This incorrectness follows from the pre-
viously explained fact, according to which it can-
not be said for one process that it is a nonequilib-
rium process and after that to be asserted that it is
also an isentropic process (??). A conclusion has
followed from it (this work) that in the region of
wet steam only one unique isentropic process
(but not two) could exist and that it process is the
process of equilibrium wet steam which proceeds
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with the exponent k = 1.135. According to that, the
process of supersaturated (metastable) steam could
be everything but never an isentropic process, as it
has been asserted up to now.

The inexactness of the up to now explanations
to become still bigger, the same authors, who have
compared the processes of supersaturated and equi-
librium wet steam, have showed those two proc-
esses in the p,v-diagram with different isentropic
curves, A-3 and A-2 (see Fig. 2) while in the h,s-
diagram (see Ref. 2, pages 26 and 137) those two
different processes they have showed with one
same common isentropic process A-2 (see Fig. 3)
which is also absolutely wrong. This unlogic and
inexactness follows from the fact that the p,v, h,s
and T,s-diagram are mutually equivalent diagrams,
which means that everything which exists in one
diagram must also exist in the other two diagrams.
According to that, if the processes of supersatu-
rated and equilibrium wet steam are showed in p,v-
diagram with different curves A-3 and A-2, it
means that in the h,s and T,s-diagram for these two
processes there must also exist two different curves
(as it will be shown in this work, but not to be
shown only with one unique common isentropic
process A-2, as it has been done up to now, see
Fig. 3). This work in essence starts with disentan-
gling of this Gordian knot that is shown on Figs. 2
and 3. The solution of this knot will be presented
in the next chapters with all necessary details.

hi

Isentropic
process
S=const S

Fig. 3. Up to now manner of transferring of the processes
1-A-2 and 1-A-3 from p,v in h,s-diagram

Now the next question could be "How and
why were these heavy errors in definition of the
metastable states made"? The author’s answer to
these questions is the following:

1. These errors were made, first, because none
of the up-to-now authors, who have studied the
problem of the metastable states has not had cour-
age to free totally from those "comprehensions”
which have followed from the Van der Waals
equation and the Maxwell principle, because every
expressed unbelief in its (unproved) physical
meaning in the region of wet steam would bring
great trouble to every author.

2. The second error that has been made is that
in the classical (equilibrium) thermodynamics such
"notions", as for example, stable, unstable, labile or
metastable state, have been introduced which "no-
tions" the equilibrium thermodynamics simply
said, does not recognize and "does not understand".
It understands only two states, equilibrium and
nonequilibrium state, and no more (what is simi-
lar to the computers which also understand only
two states, "1" and "0", and no more). According
to that, if we want to make use of the thermody-
namics as a science, we, at first, all these "new in-
troduced notions", stable, labile, metastable state,
etc. must translate in thermodynamics language,
which contains only two words which the thermo-
dynamics understands, equilibrium and nonequilib-
rium state. If we do not do it we in essence leave
the basic principles of equilibrium thermodynam-
ics and therefore it is not odd that we are falling in
such blind-alleys, as it is the case with the metasta-
ble states, which are introduced in thermodynamics
only in order to be able to explain and prove the
things which cannot be proved, i.e., that the Van
der Waals subcritical isotherms in the region of
wet steam have any physical meaning. This was
wanted to be proved very persistently and in spite
of the fact that hundreds standard experiments,
with hundreds different substances, have showed
that it is totally physically absurd.

3. The third error which has been made in this
field, and which in essence has followed from the
previous two, is that none of those authors, who
have noticed the nonequilibrium character of the
metastable (processes and) states, have asked
themselves what is this which happens with the
structure of substance when it is exhibited on one
so extreme rapid process, as it is, for example, the
expansion of supersaturated steam in the nozzles.
All those authors have stayed deeply convinced
that for the time of proceeding of those processes it

Mech. Eng. Sci. J., 26 (2), 39-65 (2007)
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has not come to change the aggregate state of the
substance (which in this work is proved that it is
not correct) and from that an erroneous conclusion
was drawn out that the supersaturated steam has
stayed in clearly gaseous state, although it has en-
tered deeply into the wet region. From this, an er-
roneous conclusion has followed and the up to now
erroneous comprehension for the notion and defini-
tion of the metastable (processes and) states.

3. NEW THEORY
OF THE SUPERSATURATION

In this work it will be proved that the process
of supersaturated steam, the process A-3 in Fig. 2,
is nothing else but only a process of the usual non-
equilibrium wet steam in which during the expan-
sion small nonequilibrium particles are formed
condensate, K;, K,, K3, Ky,... (see Fig. 4), consisted
of two, three or only few agglomerated molecules,
which due to the extreme velocity of proceeding
the expansion process and due to the insufficient
relaxation time in the nozzle cannot agglomerate
together in order to form the corresponding quan-
tity of bigger and equilibrium droplets condensate
(consisted of a few hundreds molecules). During
such an expansion small nonequilibrium particles
condensate grow absorbing new molecules from
the expanding steam, as it is shown in Fig. 4, and
stay in bigger and bigger thermodynamics’ non-
equilibrium with the rest mass of the gaseous phase
of the supersaturated steam which goes on to ex-
pand on lower and lower properties up to the
reaching of the end of supersaturation of the steam
in the state 3, respectively up to the reaching of the
corresponding Wilson line in the h,s-diagram (see
Fig. 22 in the attachment 3). Due to that in parti-
cles condensate stay accumulated (in form of
raised temperature of the particles condensate in
relation to the rest expanding gaseous phase of the
steam) one part of the disposal internal energy of
the equilibrium wet steam, which the author of this
work calls enslaved energy. This energy is repre-
sented in Fig. 5 with the doted area (A-2-h-g-3-A),
and can be calculated as difference between the
absolute works of the eventual process of equilib-
rium wet steam A-2 and the real process of super-
saturated steam A-3, respectively as:

AW = Wp 5~ Wa3 = (Ua—Uy) — (Ua—U3) =

:—U2+ U3<0 (1)

Mau. unync. nayw. ciiuc., 26 (2), 39-65 (2007)
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Fig. 4.

a) Figurative presentation of the forming and the breaking
(the exploding) of the small nonequilibrium particles
condensate, K;, K,, K3, K,,..., in Laval nozzle,

b) Schematically presentation of the fall of pressure at process
with supersaturation of the steam 1-A-3-4-5 and at comparable
isentropic process 1-A-2-6.
¢) Measuring of the pressure along the nozzle with manometer
and with opening of corresponding valve V|, V,, V;,...etc.

Superheated
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Expansion process of
supersaturated steam
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Eventual expansion of
equilibrium wet steam
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Fig. 5. Conditional presentation of the nonequilibrium process
of the supersaturated steam A-3 in the equilibrium p,v-diagram
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This enslaved energy is manifested to the sur-
roundings as rejected heat, but that heat is not
really rejected to the surroundings (because the
expanding process is adiabatic), already, as we
have seen above, it has stayed as enslaved energy
or rejected heat toward the mass of the steam
which expands. Due to that this energy we can call
enslaved energy or internal rejected heat and
can be expressed as:

AW=(Qq<0,orq=Aw<0 (1a)

This energy can be represented, not only in
the mechanical p,v-diagram (Fig. 5), but also in the
heat T,s-diagram, as we shall see furthermore.

After reaching the end of supersaturation of
the steam, in the state 3 (see Fig. 4) it comes to
chain breaking (evaporating, or exploding) of the
small nonequilibrium particles condensate of ex-
panding steam in the space between the conical
sections 3-3-3 and 4-4-4, therefore it comes to
freed of enslaved energy from the particles, in the
same quantity (1a), but with opposite sign, = AW
> 0. This freed energy can be expressed through
the relation of the first law of thermodynamics:

q=Us— U3 +W;4>0, (1b)

where the first part of that energy u, — us is spent
for increasing the internal energy of expanding
steam from Uj; to Uy, due to that it comes to the ap-
pearance of the little pressure (and temperature)
rise 3—4 in the nozzle (see Fig. 4) while the second
part Ws4 is spent for doing absolute work in the
nozzle, or more exactly for acceleration of the
steam in the nozzle. This absolute work Ws_4 is rep-
resented in Fig. 6 with the shaded area 3-4-i-g-3.
(If it is supposed that the enslaved energy is freed
in one moment then the rising process could pro-
ceed according to the vertical isometric process
3—4' (see Fig. 6) that is not the case here.)

The freed energy, g = Us — U3 + W34 > 0, is
manifested to the surroundings as internal added
heat (although the rising process 3—4 is adiabatic).
That is similar to the internal freeing of heat in the
combustion processes at Otto machines. Due to
that this energy can be called freed energy or in-
ternal added heat.

After reaching the end state 4 of the rising
process 3—4 (see Figs. 4 and 6) the nonequilibrium
wet steam becomes equilibrium, and from that
state it goes on to expand in equilibrium condition
and with forming of bigger droplets condensate
consisted of few hundreds molecules up to the exit
state 5. (Larger discussion for these processes is
given in the attachment 3.)

Fig. 6. Schematically presentation of the pressure fall along
the Laval nozzle from Fig. 4 in p,v-diagram. This figure is
joined by the point 4°, dotted area (A-2-h-g-3-A) and shaded
area (3-4-i-g-3).

4. ANSWER TO SOME IMPORTANT QUESTIONS
4.1. First question

As opposition of this (author’s) supposition
that during the process of supersaturation A-3 (Fig.
4) the above mentioned small nonequilibrium par-
ticles condensate are formed, the next justified
question could be put: "Why these small particles
condensate be seen at the standard experiments
with cannot axially illuminated transparent Laval
nozzles, which have been done by many authors
(see Ref. [2, 13, 14], etc.)"?

The author’s answer to this question is the
following: These small particles condensate cannot
be seen at the standard experiments because they,
as groups of agglomerated molecules, consisted of
two, three or only few molecules, are so small, that
they are smaller than the waved length of the light
with which they are illuminated axially in the noz-
zles. At those experiments only the bigger and
equilibrium droplets condensate can be seen, con-
sisted of few hundreds molecules, which are
formed after reaching the little pressure rise 3—4 in
the nozzles, and which can be seen with eyes only
in form of blue fog (see Fig. 4).

4.2. Second question
The author will also try to give an answer to

the next question: "Why does it come to chain
breaking (evaporating, or exploding) of the small
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nonequilibrium particles condensate in the space
between the conical sections 3-3-3 and 4-4-4 in the
nozzle (see Fig. 4)?

The author’s answer to this question would be
the next: As it was said above during the expansion
process in the nozzle the small nonequilibrium par-
ticles condensate grow by absorbing new mole-
cules from the expanding steam (Fig. 4), and stay
in bigger and bigger nonequilibrium with the rest
expanding gaseous phase of supersaturated steam
which goes on to expand on lower and lower prop-
erties. Somewhere after the throat of the nozzle (at
Ma > 1) the particles condensate reach their big-
gest size at which they can still maintain as non-
equilibrium particles. At these conditions the least
disturbance can cause breaking (evaporating, or
exploding) of the particles condensate. According
to the author’s opinion such disturbance appears in
the form of sonic waves that form on the walls of
the nozzle which cause the friction with the steam.
Their sonic waves move from the walls to the cen-
tral axis (as the arrows show in the Fig. 4) and in
that manner form space between the conical sec-
tion 3-3-3, at which the first small nonequilibrium
particles condensate start to break (evaporate, or
explode), while the section 4-4-4 when the process
is finished. Between these two sections the en-
slaved energy from the exploded particles conden-
sate is freed and therefore it comes to the appear-
ance of the little pressure rise 3—4 in the nozzle. In
the same space and at the same time it comes to
mixing of the hotter molecules of exploding parti-
cles condensate and the cooler molecules of ex-
panding gaseous phase of the steam and from them
the mixture of molecules from which is formed the
equilibrium droplets condensate are formed, con-
sisted of few hundreds molecules, which can be
seen with eyes (as we said before) in the form of
blue fog only (see Fig. 4). As support of this au-
thor’s supposition the explanations and the ex-
periments attached in Ref. [2], pages 187 to 202,
can be taken in consideration.

5. DRAWING AND CALCULATION
OF THE NONEQUILIBRIUM PROCESS
OF SUPERSATURATED STEAM

5.1. Drawing the supersaturated process A-3
This process and the end state of this process
3 in the equilibrium diagrams must be looked for

somewhere under the limit curve of saturation
X =1, but not in the intersection of the equilibrium
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straights of the wet steam, p = const, t = const and
v = const, already in the intersection of nonequilib-
rium extensions of the equilibrium isobars, iso-
therms and isometrics from the superheated region.

In order to get clearer which extensions are in
question, let us remind ourselves that, for example,
in the equilibrium h,s-diagram the isobars, the iso-
therms and the isometrics of the real gases are con-
tinuous curves through the whole superheated re-
gion until the limit curve of saturation X = 1, where
it comes to refraction of these curves. After that,
downwards in the wet region, these curves turn
into straight lines, at which the isobars and the iso-
therms turn into common straight lines, p = const,

= const. In Fig. 7 three such equilibrium curves,
p: - const, t; - const and v; _ const are shown, which
in the wet region turn into straight lines, p; = const,
t; — const and v, _ const. If the equilibrium curves,
p; - const, t; - const and Vv, _ const, from the super-
heated region are extended with the same angle
and the same curvature downwards in the h,s-
diagram, from the limit curve of saturation X = 1 to
the wet region (X < 1), the nonequilibrium exten-
sions of these curves will be obtained, marked with
the dashed curves py, t; and vy in Fig. 7. These
dashed curves represent the properties of the non-
equilibrium wet (or supersaturated) steam in the
equilibrium h,s-diagram. It means that the nonequi-
librium extensions are extended so as the region of
equilibrium wet steam does not exist.
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Fig. 7. Drawing the nonequilibrium curves of supersaturated
steam Py, t;and v;* as continuous extensions of equilibrium
curves p; = const, t; = const and v; = const from the
superheated region

From this a conclusion follows that the prop-
erties of the supersaturated steam are found in the
same region, under the limit curve X = 1, where the
properties of the equilibrium wet steam are also
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found, but the reading of the first or other proper-
ties will be done from the corresponding curves py,
ty, vpoor py, ty, vi. Here it could be noticed that the
nonequilibrium curves py, ty and vy in Fig. 7, ac-
cording to the numeric value, are equal to the val-
ues of equilibrium curves p;, t; and v,

According to the same analogy, on the right
side in Fig. 7, it is shown how it must proceed the
equilibrium and nonequilibrium expansion processes
1-A-2 and 1-A-3 in the h,s-diagram, according to
their exponents: the equilibrium process 1-A-2
with the exponents kK > 1.3 and k=1.135+0.1x,
and the nonequilibrium process 1-A-3 with the ex-
ponents kK > 1.3 and k' > 1.3. The same case is with
the lines of the constant enthalpy where the dashed
curve hy represents the nonequilibrium extension
of the equilibrium line h, = const from the super-
heated region (see Fig. 7). From this figure it can
be noticed that the numeric value of the enthalpy
of supersaturated steam for some state N will not
correspond to the value read on the left side of the
scale in the h,s-diagram, because it smaller value
than the real one will be read. In order the real
value of hy to be found out, one should go to the
right along the curve h, from the state N up to the
state A, and in that point the values hy - hy = hy to
be read.

Having in mind this explanation, the end state
3 of the nonequilibrium process A-3 in equilibrium
h,s-diagram, will be possible to be found in the
intersection of the nonequilibrium extensions of
the following equilibrium curves: the isobar p,, the
isotherm t; and the isometric v; (see the dashed
curves Py tyand vy in Fig. 8). All these nonequilib-
rium curves intersect in the state 3 that represents
the end state of the nonequilibrium process A-3,
namely 1-A-3. (Such evaluating of the end state 3
of one nonequilibrium process A-3 in the real h,s-
diagram is shown in the attachment 4.)

In the same Fig. 8, because of comparison, the
equilibrium isentropic process 1-A-2, whose end
state 2 lies on the equilibrium straights, p, = const,
t, = const and v, = const. is drawn. This gives the
answer to the question how it is possible the super-
saturated steam to have the same pressure with the
equilibrium wet steam p; = py = P, while the tem-
perature and the specific volume are smaller than
those of the equilibrium wet steam, ty < t, and
V3 < V.

In the same manner not only the end state 3
can be drawn, but also every other state of the su-
persaturation process A-3, which lies between the
pressures P, and p; = Py = P,.

librium extension)

7 Lylorens

&

25<0

S3 1=5A=52 =const 5

Fig. 8. Graphical determination of the end state 3 of the
nonequilibrium process of supersaturated steam A-3 in
equilibrium h,s-diagram in intersect of the nonequilibrium
extensions Py, ty and vy'. This figure is totally compatible with
the Fig. 4 in every their detail.

The nonequilibrium state 3 can also be drawn
in the equilibrium T,s-diagram (Fig. 9 [10, 11]) in
intersection of the isotherm T; = T3 and the exten-
sions of the isobar p, = p, and the isometric Vi
from the superheated region (see the dashed curves
in Fig. 9). The shaded area g < 0, under the curve
A-3, represents figuratively the part of disposal
internal energy of the equilibrium wet steam ¢ =
Aw < 0, which stays enslaved (or rejected) to the
extreme small nonequilibrium particles condensate
(This area is equal to the doted area in p,v-diagram
in Fig. 5.) In the same figure, due to comparison,
and the equilibrium isentropic process 1-A-2,
whose end state 2 lies on the equilibrium straights
p,= const, t, = const and Vv, = const is also drawn.

The drawing of the nonequilibrium state 3 in
the equilibrium p,v-diagram is shown in Fig. 5.
The state 3 is found in the intersection of the isobar
ps = P2 = P2, the isometric vertical line v; = vy and
the extension t3 of the isotherm t; from the super-
heated region (see Fig. 5). The doted area in Fig. 5,
marked with Aw < 0, represents figuratively the
same enslaved internal energy into the extreme
small nonequilibrium particles condensate as in
Fig. 9, because of that is Aw = q < 0. In the same
figure, due to comparison, the equilibrium isen-
tropic process 1-A-2, whose end state 2 lies on the
equilibrium straights p, = const, t, = const and v, =
const. is also drawn.
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Fig. 9. Graphical determination of the end state 3 of the
nonequilibrium process of supersaturated steam A-3 in
equilibrium T,s-diagram in intersect of the nonequilibrium
extensions Py, T3 = Ty and vy'. This figure is totally compatible
with the Figs. 8 and 4 in every their detail.

From the comparison of the flow of processes
1-A-3 and 1-A-2 in all three diagrams (Figs. 5, 8
and 9) it has been seen that everywhere total mu-
tual accord is reached from where it can be con-
cluded that the nonequilibrium part A-3 of the
process 1-A-3 proceeds exactly as it is previously
described.

5.2. Calculations of the supersaturated process A-3

These calculations will consider:

— first, the manner of numeric evaluations of
the exact value of the exponent of the curve of su-
persaturated steam A-3,

— second, evaluation of the enslaved energy at
the process A-3, and

— third, calculation of the properties in the end
state of supersaturation 3.

5.2.1. Evaluation of the exact value
of the exponents k

In chapter 2 it was said that the up-to-now au-
thors accepted the next values for the exponent of
superheated (K) and supersaturated (k') steam:
k =k' = 1.3. But these values are not quite exact,
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due to that it cannot be expected those results
which are shown in Figs. 5, 8 and 9 to be obtained.
Or in other words, these values of the exponents
cannot reach all nonequilibrium extensions py, ty
and vy to intersect in the same state 3.

Now the following question can be put: How
can the exact value of the exponent of supersatu-
rated steam k' be determined?

This value can be determined empirically,
giving different values of k' bigger than 1.3, until
the exact value is being found.

But, at the calculation of numeric examples
the author has found that the exact value of the ex-
ponent of supersaturated steam k' is very much in
accord with the value of k on the limit curve of
saturation X = 1, namely in the state A (Pa, ta, Va),
according Fig. 5 and the diagram in Fig. 20 in the
attachment 1. So, for example, for p, = 1 kp/cm® ~ 1
bar and t, = t; ~ 100 °C from the diagram the value
k = k' = 1.38 > 1.3 is read at which it achieves ap-
proximately the exact intersection of all three
curves (Pz, t3, V3) in one point, in the point 3, as in
the h,s-diagram and in the T,s-diagram, or more
exactly as in Figs. 8 and 9.

According to that, in order not to get lost time
during the looking for the exact value of k', the
author recommends, as the first starting value to be
accepted the value k' which obtains as the ratio of
the real specific heat capacities C, and c, for the
properties in the limit state of the saturated water
steam A (Pa, ta, Va), see Figs. 5 and 20, which
means the exponent k' to be looked for as the ratio:

k=P ; 2)
Cy

where the data for ¢, and ¢, in the equation (2), on
the basis of which the Fig. 20 is drawn, are taken
from Ref. [4], pages 440 and 441. If we are not
satisfied with obtained results with this value of k',
we can found the exact value of k' by giving differ-
ent values for k' bigger than that calculated from
the equation (2).

5.2.2. Calculation of enslaved energy

As it was explained in the chapter 3 the en-
slaved energy in the small particles condensate is
calculated as a difference between the absolute
works of comparable isentropic process A-2 and
the real process of the supersatutated steam A-3,
see equation (1). This difference in Figs. 5 and 6 is
represented with the dotted area.
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The absolute works Wa., and W43 in relation
(1), at condition p; = p, = p» and V3 = V3, can be
calculated according to the next relations, which
with the indexes in Fig. 5 should be:

1
Wp o = m( PAVA — PaV2), 3)

and

Wa_3 (pava - p3v3), “4)

k-1
where K is the exponent of the isentropic process
A-2, which is calculated according to the empirical
formula of Zeiiner as:

Xy + X,
k=1035+01x=1035+01| =], (5)

where X is the average value of the dryness X, = 1
and X,<1 of equilibrium steam in the states A and
2, while k' is the exponent of nonequilibrium adia-
batic process A-3, which is calculated according to
the equation (2), or as it was explained before.

For calculation the dryness in the state 2 the
pressure in the state 2 must be known. This pres-
sure can be treated as known because it is equal to
the end pressure of supersaturated steam:

P3 = P2= P2, (6)

and can be read, for example, from the position of
the corresponding Wilson line in the h,s-diagram
(see Fig. 22 in the attachment 2), as end pressure,
before the appearance of the little pressure rise in
the corresponding nozzle. In this manner deter-
mined pressure pP; = P,, the dryness X, can be de-
termined (at condition S = const) from the h,s-
diagram or analytically.

5.3.3. Evaluation of the properties
in the end states

To use the equations (3) and (4) the properties
in the starting state A and in the end of the corre-
sponding states 2 and 3 are needed, according to
Fig. 5. These properties are determined as it fol-
lows:

— the properties in the state A, pa and v, (Fig.
5) can be treated as known because they can be
calculated from the isentropic part of the process 1-
A in the standard manner;

— the end specific volume of the equilibrium
wet steam in the state 2, at the calculated exponent

k, according to the equation (5), follows from the
isentropic relation:

1

k

v, :VA(%j > (7
2

— the end specific volume of the supersatu-
rated steam in the state 3, at the calculated expo-
nent k', according to the equation (2), follows from
the adiabatic relation:

1

vy = VA[B—Z\jK . ()

With properties found in the states 2 and 3 the
absolute works at the processes A-2 and A-3 can
be calculated, according to the relations (3) and
(4), and at least the enslaved energy as their differ-
ence, according to the relation (1).

6. CALCULATIONS
OF THE RISING PROCESS 34

6.1. Short repetition

As it was said in the chapter 3, after reaching
the end of the supersaturation in the state 3 (see
Fig. 4), it comes to exploding the small nonequilib-
rium particles condensate in the space between the
conical sections 3-3-3 and 4-4-4, therefore it comes
to freed enslaved energy from the particles, in the
same quantity (la), but with the opposite sign,
g = Aw > 0. This freed energy is expressed through
the relation (1b), respectively 0 = Uy — U3 + W34 > 0,
where the first part of the energy u,—Us is spent for
increasing the internal energy of expanding steam
from U; to Uy, due to that it comes to the appear-
ance of the little pressure (and temperature) rise 3-
4 in the nozzle (see Fig. 4) while the second part is
spent for doing absolute work w;4 in the nozzle,
which is represented in Fig. 6 with the shaded area
3-4-i-g-3. At the end of this short repetition it
would be well to say that any graphical evaluation
of the properties in the end state of the rising proc-
ess 3-4 (according to the authors’ opinion) is not
possible. Here only analytical solution is possible
that will be exhibited in the following text.

6.2 Preliminary calculation

In order to start any calculation of the proper-
ties in the end state 4, a possibility should be found
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for the analytical expression and calculation of ab-
solute work which is obtained at the process 3-4.
This work could be analytically calculated if it is
supposed that for the process 3-4 (Fig. 6) the same
relations of ideal gases as for the process A-3 can
be used, but not with the adiabatic exponent k°,
already with adiabatic exponent k", which corre-
sponds to the process 3-4.

This supposition could be accepted as possi-
ble because the process 3-4, also as the process A-
3, for which used these relations were, is proceed-
ing in the same low pressure region of the wet
steam. It means, that if for the supersaturating
process A-3 the relations of ideal gases are applied
successfully then why they could not be used for
the rising process 3-4, too.

The only difficulty at using these known rela-
tions and for the rising process 3-4 is that the nu-
merical value of the exponent k" is unknown. The
magnitude of this exponent could be determined by
the experimental results and the conditions that:

— the properties in the state 3 (ps, V3 ) are
known from the previous calculations in chapter 5;

— the pressure after the rise ps (Fig. 6) can be
treated as known, because it can be measured with
the manometer as in Fig. 4, or to be read from any
already made experiments, as those in Fig. 10, for
the corresponding type of nozzle, as a product:

Py =¢P, ©)

where ¢is the dimensional pressure ratio, while p,

is the starting pressure of the steam in the entrance
of the nozzle;

— the wetness of the steam in the equilibrium
state 4, which is reached after the pressure rise 3-4,
can also be measured. That measuring can be done,
for example, according to the separation method,
which is schematically shown in Fig. 11. This
method is applied successfully not only in the labo-
ratory, but also in the working condition, at tur-
bines that are in power. The errors which appear at
the measuring of wetness with this device are not
bigger than £2,5 %. The principle of work of this
device is based on the physical separating of gase-
ous and liquid phase of the steam in the separators
1 and 2. The device works on the following man-
ner: with a tiny pipe as in Fig. 11 the steam is
taken out from the nozzle in that place in which we
want to measure the wetness of the steam (in our
case in the equilibrium state 4). The steam which is
taken out in that way is led through the separators
1 and 2, in which, the difference in the weight of
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the gaseous and liquid phase of the steam appears
and it comes to physical separating of drops con-
densate from the dry steam which further on is
leading towards the condenser 3.
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Fig. 10. Fall of pressure and appearance of the little pressure
rise at expansion of water steam in convergent and Laval
nozzles at different starting states of the steam:

1) At, =77.4°C, 2) At, = 56.4°C, 3) At, =33.5°C,

4) At; =15°C, 5)y,=0%, 6)Yy, = 5%, where: At; _degree
of superheated steam, y; — starting moisture of the steam,
&= p/p,—pressure ratio between the pressure in any section p,
and the entering pressure in the nozzle p;, which is equal
in the all 6 cases. (Taken from [2].)

By measuring the masses of condensated
steam M, and the drops of liquid m (Fig. 11), the
wetness of the steam is determined as ratio:

mt

m, +m,

y , (10)

or its dryness as X =1—Y , or for the state 4:

X,=1-y,. (11)
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Fig. 11. Separating device for measuring of moisture of steam
in the nozzles. (Taken from [2].)

In this manner, knowing the two measured
properties of the steam in the equilibrium state 4
(P4 and X4) can be determined and the other proper-
ties in that state (Vy4, hy, S4, Uy) through the known
relations for the equilibrium wet steam, v, =
VHXg(V"-V"), hy = h'+xy(h"-h"), etc.

But, regrettably, in the literature that the au-
thor has at hand, measured values for the dryness
of the steam after the pressure rise can not be
found, although they, as it was previous said, can
be measured. Therefore, in the further explanations
looking for the simplest manner for calculation of
the properties in the end of the pressure rise, in the
state 4, it will be accepted that we have measured
values, not only for the pressure rises as in Fig. 10,
but also for the dryness of the steam in the end of
these rises, too.

With such an acceptance, the calculation of
the empirical exponent k" of the rising process 3-4
for any experimental curve from the Fig. 10, will
proceed in the following manner:

At first, for the chosen curve in Fig. 10, the
pressure in the end of the rise will be determined,
according to the relation (9), as p, = &p,, after

which, at the experimentally known dryness X4, see
equation (11), the specific volume of equilibrium
wet steam in state 4 could be determined, accord-
ing to the relation for the equilibrium wet steam,
Vs - V' + Xg (V'=V'). With these two experimental

values, and the adiabatic relation placed for the

rising process 3-4, p,v¥ = p,v¥, the numeric
value of the empirical exponent k" could be calcu-

lated as:

k"= lg(p?)/ p4)
Ig (v4/v3)

This exponent regularly has a negative value
which moves in confines —co < k" < 0, because the
rising process 3-4 (Fig. 6) lies somewhere between
the isochoric process Vs = vy = const, whose expo-
nent is N = — —oo, and the isobaric process p; = P,
= const, whose exponent is N = 0. From this fol-
lows that the process 3-4 proceeds at the negative
exponent k" < 0 that is alike to the combustion
process in the Otto machines.

. (12)

After determining the value of the exponent
k" the absolute work ws_, which is acting during the
rising process 3-4 (Fig. 6) could be calculated, ac-
cording to the adiabatic relation:

W;_ 4 = ﬁ(p% - p4V4) . (13)

At the calculated w;4 and known amount of
the total released (enslaved) energy g = Aw > 0 at
the rising process 3-4, it will be able, on the basis
of the relation (1b), to determine the part of the
released energy which is spent to increase the in-
ternal energy of the steam from U3 to Uy:

U — Uy =q—W, ,. (14)
By dividing the obtained absolute work wj; 4

and the total released heat at the rise, g = Aw > 0,
their ratio could be determined:

W,
q

which is mainly constant and characteristical for
defining the type of nozzles as the exponent of the
rise kK", too.

=Z, (15)

According to that, in this manner determined
Z, and calculated g = Aw > 0, according to the
equation (1), in future calculations the absolute
work which is obtained at the rising process 3-4, as
product of Z and q can easily be determined:

W374 :an (16)

while the increase of the internal energy of steam
at the rise 3-4 as:

u,-u,=(-2)q, (17)
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which is clear that their sum must be equal to the
total released heat q = Aw > 0 at the rise 3-4:

Zq+(1-Z)gq=q=Aw. (18)

If at the determination of Z and k" we want to
achieve bigger average exactness for the observed
nozzle then we should repeat the previous calcula-
tion for the 6 expansion curves in Fig. 10, namely
for the curves 1, 2, 3, 4, 5 and 6 and from the ob-
tained results for Z,, Z,, Zs, Zi, Zs, Z¢ and
K", k,",k;",k,",k;",k," to find the arithmetic

average for Z and k" as:
L AL AL+ L+ L+ L
- 5

z , (19)

and
B kl VV+k2H+k3H+k4 H+k5 "+k6H
5 .

k"

(20)

6.3. Final calculation of the properties
in the end of the rise

In this way determined values for Z and k" the
analytical calculation for the corresponding type of
nozzle (for which the values Z and k" are found)
would be acting in the following manner.

First, in the previously described manner the
exponent of supersaturated steam k' and the proper-
ties of supersaturated steam in the end state of super-
saturation 3 (ps, V3) would be determined. After that,
according to the equation (1) the enslaved energy of
the steam Aw = q < 0 would be calculated, which is
equal to the released energy Aw = q > 0 at the ris-
ing process 3-4, after which, according to the rela-
tion (16), the part of released energy would be
found, which is transformed in the absolute work
at the rising process 3-4:

Wy, = Zq. (a)

At known numeric values of ws4 and k" the
relation (13) can be placed, respectively:

Wiy = ﬁ(pzvz - p4V4) ) (b)
in which p; and v; are unknown. On the other hand
between the properties in the states 3 and 4 is valid

adiabatic relation, from which one of the both un-
known in relation (b) can be expressed as:

Vv, = v{&jk" , ()
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and with the change of (c) in (b) the relation (b) is
obtained in which only one unknown exists, re-
spectively the pressure after the pressure rise pq:

1

W
W 4 = ﬁ psv; — sz(%j . (d)

4

By rearranging of (d) the definitive relation
for calculation of the end pressure p, of the rise 3-4
(Fig. 6) in Pa can be obtained:

K"

"_ m
P, = [ S W3‘j‘/(klf ) ] . @
Vs(ps)

With the change of the found p, in relation (c)
the specific volume of the equilibrium wet steam in
the end state 4 is obtained as:

1

v, = v{&jk" . (22)

From the known relation for the specific vol-
ume of the equilibrium wet steam, in this case
placed for the state 4, v, = V'+X,(vV"-V"), the dry-

ness of the steam in that state can be determined:
V=V

= V-V

(23)

and with it the rest properties in the equilibrium
state 4, through the known relations:

h, = h+x, (" =h' ), (24)

S, =s+X,(s" —=s"), (25)

where V', V", h', h", s', s" can be determined (with
interpolation) from the steam tables.

With these properties the state 4 and its posi-
tion in the equilibrium diagrams i,s, T,S and p,v is
totally defined. From the state 4 and further on the
process in the nozzle is solute standard and due to
that it is not attached here.

In this manner, through the previous deter-
mining of the values Z and k" for the determined
type of nozzle, all phenomena which would appear
in the defined type of the Laval nozzle, at expan-
sion of slightly superheated, saturated or wet steam
in them, could be, in advance (without measuring),
anticipated and on the basis of that to do the cor-
rect heat calculation which will represent the basis
for its dimension and construction.
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If the angle of ascend of the pressure rises in
Fig. 10 is compared with the angle of ascend of the
pressure rises for the other Laval nozzles (see, for
example, the Laval nozzle shown in Fig. 12) it
could be noticed that between them these is a big
similarity. It leads to the thought that the character-
istic constants Z and K " found for one type of the
Laval nozzle could be used with sufficient exact-
ness and for any other type of Laval nozzles.

1 1 1 ] I 1 t
=20 [} 20 40 60 80 100 MM

Fig. 12. Fall of pressure and appearance of the little pressure
rise at expansion of water steam in plane Laval nozzle
at different starting states of the steam:
1) At; =163 °C, 2) Aty=123 °C, 3) At; =117 °C,
4) At; =106 °C, 5)y; =3%, 6)y; =4%, where At;, y; and
£=p/p, are the same as in Fig. 10. (Taken from [2].)

It would be well to discuss the Fig. 13, which
is drawn on the basis of data of the pressure rises
in Fig. 10. From this figure it can be seen that the
magnitude of the pressure rises in Fig. 10 depends
on the magnitude of released energy Aw = > 0 at
the rising processes 3-4 (see the dotted areas Aw =
g > 0 in Fig. 13 for the corresponding curves 1, 2,
3,4, 5 in Fig. 10). From this comparison it is seen
that the pressure rise is the biggest for the saturated
steam (for the curve 5) because for that curve the

dotted area is the biggest. It means that by super-
heating the steam the process of supersaturation
starts later therefore the rise appears deeper in the
nozzle and is smaller, see the curves 4, 3, 2, 1.
From the Figs. 10 and13 it can also be seen that the
magnitude of the pressure raises decreases with
decreasing of the dryness of the steam, see the
curve 6 in Figs. 10 and 13. In this case the rise is
smaller because with decreasing of the dryness of
the steam and the dotted area decreases. For this
case the Wilson line W in Fig. 13 is translated
downward in the p,v-diagram on the new lower
position W’. This whole discussion is also totally
valid for the pressure rises in Fig. 12.

py=const

x=0

Fig. 13. This figure corresponds to the pressure rises in Fig. 10
which shows how the magnitude of the pressure decreases
rises along the axis of the nozzle depending on the initial
superheating or initial moisture of the steam

7. PROOFS FOR VALIDITY
OF THE FIRST AND SECOND LAW
OF THERMODYNAMICS THROUGH
THE NEW THEORY OF SUPERSATURATION

A comparison will be made between the non-
equilibrium process 1-A-3-4-5 (Fig. 14), which
proceeds with supersaturation of the steam in the
part A-3 and the pressure rise in the part 3-4, with
an eventual equilibrium isentropic process 1-A-2-6
which would proceed from the same initial state 1
to the same exit (surrounding) pressure ps = Ps =
Psur- At this explanation the friction is neglected in
all parts of the mentioned processes.

This comparison will be made to prove that
the first and the second law of thermodynamics are
fully valid as for equilibrium also and for nonequi-
librium processes and that all which was explained
and proved in the previous chapters for the phe-
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nomena of supersaturated steam which is based on
these two laws.

In this comparison the following question
arises as fundamental: In which place of the pressure
rise will the new equilibrium state of steam reach?
a) In the state M which lies on the isentropic proc-
ess 1-A-2-6 (see Fig. 14) or b) in the state 4 which
lies over the isentropic process 1-A-2-6.

<y

Va V3 Vo

Fig. 14. Repeating of Fig. 6 joined by the important point M
in p,v-diagram

a) If it is assumed that the new equilibrium
state after the pressure rise will be reached in the
state M, which lies on the isentropic process 1-A-
2-6, an error will be involved in respect to the first
law of thermodynamics due to the released en-
slaved energy Aw = q > 0 and eventual reversal of
the nonequilibrium process A-3 in equilibrium
condition through the nonequilibrium rise 3-M, a
part of the available energy of the steam repre-
sented with the area (A-M-3-A) = Aw,, would re-
main permanently lost. In order to make this
clearer it could be assumed that in the nozzle the
following two processes proceeded: the equilib-
rium, purely isentropic process from 1 through A-
M-2 to the exit state 6 and the nonequilibrium
process from 1 through A-3-M to 6. From this dis-
cussion it comes out that both processes started
from the same initial state 1 and ended in the same
exit state 6, reaching totally the same exit values
(Ps» ts, hg,... etc.), but the process 1-A-3-M-6 pro-
vides less technical work in relation to the process
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1-A-M-2-6 for the amount of the area Aw; = (A-M-
3-A). From here it follows that during the proceed-
ing of the nonequilibrium process 1-A-3-M-6 a
part of the energy system in the amount Aw, = (A-
M-3-A) is permanently lost, which is inadmissible
from a viewpoint of the law for conservation of
energy, i.e. the first law of thermodynamics, ac-
cording to which the energy in a system must al-
ways be constant. It means, if a part of the energy
in any system is "lost" this part should immediately
and in the same amount appear in some other form
(as for example, in form of an increased heat en-
ergy of the system or in some other form), which
was not the case with the considered assumption in
which the energy loss of the system Aw, = (A-M-
3-A), is permanent. For these reasons, it is not
reasonable to consider this case further, from a
viewpoint of the second law of thermodynamics,
when the first law is not satisfied.

b) The first and the second law of thermody-
namics would be fully satisfied if only an assump-
tion is made that the nonequilibrium process A-3
would be equilibrated, due to the released enslaved
energy Aw = > 0, at the proceeding of the non-
equilibrium rising process 3-4, whose final state 4
lies somewhere above the isentropic curve 1-A-2-
6. Therefore, all properties of the newly created
equilibrium wet steam in the state 4 (Ps, ts, Va4, Us,
hy, s4) must be bigger than those in the state M,
which lies on the isentropic curve 1-A-2-6, in order
to have an accurate energy balance (without a per-
manent energy loss) not only during the equilib-
rium process 1-A-2-6, but too during the nonequi-
librium process 1-A-3-4-5, also. From here it fol-
lows that the new equilibrium state after the pres-
sure rise (4) should lie on a bigger isentropic curve
S4 > S; = S¢ = const in relation to the equilibrium
process 1-A-2-6; in this case and the enthalpy of
the steam in the exit state 5 should be bigger than
the one of the equilibrium exit state 6, hs > hg (see
Figs. 14 and 15).

From the comparison of the technical works
which would be obtained from the equilibrium
process 1-A-2-6 (Figs. 14 and 15):

W, = (a-1-A-2-6-d-a) = h;—h, (a)
and the nonequilibrium process 1-A-3-4-5:
w," = (a-1-A-3-4-5-d-a) = h;—hs, (b)

it is clearly seen that the nonequilibrium process
gives less technical work for the amount:

Aw, =w, —w,'=h; — h, . (c)
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hi

—awt=hs-hg

Fig. 15. The same as in Fig. 14 but transferred in h,s-diagram

In this manner, besides the first law, and the
second law of thermodynamics is simultaneously
satisfied, too, because at totally equal energy bal-
ance in both processes, the nonequilibrium process
1-A-3-4-5 (due to the nonequilibrium in its parts
A-3 and 3-4) gave smaller technical work for Aw,
and a steam with bigger exit enthalpy hs = hs + Aw,
> hg at simultaneous total increase of the entropy
of the system, AS = S5 — 5; > 0, in relation to the
system of the equilibrium process 1-A-2-6 in
which As=5,—5,=0.

From this discussion it has been seen that the
part which has non been obtained as a technical
work from the process 1-A-3-4-5 has not been lost
anywhere since it is obtained as a heat energy at
the exit of the system. According to that, the part
Aw, will represent this part from the total available
theoretical technical work of the system Aw, =
h,—hs, Eq. (a), which is degraded (it left the system
in a form of low-quality heat energy) due to the
nonequilibrium proceeding of the parts A-3 and 3-
4 in the process 1-A-3-4-5. This degradation of
energy, according to the second law of thermody-
namics, which is known as a law of degradation of
energy, leads to total increase of entropy of the
system (in which the nonequilibrium process 1-A-
3-4-5 is proceed) for the amount:

AS =84— S5, =55—5;>0. (d)

The nonequilibrium parts A-3 and 3-4 of the
process 1-A-3-4-5 up-to-now, maintly from practi-

cal reasons, have been considered separately in
order to be able from the first part A-3 to calculate
the exponent k ', the properties in the state 3 and
the quantity of the enslaved energy Aw = g < 0,
while from the second part 3-4 to define the ratio
Z, the exponent k" and the properties in the state 4.
However, from a view point of the second law,
these two nonequilibrium parts should always be
considered as an unity A-3-4. Then, it becomes
quite clear why at the proceeding of the total non-
equilibrium process A-3-4 the entropy of the sys-
tem is increasing for AS = ASiesuttant = S4 — Sa > 0,
although in the first part A-3 it decreases for ASy.;
=83—54< 0, due to Aw = q < 0, while in the sec-
ond part 3-4 it increases for AS;.4 = S;— S3> 0, due
to Aw = g > 0. This conclusion in essence follows
from the known fact that the change of a property
of state does not depend on the way of change but
only on the magnitude of the properties in the ini-
tial and final state of the process. This fact enables
the nonequilibrium parts A-3 and 3-4 to represent
through their fictive resultant process A-4 (see the
curve dot-line in Figs. 14 and 15) from which it
can be seen that the entropy of the system at pro-
ceeding of the nonequilibrium process A-3-4, i.e.
A-4, is steadily increasing (in this case for the
amount AS = ASesuitant = S4— Sa > 0).

If we remember to that what was exception-
ally emphasized at the beginning of this discussion
that at comparison of the equilibrium and nonequi-
librium processes 1-A-2-6 and 1-A-3-4-5, the fric-
tion was neglected in both processes, then it be-
comes clear that a process even and when the fric-
tion is completely neglected shall be irreversible if
the whole mass of fluid is not in complete internal
equilibrium.

In the thermodynamics many examples are
known from which it can be seen very clearly the
irreversible character of an actual process when the
appearance of the friction comes to lose a part of
the available technical work of the system, as for
example, during actual expansion processes of flu-
ids in nozzles, in piston machines and in other de-
vices. However, up to now there is no example
from which it can be seen so clearly (as in Figs. 14
and 15) the loss of a part of the available technical
work of the system Aw, and the irreversible charac-
ter of the whole process as a result of the internal
nonequilibrium of the fluid. The author is in opin-
ion that the case of supersaturated steam, which is
explained in this work, represents, now for now,
the first and the most convincing example of the
classical thermodynamics from which the irre-
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versible nature of a process can be seen if at his
proceeding (besides other conditions) and the con-
dition for internal equilibrium of the fluid. is not
fulfilled

8. SUMMARY OF THE UP-TO-NOW
DISCUSSED PHENOMENA
OF THE SUPERSATURATED STEAM

With the exhibitions in previous chapters the
author of this work has confirmed the previously
noticed (but not proved) nonequilibrium character
of the supersaturated (metastable) steam. He has
also proven why that steam is nonequilibrium and
why after the supersaturation of the steam it comes
to the appearance of that sudden pressure rise in
the Laval nozzles, after which the steam begins to
condense regularly. From these proofs the author’s
conclusion follows that the metastable steam,
such as it was up to now explained and defined,
does not exist in reality and therefore would be
the best to give it a new, more corresponding name,
as, for example, nonequilibrium wet steam, be-
cause up-to-now its name nothing has said to any-
body, but only it has led to contradictions, confu-
sions and mistakes.

9. OTHER EXAMPLES FOR EXISTING
OF THE METASTABLE STATES

In this paper other examples for existence of
metastable states in the substances, mentioned in
the existing literature will be discussed shortly.
Between them as more interest will be discussed
the following:

9.1. Heating of droplets water dived into oil

The previously mentioned heavy contradic-
tions about the up to now definitions of the metast-
able states, do not exhaust with the example of su-
persaturated steam, because in the literature (see
Ref. [1], page 139) as a proof of existing of the
metastable states is mentioned and the example of
heating of droplets water dived into oil with same
density as the water, Fig. 16, which have not
evaporated up to temperature of 180°C, although
the pressure (of the oil and droplets) has been ap-
proximate equal to the atmospheric pressure.
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Fig. 16. Heating of droplet water dived into the oil
with the same density as the water up to 180°C (??)

As far as this example is concerned, it is in
principle totally contradictory in relation to the
new comprehension for the nonequilibrium charac-
ter of the metastable states, which follows from the
extreme velocity of proceeding the expansion
processes and from insufficient relaxation time.
The contradiction of this example consists in it that
the heating of the droplets water in oil is a re-
markably a slow process (in relation to the extreme
rapid process of supersaturation of the steam in the
nozzles), but in literature it is mentioned as an ex-
ample of metastable state. In this case we must ask
ourselves what is metastable in it (??). That the
droplets water have not evaporated up to 180°C is
only one illusion but not metastable process,
because for that nonevaporating it another, physi-
cally more acceptable explanation can be found.

Due to explanation of this appearance, the au-
thor of this work has analyzed three eventual proc-
esses, 1-2, 1-3 and 1-4, which are showed in Fig.
17.

P
-
P2
P1=P, b |
/
[
)
P3 l
D:O 3\ ;f -
p<0 U Negative absolute Vv

pressures

Fig. 17. Presentation of the eventual physically realizable
processes, 1-2, 1-3 and 1-4, for the case shown in Fig. 16
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The first of these three processes, namely the
process 1-2, is physically not realizable because
due to the heating of the droplets the pressure in
the droplets must be 10,2 bar, or so big as it corre-
sponds to the temperature of saturation of the water
into the droplets of 180°C. Something like this is
not possible because on the basis of all that is
known up to now the membrane of the droplet
could not stand such a big pressure in no case.

The second possible process, 1-3, or more
precisely the Van der Waals’ behavior of the drop-
lets also is not physically realizable because the
temperature in the droplets must stay constant (=
100°C) in relation to the surrounding oil which
would reach temperature of 180°C. This is impos-
sible due to the existing transfer of heat from the
warm oil to the cooler water in the droplets. Be-
sides it and the pressure in the droplets must also
become lower and lower than the pressure of the
surrounding oil (of =1 bar) with tendency to be-
come negative (??) (see Fig. 17), which is ex-
tremely unbelievable, impossible and absurd.

As an unique physically realizable process
in this case the process 1-4 is imposing, what
shows that this case is only a bit an unusual exam-
ple of capillary appearance, which can be ex-
plained with partially isobaric-isothermal evaporat-
ing of one part of the mass of the droplets water
under the membrane of the droplets (see Fig. 16).
In this case the membrane of every droplet would
have the same role as a cylinder with free moving
piston in which the water droplet is placed. In this
manner, or more exactly, with transfer of heat from
the warm oil toward the droplets and with partially
evaporating of the water under the membrane of
droplets, the membrane of droplets would expand
and extend isobaric-isothermal (but no metastable)
up to the exploding of the droplets, which would
happen at atmospheric pressure and at the tempera-
ture (of mixture water-steam) in the droplets of
~100°C, but not at the temperature of oil (and wa-
ter) 180°C, as it seems at first sight. This shows
that the exit at the explanation of any a bit unusual
appearance must not be always looked-for in the
metastable states.

In this case it is interesting the note of those
authors who mention this experiment (see Ref. [1],
page 139) that it must be done very carefully be-
cause “the metastable" state would disintegrate
earlier. However, according to the author of this
work, this carefulness is not necessary due to some
"specialty" of this experiment, but because the
membrane of droplets is so weak that even at the

smallest shock they could explode and at tempera-
tures much lower than 180°C (and in such a case it
could not reach the "metastable" state).

9.2. Cooling of water in little blinded glass
ampoules

As one of the oldest examples for existence of
the metastable states at the real substances, in lit-
erature the cooling of water in little blinded glass
ampoules is mentioned (see Ref. [6], page 121),
which was done by Berthelot (1850). From these
experiments it has followed, not only that the me-
tastable states are possible at the real substances,
but that it is possible and that which in Physics was
considered as absolutely unreal and impossible, or
more exactly, that and negative absolute pres-
sures are possible (see Ref. [6], page 121, and
Ref. [9], page 119). Later (1873) because such
pressures were announced by the famous Van der
Waals equation (see Fig. 1) nobody dared to doubt
or oppose correctness of those experiments.

As far as these proofs are concerned for the
existence of negative absolute pressures into the
ampoules, it could be said that these "proofs" have
been proved only by calculation, on the basis of
different coefficients of thermal extension of water
and glass, which in principle must not be accepted
as an experimental proof that they exist in reality
(because they are not experimentally proved but
only calculated). To this could be added that it was
always noted that those experiments were done at
some "special conditions” which include that the
glass and water in the ampoules must be excep-
tionally clean and alike. However, nobody has
asked about some more usual things, as, for exam-
ple, why those experiments have been done in lit-
tle glass ampoules in which nothing can be seen
nor measured, but has not been observed, for ex-
ample, the cooling of that same water in some big-
ger glass vessel where measuring instruments
could be enclosed, and with real measurements
(not with calculations) the existence of "that some-
thing" to be proved for which it was asserted that
exists.

In this work the author has proved experimen-
tally (with slowly isochoric cooling of saturated
water in a bigger glass vessel, Fig. 18, a and b,
which in principle is totally the same with the iso-
choric cooling of water in the ampoules) that the
metastable states and negative absolute pressures
(as those in Fig. 1) do not exist nor can exist, as it
will be shown below.
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Fig. 18. Slowly cooling of clean (redestilated) saturated water
in a closed glass vessel

From the experiments which the author of this
work has been doing with totally clean (redesti-
lated) water in apparatus shown in Fig. 18, it can
be seen clearly that the warm, or saturated liquid,
which has been left to cool slowly in the closed
vessel (see Fig. 18-a), after the free cooling in sur-
rounding it has not stayed in a clear liquid state as
in the ampoules, but it has evaporated (see Fig. 18-
b) quite normally and according to all known laws
of physics and thermodynamics. At that cooling,
the pressure in the vessel was falling very low (see
Table 1), but at none experiment it has showed ten-
dency to become smaller than zero. It tends only
toward zero, p >> 0, that is quite logical and law-
ful, but never has reached zero nor has passed zero.
This can be clearly seen from the diagram in Fig.
19, which is drawn on the basis of data for p and t
from Table 1 obtained from the measurements with
the apparatus in Fig. 18. As information, the glass
vessel in Fig. 18 has been equal to 2235 cm’.
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Fig. 19. The curve p = f (t) obtained on the basis data
from Table 1
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Table 1

Measuring data from the experiment made with
the apparatus shown in Fig. 18.

Number of Temperature Quantity of ~ Gage Absolute
measuring  in vessel steam pressure  pressure
t°C  d(mm) p,(mmHg) p(mmHg)
1 74.0 - +15 750.6
2 72.0 - -195 540.6
3 68.0 5 —465 270.6
4 64.5 12 —488 247.6
5 62.5 18 =517 218.6
6 60.0 23 —538 197.6
7 57.0 30 -569 166.6
8 53.5 40 -592 143.6
9 50.0 47 —628 107.6
10 41.5 63 —674 61.6
11 35.8 90 —695 40.6
12 11.0 106 725 10.6

On day 5. IV. 1985 when this experiment was done the atmo-
spheric pressure in Skopje was equivalent to py = 735,6 mmHg

From these (author’s) experiments it has fol-
lowed that "that” which has happened in the am-
poules is an usual capillary appearance, which is so
much stressed as the vessel (or the ampoule) in
which the experiment has been done is smaller.
However, and in the other hand at the isochoric
cooling (or heating) of water in ampoules there is
nothing metastable, because that process is very
slow (and equilibrium) in relation to the flow of
the supersaturated steam in the nozzles, which is
proclaimed as a metastable process because that
process is proceeding extremely rapidly, or more
exactly, at insufficient relaxation time, which is not
the case with ampoules.

In literature other examples can be found and
for “existing” of metastable states at the real sub-
stances, as, for example, at the flowing of saturated
liquid (water) through convergent nozzles. These
examples should not be discussed in this work, due
to saving space in the paper, although acceptable
physical explanation could be found as for before
discussed “metastable steam”.

10. CONCLUSION

From all that has been said until now the au-
thor of this work concludes that all those things
which could not have been explained up-to-now
physically they have been thrown in the same bas-
ket for the metastable states.
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The exit from this chaos, which has become
due to the up-to-now contradictory definitions for
the metastable states the author of this work has
found in the physical explanation of all previously
mentioned "special" processes, only from the as-
pect of equilibrium thermodynamics, which distin-
guishes only two states, equilibrium and nonequi-
librium states, and no more. On the basis of those
explanations the author of this work has come to
the conclusion that the metastable states such as
they were defined and comprehended up to now
do not exist in reality. According to that, all those
before mentioned special (processes and) states
that have looked like metastable states are nothing
else but only usual nonequilibrium (or equilibrium)
wet steam. Depending on this conclusion the au-
thor of this work believes that in this work a totally
clear and lawful answer is given to many funda-
mental questions on which, according to the au-
thor’s opinion, the science up-to-now has not given
a total clear and satisfactory answer. These ques-
tions are the following:

1. What is supersaturated steam and why does
it come to supersaturation of the steam?

2. Why does it come to subcooling of the su-
persaturated steam?

3. Why does it come to appearance of the
pressure and temperature rise in the Laval nozzles,
when slightly superheated, saturated and wet steam
expands in them?

4. Why does that pressure rise displace along
the axis of the nozzle, toward the exit, or toward
the entry, in dependence on the initial state of the
steam, and why does the magnitude of the pressure
rise change in dependence on that whether the
starting state of the steam is superheated, saturated
or wet (see the end of chapter 6.3)?

5. Why does after the appearance of pressure
rise the steam begin to condense (see the blue fog
in Fig. 4 and the explanation in attachment 3)?

6. Why does it come to the displacement of
the Wilson lines in the h,s-diagram, when the en-
tering steam is wet (see Figs. 10 and 13)?

7. Why does it come to refraction of isen-
tropic curve of the water steam in the p,v-diagram
at its passing from superheated to wet region (see
attachment 3)?

8. How is the empirical exponent of super-
saturated steam estimated (see attachment 1)?

9. How are the properties of supersaturated
steam estimated in the end state of supersaturation
(3) and in the end of the pressure rise (4) when the

friction is not taken in consideration (see chapters
5 and 6)?

10. The author has proved experimentally that
at isochoric cooling of water in a bit bigger vessel,
which in principle is totally equivalent to the cool-
ing of water in a little blinded ampoules, no me-
tastable states nor negative absolute pressures can
be reached (as it is mentioned in existing litera-
ture).

11. The author has given one physically ac-
ceptable explanation for the phenomenon of heat-
ing of droplet water in oil with the same density as
the water without need for that explanation to refer
to the metastable states.

12. The author has pointed out that the super-
saturation of steam in the nozzles does not depend
on velocity of the flow (whether Ma > 1, or Ma <
1) but only on the acceleration of fluid.

13. The author has pointed out how the non-
equilibrium processes and states could be drawn
and represented conditionally in the equilibrium
diagrams, p,v, h,s and T,s (see Figs. 5, 8 and 9,...
etc.).

In these 13 points the author of this work has
mentioned the things for which he thinks that are
new in the represent work "A Few Proofs for Non-
existence of the Metastable States".

ATTACHMENT 1
DISCUSSION FOR THE ISENTROPICS
EXPONENTS k' AND k OF THE WATER STEAM

In the up to now literature (Ref. [2], [3], [5],
[6], [8], etc.), the numeric value for the exponent
of the supersaturated steam k' is adopted equal to
the value of the isentropic exponent of the super-
heated steam k = 1.3, considered as ideal gas. Ac-
cording to that, up-to-now the values k" =k =1.3
are adopted. However, these adoptions are very
erroneous, which could be seen from the real val-
ues of the true specific heats c, and ¢, for water
steam given in Ref. [4], pages 440 and 441. From
the ratio of these specific heats, c,/C, = Kk, which is
calculated for some pressures, e.g., for pressures 1
kp/cm® and 5 kp/cm’, it can be seen that this ratio
shows noticeable discrepancy from the up to now
adopted value 1.3, and so much more, as the state
of the steam is nearer to the curve of saturation,
x=1. This is still clearly seen from the curve of
the exponent of the superheated steam k = f(p, t) in
Fig. 20, which is drawn on the basis data for ¢, and
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¢, from Ref. [4], for pressure 1 kp/cm® ~ 1 bar.
From this curve it can be seen that the up to now
adopted value 1.3 could be used with satisfying
exactness only for high superheated steam, but not
for superheated steam in vicinity of the curve of
saturation, X = 1, and exceptionally not for the su-
persaturated steam whose (nonequilibrium) states
are found under the curve of saturation, X = 1, see
the extrapolated (dashed) curve of the supersatu-
rated steam k' = f(p, t) in Fig. 20.

t°CA
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2001

Region of
superheated steam

150

i = 2
100 Saturation for p=1 kpfom

L /\ Region of wet and
50t k' =f(p.t) \.  supersaturated steam
~

V12

Fig. 20. Graphical presentation of the ratio k = ¢, /¢, - (p, )
obtained on the basis of data for true specific heat capacity
C, and ¢, for water steam. (Taken from [4].)

The part k' = c,, /¢, - f (p, t) is the extrapolated part
of the curve k_f (p, t) from superheated to the wet region.

On the basis of the proof shown in Fig. 20,
the author of this work has adopted, at the numeric
calculations in his work, as much more exact value
for the exponent of the supersaturated steam that
value for k" which is obtained with dividing of the
true specific heats ¢, and ¢, for saturated steam in
the given case. For example, if the pressure in the
state A (see Fig. 2), when the supersaturation
starts, is 1 kp/cm’~ 1 bar, then the exponent of the
supersaturated steam must be the least k' = 1.385
(see Fig. 20) and as it is seen it is much bigger than
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the up-to-now adopted value k' =k = 1.3, as for
ideal gas. These new values for k' have given an
excellent result at the numeric calculation in this
work (see, for example, one such solution shown in
attachment 4).

ATTACHMENT 2
WILSON LINES AND WILSON ZONE
FOR DIFFERENT TYPES OF NOZZLES

In Fig. 21 8 types of nozzles are represented
with which the experiments of Stepanchuk, Sal-
tanov and Ciklauri were done, mentioned in the
literature [2] of this work. The measured data for
every of these 8 nozzles are shown in Fig. 22. So,
for example, the measured data for the nozzle N° 5
from Fig. 21 are marked in Fig. 22 with the sign A.
Their measuring represents the start and the end of
the expansion process up to the pre-appearance of
the little pressure rise (see the magnitude H,), for
different starting superheating of the steam at the
same pressure, as, for example, for the pressure 2
bar for the nozzle N’ 5. The end states of these ex-
pansion processes lie on the same end line in the
h,s-diagram that is called Wilson line. The line is not
drawn in Fig. 22 but for the nozzle N° 5 it lies a bit
over the curve with constant dryness X = 0.96 kg/kg
(see the end states A a bit over the curve). For each
of these 8 nozzles shown in Fig. 21 can be drawn
one particular Wilson line. All Wilson lines to-
gether lie in the region between the dryness
x=10.96 and x = 0.93 (see Fig. 22). This region is
called Wilson zone. It comes that every expansion
of superheated, saturated or wet steam regardless
of the starting state and the type of the nozzle fin-
ished in the Wilson zone.

Be—gg
mg@‘ E

Fig. 21. Convergent and Laval nozzles with which the
experiments of Stepanchuk, Saltanov and Ciklauri are done.
(Taken from [2].)
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Fig. 22. Defining the position of the Wilson zone in h,s-
diagram on the basis of the experiments made with the nozzles
in Fig. 21. The symbols H, H, O,...,in this figure represent the
start and the end of the expansion process up to the pre-appea-

rance of the little pressure rise (see the magnitude Hy) for the

used nozzles from Fig. 21, where symbols are: H-nozzle N°1,
H-nozzle N°2, O-nozzle N°3, X-nozzle N°4, A-nozzle N°5,

0O-nozzle N°6, O-nozzle N°7, A-nozzle N°8. (Taken from [2].)

ATTACHMENT 3
PHYSICAL EXPLANATION OF THE PROCESS
OF ISENTROPIC EXPANSION OF WET
WATER STEAM

The key for revealing and solving the previ-
ously discussed problems about the supersaturated
steam, the author of this work has found in the
physical interpretation and explanation of the dis-
continuity (refraction) of the isentropic curve in the
p,v-diagram, which appears on the limit curve of
the saturated steam x = 1, at the crossing of the
isentropic process from the superheated one to the
wet region.

As an example for this explanation, we shall
consider one isentropic expansion process of water
steam 1-A-2 (Fig. 23), which extends from super-
heated to wet region. For this case we shall imag-
ine that the steam which expands is situated in one

adiabatic isolated cylinder with a movable piston,
which via a geared level L and the gear Z, is in
yoke with a profiled plane 7 and the weight m in
order to be realized for the whole time of the pro-
ceeding of the process total internal and simultane-
ous external equilibrium of the steam with the sur-
rounding. The plane 7 is profiled so that the
changeable force which is produced by the pres-
sure of the steam p = f (v) from the inside of the
piston is at any moment equal to the forces with
which from the opposite side of the piston the at-
mospheric pressure Py and the force from the
changeable moment M = | m which is produced by
the weight m via the rope and the plane 7 act. At
this consideration the friction is everywhere ne-
glected, and it is imagined that the process 1-A-2
proceeds so much slowly as it is necessary for it to
flow in equilibrium and reversibly, namely as an
isentropic process.

DvK:const; k=13

Superheated
steam

1.03540,1x
pv =const
Wet k'
'
ECan pv =const ; k=13
! 1.035+0.1x
| Pv =const
I
]
Ii dwy dwy
I
c !
[
| dvy dvy |
d | ] p5
| I ]
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el gL it ik
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o
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Fig. 23. Proceeding of reversible isentropic process of water
steam 1-A-2 in cylinder with a movable piston. Because of
comparison the corresponding nonequilibrium process 1-A-3-
4-5 which should proceed in the Laval nozzle with super-
saturation A-3 and the pressure rise 3-4 of the steam is drawn

The starting of the process in one or opposite
direction proceeds with adding or taking away of
the elementary small mass +dm or —dm from the
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weight m (Fig. 23). If to the weight m, the elemen-
tary mass +dm is added, it will come to the ele-
mentary small nonequilibrium between the steam
in the cylinder and the surrounding bodies; there-
fore the weight will start lowering and via the sys-
tem of mechanism will start equilibrium to com-
press the steam in the cylinder. At the taking away
of the elementary small mass —dm, the steam will
start expanding, will do work and will start lifting
the weight. When the elementary mass =dm is not
added nor taken away the system will be in equi-
librium, so there will have neither expansion nor
by compression. Accordingly, by adding or taking
away of the elementary small mass =dm the proc-
ess is thrown away of the equilibrium state and it
can be directed in one or the opposite direction or
to stop totally at any given moment during the pro-
ceeding of the process.

From the Fig. 23 it can be seen that the con-
sidered isentropic process 1-A-2, will proceed at
different values of the exponent, as it follows: for
all time while the steam is superheated, from states
1 to A, the expansion will proceed with continuous
increasing exponent kK > 1.3, while after that, in the
wet region, from state A to 2, the expansion will
proceed with smaller and continuous decreasing
exponent kK = 1.035 + 0.1x. From Fig. 23 it is seen
in the state A, where the isentropic process
1-A-2 crosses the limit curve of the saturated steam
Xx= 1, comes to one noticeable discontinuity (re-
fraction) of the isentropic curve, because the part
of the process 1-A proceeds with exponent k > 1.3,
while the part A-2 with smaller exponent,
k=1.035+0.1x.

Such proceeding of the process implies the
following important question: Why does the isen-
tropic process not go on to proceed continuously in
the wet region, too, according to the curve 1-A-3
(Fig. 23), but from the state A to 2 proceeds with
smaller exponent and due to that makes the men-
tioned discontinuity.

In the literature that was at disposal to the au-
thor, he could not find a physical interpretation for
this phenomenon, which has a fundamental signifi-
cance at revealing the mysteries of the supersatu-
rated steam, and the same has been explained by
him as it is presented below.

The part of the isentropic process 1-A, which
proceeds in the superheated region, with exponent
k > 1.3, is not very interesting for discussion, be-
cause for it the same explanations are valid for re-
versibility as for any other process which proceeds
with a gaseous body as an isentropic process, at
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g= 0 and s = const. However, the second part of
the process A-2, which will be the subject of fur-
ther discussion, is interesting because in that part
the isentropic process changes its exponent from
k >1.3 to smaller value of k, which, according to
the empirical formula of Zetiner (1840), is equal to
the term:

k=1.035+0.1x, (a)

where X is the dryness of the steam in kg/kg. This
formula is applicable for the pressures to around 20
bar in the region of dryness between 0.7 < x < 1.0.
For saturated steam, at X = 1.0, the relation (a)
passed in the value:

k=1.135. (b)

In order to understand exactly how the equi-
librium isentropic process A-2 proceeds, we shall
divide it to numberless elementary small parts be-
ginning from the starting state A, which lies on the
limit curve of saturation X = 1 (Fig. 23). In that
state the properties of the saturated steam are: pa,
Ta and v,. Now we will suppose that the steam,
starting from the state A up to the achievement of
some very close state B', will do some elementary
small expansion process A-B', therefore the vol-
ume of the steam will increase for dv;, the piston
will move for a distance dl,, and the steam will do
some elementary small absolute work dw;,, equal to
the area A-B'- f '-f-A (Fig. 23). Due to that it will
come to elementary decrease of the internal energy
of steam (decrease of the kinetic energy of the
molecules) for du; followed with elementary fall of
the pressure and the temperature of the steam for
dp and dT.

Due to this elementary expansion and cooling
of the steam, it will come to condensation of one
part of it, and from that part, at once after the
crossing of the limit state A, it will start to form
certain amount condensate, with mutual sticking of
the closest and slowest molecules, while the rest
(noncondensed) gaseous phase of the steam will
behave further on as a pure gas and will go on to
expand from state A to B' with continuous increas-
ing exponent k' > 1.3, as the superheated steam in
the part of the process 1-A (Fig. 23). Due to that
the properties of the gas phase of the steam in the
new close state B' will be: pg:< pa, Te'< T and vgp:
> V4. However, the condensate, which has been
formed during the elementary expansion process
A-B', could, at the proceeding of this expansion
process, neither expand nor do work as the gaseous
part of the expanding steam, because the liquids
are practically nonexpanding and noncompesible.
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Therefore, the temperature of the condensate in the
new state B' will stay somewhere in the middle
between the temperatures T, and Ty at which it is
formed. This middle temperature will be marked
with TA-B'-

In this manner, in the new state B', a me-
chanical (nonequilibrium) mixture of steam in pure
gaseous state, with properties pg, Tp and Vg, will
become and condensate with higher temperature
Taz> Tg. Due to the difference in temperatures it
will come to isobaric evaporation of a part from
the condensate, therefore the volume of the steam
will increase for dv,, the piston will move still for
the way dl, and the steam will do an adding ele-
mentary absolute work dw,, equal to the arca B'-B-
f "-f '-B' (see Fig. 23). This little isobaric expan-
sion process will last until the equalization of the
temperatures of the liquid and the gaseous phase,
which will be achieved in the state B at achieving
the same temperature Ty and the same pressure pg
of both phases.

The elementary small processes A-B' and B'-
B, are both adiabatic processes because they pro-
ceed without an exchange of heat with the sur-
rounding, but at the same time they are also non-
equilibrium processes because they proceed at ex-
isting of the elementary small difference in tem-
peratures dT between the condensate and the gase-
ous phase of the steam until the achievement of the
new equilibrium state of the wet steam B. However
in reality the elementary processes A-B' and B'-B
do not proceed one after another as it was previ-
ously described, but simultaneously so that their
resultant process is represented with the elemen-
tary small isentropic process A-B (Fig. 23), which
at starting dryness X = 1 proceeds, see Eq. (a), at
exponent:

kB:1.035+0.1XB<kA:1.135. (C)

Now we shall consider what will happen if
the previously considered elementary small isen-
tropic expansion process A-B is extended with a
second also elementary small expansion process
whose start is in state B. Due to this second ele-
mentary small expansion process the gas phase of
the steam will do an elementary absolute work,
equal to the area under the elementary process B-
C'. This elementary work is acting at the expense
of decreasing the internal energy of the gaseous
phase of the steam that is followed with elementary
fall of its pressure and temperature for dp and dT.
Due to that condensation of one more elementary
part from the gaseous phase of the steam will hap-
pen, and from it, at once after the passing of the

state B, besides the old condensate, it will start to
form a certain amount of new additional conden-
sate (liquid), while the rest gaseous phase of the
steam which has stayed noncondensed during this
second elementary expansion, will behave as a
pure gas and will go on to expand from state B to
C', again with exponent k' > 1.3, and its properties
in the new state C' will be: pc < pg, Ter< T and Ve
> Vp. At the same time, the total amount of the old
and new condensate will stay again at some higher
middle temperature Tg.c in relation to the achieved
temperature T of the gaseous phase in the state C'.
Due to the difference in temperatures Tp.c >Te, it
will come again to isobaric evaporation of a part
from the condensate, therefore the steam will do
still an additional elementary absolute work, equal
to the area under the elementary isobaric process
C'-C. This isobaric evaporation will last until the
equalization of the temperatures of the liquid and
gaseous phase of the steam that will be achieved in
the new equilibrium state C, at achievement of the
same temperature T¢ and the same pressure pc of
both phases. As it was previously said, the elemen-
tary small and nonequilibrium adiabatic processes
B-C' and C'-C proceed simultaneously therefore
their resultant process is represented with the ele-
mentary small isentropic process B-C (Fig. 23),
whose exponent is:

kc:1.035+0.1XC<kB<kA:1.135. (d)

The exponent K¢ is smaller than kg because
the dryness of the steam in the state C is smaller
than that in B, Xc < Xg. It means that the total
amount of equilibrium liquid in state C is bigger
than that in B. Therefore, at the equalization of the
properties of state of the gaseous part of the steam
and the liquid (condensate) at the elementary small
isobaric processes B'-B and C'-C, the length of the
isobaric process C'-C will be bigger than the length
B'-B, because the bigger amount of liquid in the
state C' evaporates in smaller amount gaseous
steam with state C', and so the new state of the
equilibrium mixture will not lie in the extension B-
c of the direction of the elementary small process
A-B, but a bit further on in the state C (see details
in Fig. 23), therefore k¢ < Kg.

If a third elementary small expansion process
is considered starting in the state C, in the previ-
ously described manner, the elementary small non-
equilibrium adiabatic processes C-D' and D'-D will
proceed whose resultant isentropic process C-D
will proceed with a still smaller exponent:

kD =1.035+0.1xp < kc< kB < kA = 1135,etc (e)
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In this manner, through one endless chain of
elementary small nonequilibrium processes A-B'-
B, B-C'-C, C-D'-D.,...,etc, which proceed at an
endless small internal nonequilibrium, a continu-
ous equilibrium isentropic expansion process of the
wet steam A-B-C-D- ... -2 is being done which, as
we have seen, proceeds at the changeable exponent
k, which decreases continuously as the dryness of
the steam is decreasing during the expansion. It is
clear that the total equilibrium between the gaseous
phase of the steam and the formed liquid conden-
sate can be achieved only in the states B, C, D,...,
2, which form the continuously isentropic curve of
the wet steam A-2 (Fig. 23).

Relaxation time

In order to pass over the elementary small
nonequilibrium processes A-B'-B, B-C'-C, C-D'-
D.,..., to the equilibrium states B, C, D,..., 2, which
lie on the isentropic curve A-2, the process A-2
must proceed so long as it is necessary for sticking
of the slower molecules of the gaseous phase of the
steam and the formation of the nonequilibrium
amount condensate (or nonequilibrium droplets
condensate) at the elementary small nonequilib-
rium adiabatic expansion processes A-B', B-C', C-
D,,..., after that for its partial evaporation at the
elementary small nonequilibrium isobaric proc-
esses, B'-B, C'-C, D'-D,..., up to the final formation
of equilibrium condensate (or equilibrium droplets
condensate) in the isentropic states B, C, D,..., 2.
That time which is necessary for successive restor-
ing of each next equilibrium state is called relaxa-
tion time. That time is necessary for equilibrium
redistribution of the mass and energy and achieve-
ment of equal pressure and equal temperature in
each elementary part of the fluid at each elemen-
tary passing of the fluid from one equilibrium state
to another.

When the fluid is only liquid, or only gaseous,
as, for example, at the part of the process 1-A (Fig.
23) which proceeds in the superheated region, then
the time necessary for relaxation of the process is
insignificantly small, because it is equal to the time
that is necessary for flight and crash of some mole-
cules with others. However, when during the pro-
ceeding of the process the fluid changes its aggre-
gate state, as, for example, at the part of the proc-
ess A-2 (Fig. 23), when the fluid passes from a
gaseous to liquid phase, then the relaxation time is
much bigger in relation to the previous case, be-
cause each new equilibrium state is achieved
through proceeding of more nonequilibrium inter-
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crosses — the elementary small processes A-B'-B,
B-C'-C, etc. According to that, when the time of
proceeding of some process is longer than the re-
laxation time, then the process with safety will
proceed in equilibrium, as it is the case with the
described isentropic process A-2 in Fig.23.

But if the time of proceeding of the process is
shorter than the necessary relaxation time, as it is,
for example, the case at the extreme rapid expan-
sion processes of water steam in the convergent
and Laval nozzles, then the process will flow in
nonequilibrium and with appearance of the previ-
ously discussed phenomena of supersaturation and
subcooling of the steam. Such a process will pro-
ceed in nonequilibrium because there is not enough
time for formation of bigger and equilibrium drop-
lets condensate consisted of few hundreds mole-
cules, or equilibrium condensate as at the process
A-2 in Fig. 23, but there is time only for formation
of extreme small particles condensate, consisted of
two, three or only few molecules, which, due to the
extreme speed of proceeding of the process, do not
succeed in getting in touch neither mutually nor
with the rest of the gaseous phase of the steam, and
therefore stay in internal nonequilibrium with the
gaseous phase of the steam which goes on to ex-
pand and to cool.

In this case all elementary small nonequilib-
rium adiabatic processes A-B', B-C', C-D',..., in-
stead of being parts of isentropic zig-zag curve A-
2, they will extend one after another until the
achievement of the end nonequilibrium state 3 and
in that manner they will form the nonequilibrium
adiabatic process A-3, which will proceed with
supersaturation and subcooling of the steam. That
can be seen more clearly from the details in Fig.
23, where the elementary small nonequilibrium
adiabatic processes A-B', B-C', C-D,..., which are
parts of the equilibrium zig-zag curve A-2, in fact
are equal to the parts A-B', B-C', C-D',..., which
form the nonequilibrium adiabatic curve A-3. They
are only an equidistancly displacement to left
along the isobars p = const.

From the same detail it can also be seen that
at the process A-3, in relation to the process A-2,
the elementary small nonequilibrium isobaric
processes B'-B, C'-C, D'-D,..., are missing at which
partial evaporation of the condensate at the isen-
tropic process A-2 is performed. Because at the
process A-3 it does not come to evaporation of the
small particles condensate and the internal energy
which they can free at their eventual evaporation
will stay enslaved (accumulated) in them. That en-
slaved energy is equal to the dotted area A-2-h-g-
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3-A , see Fig. 23 and Eq. (1), which show us for
what amount the nonequilibrium process A-3 gives
less absolute work in relation to an eventual isen-
tropic process A-2, which would proceed from the
same initial state A to the same pressure p, =p; .

If from any cause comes to breaking (evapo-
rating, or exploding) of the small nonequilibrium
particles condensate with start in state 3, it will
come to freeing of the enslaved internal energy in
them, due to that it will come to appearance of the
little pressure rise 3-4 (Fig. 23) as at the Laval noz-
zles, after which the new equilibrium state 4 will
restore. From the state 4 up to the exit state 5 (Fig.
23) the process will go on to proceed in equilib-
rium and forming of bigger and equilibrium drop-
lets condensate, see the blue fog in Fig. 4, etc. and
etc.

ATTACHMENT 4
EVALUATION OF THE END STATE
OF SUPERSATURATED STEAM
IN EQUILIBRIUM h,s-DIAGRAM

Figure 24 shows a numeric example of evalu-
ating the end state of the supersaturating process
A-3 in real i,s-diagram. In this case the starting
state of the steam A is saturated from p, = 1.2504
bar. The end state 3 of that process is found in the
intersect of the next nonequilibrium extensions:
V,=2.6215 m’/kg, pr = 0.5127 bar and
t;>=23.5°C. This solution of this process is the
same in Fig. 8. The state 2 represents the end state
of the comparable isentropic process A-2 [7].
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Fig. 24. Evaluating the end state of the supersaturated steam 3 in the real h,s-diagram in the intersect of the nonequilibrium
extensions: Vo> = 2.6215 m3/kg, P2 = 0.5127 bar and t3- = 23.5 °C of one numeric example. The state 2 is the end state of the
isentropic process A-2. This solution is the same as it is shown in Fig. 8.
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ITopapu roneMuoT 06eM Ha TPYAOT, TyKa Ke OufaT JUCKY-
THpaHM IJIaBHO MpoOJIeMuTe Ha Ipe3acuTeHaTa (MeTacra-
6unHa) mapea Koja ce jaByBa IIpH CTPYCHETO Ha He3HAUH-
TEJHO NperpeaHa, 3aCUTEHA WM BJIaXKHA Iapea BO KOH-
BeprenTHuTe u JlaBanosuTe miuasHuny. OBaa mapea ce
HaBeJyBa BO JIUTepaTypaTa Kako €fleH Off HajIBPCTHUTE J0-
Ka3U 3a [MOCTOEHE MeTacTaOMIHU COCTOjOU Kaj CyNCTaH-
muute. Bo 0BOj Tpyn: 3a Taa mapea e HajeHO [IeKa Taa He
e egHo(a3zHa racHa MeTacTabuiHa Iapea, Kako ILITO ce
MIHCNENO ocera, TyKY AeKa Taa € HEPAMHOTEXKHA BJIaXKHA
mapea BO KOja 3a BpeMe Ha €KCIaH3MOHUOT IIPOIEC BO
MIIa3HUIUTE ce (popMHpaaT €KCTPEMHO Majii YECTUYKH
KOHJIeH3aT, COCTaBEHH Off BE, TPH MU CaMO HEKOJKY
HaTpyNaHU MOJIEKYJH, KOM OCTaHyBaaT BO TOIJIMHCKA,
MeXaHW4yKa U BHATpellHa HepaMHOTeXkKa CO pyrara ekc-
naHfupadka racHa ¢asa Ha napeara. Toa 3HauM fjeka
oBaa Iapea, Koja € HapeueHa Ipe3acuTeHa WU MeTacTa-
OGWIHa, BCYIITHOCT HE TMOCTOM OWfejKuW, Taa HE € HHUIITO
APYro TYKy caMO HEpaMHOTEKHa BJaXKHa Iapea Koja €
cocTaBeHa off iBe (asu: off eKClaHAupaykaTa racHa gasa
Ha Iapeara BO MJIA3HUKOT U CIIOMHATUTE Malld U HEPaM-
HOTEXKHM YECTUYKHM KOHJEH3aT KOM ce (hopMHUpaaT BO
Hea.

HoBure Teoperckn objacHyBama MPE3eHTHPAHE BO
OBOj TPYA AaBaaT MOXHOCT HE CaMO 3a €[IHO IeJIOCHO (hH-
3MYKO chakame Ha CyIITHHATA Ha Ipe3acuTeHara mapea,
TYKy faBaaT MOXHOCT U 3a Of[pelyBambe Ha BEITHMIMHHUTE
Ha cocToj6a Ha Taa mapea Ha KpajoT Ha IPe3acHTyBambeTo
KOe ce CIydyBa IIpH IIOCTHTHYBameTO Ha BmicoHoBaTa
nuHuja Bo h,S-nmjarpam. Bo craTtmjara mcro Taka ce o6-
jacHeTH W TpHWYMHTE NOpagW KOW foafa JIO IOjaBaTa Ha

Mau. unync. nayw. ciiuc., 26 (2), 39-65 (2007)

W3HEHAJIeH MaJl MPHUTUCEH KOHICH3alMOHEH CKOK, KOj Ce
ciydyBa pefoBHO BO JlaBaloBHTE MIIa3HUIM BeHAII IO
KpajoT Ha MpPe3acUTyBambETO Ha MapeaTa BO HUB, OTHOCHO
BeJHAII 10 IIOCTUTHYBakeTO Ha BuiicoHoBaTa nMHUja BO
h,s-mujarpam. Tyka e ajieH ¥ HAYUHOT Ha MpecMeTKa Ha
BEJIMYMHUTE Ha cOCTOj0a Ha mapeaTa Ha KpajoT Ha CKO-
koT. ITo TOj CKOK mapeaTa MPOJOJIKYBa Ja eKCIaHIUpa
PaMHOTEXHO M CO (popMHpame Ha IIOrOJEMH U paM-
HOTEKHY KallKl KOHJIEH3aT c¢ [0 M3JIE3HHUOT NpeceK Ha
MJIa3HUKOT. AKO MJIa3HUKOT € CTAaKJICH, OBUE KalKU KOH-
JeH3aT MOKaT fa ce BHaT cO OYM Kako CHHA MarJja.
ITocne CKOKOT €KCIMaH3MOHHMOT MPOIEeC BO MIIa3HUKOT Ce
OJIBHBa CTAaHAAPIHO M KAaKO TaKOB HE € MHTepeceH 3a I10-
HATaMOIITHHU pa3riieyBama.

Bo oBaa cratuja ce JUCKYTHpaHU HaKyco M [IpYId
TpUMEpPH 3a MOCTOEHE METACTAOWIIHU COCTOjOM Kaj Cyn-
CTAaHIMUTE, UUTHPAHU BO IOCTOjHATA JIUTEPATypa, Kako
LITO €, Ha IIPUMED, CIy4ajoT Ha JIaickhe Ha Boja BO Mallu
3aTBOPEHU CTaKJIEHU amIlyiau Koe ro spuen beprona. Co
OBOj EKCIIEPIMEHT MCTO TaKa € yKaXKaHO M Ha MOXHOCTa
3a MOCTUTah¢ HETaTHUBHU allCOMYTHU MPUTUCOLM Kaj CyII-
CTaHIMUTE, IITO € MHOTY HEBEPOjaHO M HEBO3MOXKHO (?7?).
Kako onosunuja Ha OBOj puUMep, aBTOPOT Ha OBOj TPY/
HaIlpaBH €KCNIEPHUMEHTHU CO U30XOPHO JIafiehe Ha He3acH-
TeHa 4yucTa Bofia off 1 bar cMecTeHa BO NMOroJeM CTaKJIeH
cajl M Hajjie IeKa BO OBOj CIIyYaj HE Cce MOjaBHja HUTY Me-
TacTaOWIHU COCTOjOU HUTY HETaTUBHU allCOJMyTHU IPUTH-
conu. Kako ymre efieH mpuMep 3a IOCTOEHE MeTacTa-
GHMIIHU cOCTOjOM, BO IUTEpaypaTa ce HaBe[lyBa U CIy4ajoT
Ha Tpeeme Ha KalKyi BOAa IIOTONEHHW BO Maclo (co mcTa
TyCTHHA KaKo BOfjaTa), KOM He HcrmapyBajie cé o TeMIle-
patpa ox 180°C, mako NpUTHCOKOT (Ha MACIOTO M KaIKu-
Te) GMII MPUOTUKHO eTHAKOB Ha aTMOC(EPCKUOT MPUTH-
COK, UTH.



Mechanical Engineering — Scientific Journal, Vol. 26, No. 2, pp. 67-72 (2007)

CODEN: MINSC5 - 383
Received: November 11, 2007
Accepted: December 6, 2007

ISSN 1857-5293
UDK: 004.896
004.4.045 : 621.9.06-52

Original scientific paper

MATHEMATICAL DETERMINATION OF SYNTHETIC SURFACE'S
PERPENDICULAR AND TANGENT LINES

Risto TaSevski , Vladimir Dukovski, Sofija Sidorenko

Faculty of Mechanical Engineering, "'SS. Cyril and Methodius" University,
P.O Box 464, MK-1001 Skopje, Republic of Macedonia
risto@mf.ukim.edu.mk / dukovski@mf.ukim.edu.mk / sofisido@mf.ukim.edu.mk

A bstract: In this paper, a geometric and a mathe-
matical model with computer algorithm of perpendicular and
tangent lines of the synthetic surfaces, composed of splines in
two directions, are presented. Synthetic surfaces are used in an
engineering design for describing parts with aerodynamic or
other functional and esthetic shapes. Synthetic surfaces can be
represented by the majority of contemporary CAD systems.
The modern NC machines contain highly sophisticated con-
trollers and processing tools, which provide complex synthetic
surfaces manufacturing. During the machining process, ma-
chining tool's axis has to be placed perpendicularly to each
point of the synthetic surface that is the product of machining.
A mathematical model is necessary for determination of the
tool's position during the machining process .

Key words: synthetic surface; spline

1. INTRODUCTION

In order to perform mechanical parts with
perfect and complex geometric shapes modern the
computer science applies so called synthetic sur-
faces. Synthetic surfaces are three dimensional sur-
faces presented as a synthesis of several synthetic
curves in two directions, characterized with
smooth curve — linear shape, such as synthetic sur-
faces constructed of spline curves in two directions
[1]. The synthetic surface can be presented with a
simple parametric expression [2].

The parametric expression of the synthetic
surface is explained with continual functions with
two parameters: t and u, that can be changed from
minimum to maximum value. Changing the values
of the t and u parameters causes a definition of dif-
ferent curve's points. That means that t and u are
acting like local parametric coordinates of the syn-
thetic surface's points. Parameters t and u are

changing in the interval of 0 to 1. The parametric
expression of the synthetic surface is:

P(t,u) =[xyz]" =[xt u)y,wz,w,

where 0<u<land 0<t<1,
or the summary of the net of control points in the
perpendicular and parallel directions:

n m
Ptu=2 2 b U yyipr ) 20 (60))
i=0 j=

Neighboring control points are connected
with spline curves in two directions:

fo) (= 3 i@ v 0 2 ®)]

o (= 3 b0 v 0 2]
j=

Spline curves are determined with points ob-
tained through the next mathematical expressions,
that depend on t and u parameters:

X = XoBo (t) + X By (t) + X2Bo (t) + x3Bs(t)
Y =YoBo(t) + y1Bu(t) + y2Ba (1) + y3B3(t)
2=120Bp(t) + 1By (t) + 22Bo () + 23B3(t)
where
X, Y, Z — coordinates of the points
By(t) — blending function

t — parameter

The number of added points depends on the
type of the applied curve, more precisely it de-
pends on the function of the surface's control
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points connection. Depending on the connection
function, there are several kinds of spline curves:
B-spline, Cubic B-spline, Bezier etc.

2. MATHEMATICAL EXPRESSIONS FOR
THE TANGENT AND PERPENDICULAR
LINES OF THE SYNTHETIC SURFACE

The synthetic surface is bounded with parts of
spline curves, defined with the values of the pa-
rameters:t=0,t=1,u=0and u =1 (Fig. 1).

The synthetic surface could be defined as a
set of points through which the spline is passing
[3]. There are also determined border values for
the points. For the four-edged polygon, the border
values are determined with 16 vectors and 4 spline
curves, four position vectors for the points P(0,0),
P(0,1), P(1,0), P(1,1), eight tangent vectors (two
for each point) and four vectors of curvature (one
for each point).

For the different operations and applications
with synthetic surfaces, it is necessary to calculate
the tangent line (T; and T, ), the perpendicular line
(N) and the curvature (Z) for the determined points.

T(1,0)

The tangent lines for a point of a surface are
determined as tangents of parametric curves that
are passing through that point. The parametric ex-
pression for the curve is obtained from the general
equation P(t,u), for t = t;, and the other for u = u;,
which means that t; and u; are the parametric coor-
dinates of the surface's points (Fig. 1). The tangent
lines T, and T, are determined with the first extract
of both the curves in an accidental point. The sur-
face perpendicular line is determined as a vector
product of both the tangent lines in an accidental
point. The surface curvature Z in an accidental
point is determined as a double extract of t and u.

If a surface is presented as a function of
f(x,y,z) = 0, then the equation of the tangent surface
in the point M(x,y,z) is:
of
—+
oy

A line perpendicular (perpendicular) to the
tangent surface in the point M is a perpendicular
line of the surface:

X=X Y-y Z-1
of — of o

of of
(X—x)&+(Y—y) (Z—z)gzo.

x oy a

‘ o

u; =0

Fig. 1. Synthetic surface bounded with 4 spline curves and two connected synthetic surfaces

3. COMPUTER ALGORITHM FOR
DETERMINATION OF THE SYNTHETIC
SURFACE IS TANGENT AND
PERPENDICULAR LINES

The problem of NC machine tool positioning
perpendicularly to the surface is more complicated

because the designed surface is not always a syn-
thetic surface, nor a geometric function. The com-
puter algorithm for providing a tangent line and a
perpendicular line has to involve all possible vari-
ants of designed surfaces, and it has to be univer-
sal. Also, it has to work with imported surfaces,
created in any graphical package [4].

Mech. Eng. Sci. J., 26 (2), 6772 (2007)
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An analysis of a synthetic surface has been
made. The surface is created using synthesis of
Cubic B-spline curves in two directions. The first
spline curve fyy, lays in the xy plane and moves
along the other spline curve fy, that lays in the xz
plane (Fig. 2).

The geometric algorithm for determination of
tangent and perpendicular lines in a determined
synthetic surface consists of several operations:

— section of synthetic surface with yz plane,

— construction of tangent and perpendicular
lines of the obtained section curve f,,

— section of synthetic surface with xz plane,

— construction of tangent and perpendicular
lines of the obtained section curve fy, (Fig. 3),

— construction of synthetic surface perpen-
dicular line (Fig. 4).

Fig. 2. Synthetic surface designed from Cubic B-spline curves fi,, and

N

Fig. 3. Cutting curves fi, and f. of a synthetic surface

Mauwt. unc. nayu. ciiuc., 26 (2), 67-72 (2007)
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Fig. 4. Construction of a synthetic surface perpendicular line in the M point

The computer algorithm has the same struc-
ture as the geometric one, which is consisted of the
same operations. On the base of the presented al-
gorithms, a computer program for determination of
the perpendicular and tangent lines for each point
of a specified surface is created. This software is
created as an upgrade of a commercial graphical

Procedure 1. Section of a synthetic surface with yz plane

package, using the C++ language. The procedures
of the program enable a surface created in any
graphical package to be imported and necessary
elements for the NC tool path generation to be de-
termined as perpendicular and tangent lines for
each point of the imported surface.

ads_command (RTSTR, "_section",

RTENAME, Mdel,

RTSTR, "™,

RTSTR, ",

RTNONE);

Res = ads_entlast (CurveYZ);

ads_command (RTSTR, "_ucs",
RTSTR, "y",
RTSTR, "90",
RTSTR, ",

RTNONE);

<section of a surface (Mdel) with YZ plane>

<obtained section curve yZ>

<back to User Coordinate System>

RTSTR, "YZ",

Procedure 2. Section of a synthetic surface with xz plane

ads_command (RTSTR, "_section",
RTENAME, Mdel,
RTSTR, "™,
RTSTR, "XZ",
RTSTR, ",
RTNONE);
Res = ads_entlast (CurveXZ);
ads_command (RTSTR, "_ucs",
RTSTR, "X",
RTSTR, "90",
RTSTR, ",
RTNONE);

<section of a surface (Mdel) with XZ plane>

<obtained section curve XZ>

<back to User Coordinate System>

Mech. Eng. Sci. J., 26 (2), 6772 (2007)
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4. CONCLUSIONS

Actuality of the presented research results
from a rising necessity for the NC machining of
products with complex geometry. NC machining
technology uses NC programs that specify the tool
path for the product's machining. The NC tool path
specifies the position of the tool for each point of
the product's surface. The position of the tool is
different for each point of the surface and its axis
has to be perpendicular to the product's surface.
This research includes a computer program, cre-
ated as an upgrade of a commercial graphical
package, using the C++ language. This program
has an ability to import a surface created in any
graphical package and to compute necessary ele-
ments for the NC tool path generation: perpendi-
cular and tangent lines for each point of the im-
ported surface. Procedures for determination of
perpendicular and tangent lines for each point of a

surface are made on the base of presented geomet-
ric and computer algorithms, using simple math-
ematic expressions.
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MATEMATHNYKO OITPENEITYBAILE HA HOPMAJIA U TAHI'EHTA
HA CUHTETUYKA ITOBPIINMHA
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Knyunu 300poBu: CHHTETHYKA IIOBPIIUHA; CIIajH

Bo 0BOj TpyQ € Mpe3eHTHpaH TreOMETPUCKH U MaTe-
MaTHYKHA MOJIEN CO KOMIjYyTEPCKH alTOPUTaM 3a OIpefe-
JyBamke Ha HOpMaja M TAHT€HTa Ha CHHTETHUYKA TOBPIIN-
Ha, OffpefieHa Co CIUIajH-KpUBH BO ABa mpapua. CHHTETHY-
KHUTE MOBPIIUHU C€ KOPUCTAT BO MHKEHEPCKUOT JIU3ajH 32
ONHMIIIYBam-e JICTIOBU CO aePOANHAMUYEH OOJINK WM APYTH
(pYHKUMOHAIHU MM ecTeTcku oOaunu. CHHTETUYKUTE
MOBPIINHA MOXaT fla OWpaT KpenpaHh CO MOBEKETO CO-
Bpemenn CAD-cucremn. CoBpemennte NC marmmHu cofp-

Mauw. unxe. Hayu. ciuc., 26 (2), 67-72 (2007)

SKaT BUCOKO CO(UCTHUIMPAHU KOHTPOJEPH M ajaTH KOU
OBO3MOXyBaaT 00paboTKa Ha CIOXEHW CHHTETUYKH IIO-
BpUIMHY. 3a BpeMe Ha IPOLECOT Ha MPOU3BOJCTBO OCKAaTa
Ha ajaToT 3a o0paboTka Mopa Aa Ouje mocraBeHa HOp-
MAaJIHO Ha CeKOja TOYKa Off CHHTETHYKATa MOBPIIMHA KOja
ce oOpadorysa. [IpnToa e HOIXOIeH MaTeMaTHYKU MOJIE
3a ofjpelyBame Ha MO3UIIKjaTa HA anaToT 3a BpeMme Ha
mpoIecoT Ha 06paboTka.
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A b srtact: This paper describes modeling of an al-
ready existing application for the new study year (winter se-
mester) at the Faculty of Mechanical Engineering in Skopje.
The paper is based on the use of a so-called Nutshell approach
that allows defining the already existing processes, their visual
presentation (graphs, diagrams) and creation of scenarios for
improvement of the processes (if it is necessary). The paper
shows the modeling made on the basis of the implemented
changes in the processes using the Nutshell approach as a
technique for detecting process characteristics for how it was
(as-is), how it is going to be (to-be) as well as to define the
actors in the process. In the Nutshell approach different visual
aids are used.

The data presented in this paper have been based on
various materials from the Faculty of Mechanical Engineering,
as well as the consultations made with people involved in the
process of application forming.

Key words: modeling; process; Nutshell approach;
swimlane diagram; changes

1. INTRODUCTION

The mobility at universities and other higher
education institutions in Europe expanded in the
90’s of the preceeding century, among other things
due to the increased mobility of students and uni-
versity teachers. The quality of universities and
other higher education institutions is one of the
most important factors stated in joint documents,
such as the Lisbon Convention (1997), the Sor-
bonne Declaration (1998), the Bologna Declaration
(1999), the Prague Communiqué (2001) and the
Berlin Communiqué (2003), Bergen (2005) [1].

At the Berlin conference held in September
2003 the Republic of Macedonia assigned the Bo-
logna Declaration. With this Declaration the Re-
public of Macedonia has committed to obtain total

reconstruction of the higher education until the
year 2010. The purpose of the Bologna process
implementation is to achieve greater compatibility
and comparability of the systems of higher educa-
tion in Europe in order to make the study process
more efficient and effective [3].

The same year of Declaration acceptance, the
Faculty of Mechanical Engineering in Skopje
started to prepare the transformation process ac-
cording to the Bologna process. In October 2003
the Education and Scientific Council at the Faculty
of Mechanical Engineering decided to start with
the transformation process preparing term plan and
electing team that would prepare a project for pro-
cesses improvement and reengineering of the study
programs according to the Bologna Declaration
and the European Credit Transfer System. After
three months and many meetings on different lev-
els at the Faculty a project results was presented by
the work group, which was adopted at the Educa-
tion and Scientific Council in February 2004. In
this way the Faculty finished the formal part of the
process. At the Board of Rectorate meeting in
March 2004 the new curriculum and syllabuses for
the Faculty of Mechanical Engineering were ac-
cepted and implemented in the next 2004/05 study
year [2].

New curriculum and syllabuses rised many
questions for different changes at the institutional
level. One of the main questions that remained un-
solved by the elaborate for transformation was the
student’s application process for assignment of the
new study year. In August 2007 a work group
made en effort to make changes for this issue and a
modified application process was proposed.
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The processes approach is very important dur-
ing the institutional transformation. This article has
a purpose to model of an already existing process
using the most common approach, Nutshell and
diagrams not so frequently used but very efficient
such as Swimlane diagrams (other names: Process
map, Process responsibility diagram, Responsibil-
ity process matrix and so on). The Nutshell ap-
proach is a process for the process improvement in
which various modeling techniques and frame-
works are involved. The process workflow model-
ing is the central technique for the process [5]. This
approach is useful not only for the transformation
process but as a tool for reviewing already made
transformation as well. It is an approach that offers
continuous follow up of the processes.

2. IDENTIFICATION
OF THE IMPROVEMENT PROCESS
(FRAMING THE PROCESS)

The president of the Texas Instruments has
had this message on his desk: If you do not change
the processes you cannot expect changes into re-
sults [4]. People that work on the quality manage-
ment are familiar with the importance of the proc-
esses reviews even when a change was made. No
matter of the quality philosophy (TQM - Total
Quality Management, Kaizen's, Crosby’s or Ju-
ran’s) the key issue for the quality is the process
management. It is very important to mention that
processes are different from functions. In one
company/institution functions are given by default
by the job but the process is the “invisible” part of
the collaboration between functions or just as a
part of one function. With a simple definition, the
process is a particular course of actions intended to
achieve a result (procedure) [5]; it is series of ac-
tions or operations conducting to an end [6]; or the
process is a way for the enterprise to organize
work and resources (people, equipment, informa-
tion and so forth) to accomplish its aims [7]. Ac-
cording to these definitions it might be easy to fig-
ure out which activities are part of the process. The
employees are usually those who identify proc-
esses, which is the case with the student’s applica-
tion at the Faculty of Mechanical Engineering in
Skopje. This student’s application process has
three basic phases:

1. Fulfillment of an application form by the stu-
dent (recommended from the Ministry of Edu-
cation and Science);

2. Receiving the forms by the student service at
the Faculty;

3. Issuing permission by the student service,
which allows the student to attend the follow-
ing year (except for the first year application).

———— Student
f—— service

Student

Fig. 1. Basic relation between the enablers
of the application process

With this basic approach we are able to see
two enablers (actors) — the student and the student
service (Fig. 1). What we are not able to see is the
interrelations that define the real structure of the
process. This is how the real process goes. The
Vice-Dean for education proposes conditions for
assigning new study year (except for 1% year of
study). Proposed conditions are approved by the
Educational and Scientific Council of the Faculty.
When conditions are approved, they are published
at the information panel at the Faculty, at the web
page and at the student service. The basic require-
ments for student application process are: number
of passed exams during the previous year com-
pletition of the application forms, payments for
student funds and participations, confirmation
forms from the library and the time period for ap-
plication. When the student has collected all signa-
tures from his/she teachers for the attended classes
from the previous year and grades for the passed
exams, he/she has to pay all expenses for the Fac-
ulty in the bank (student funds and participations).
Also he has to buy application forms and statistic
forms that are issued by the Ministry of Education
and Science. Next, when the student completed the
forms, he goes to the student service desk (which
works from 12 till 14 o'clock every day) during the
application period with the student identification
card (ID in further text) to apply for the approval to
continue next year. The approval can be given for a
day or a week. The process is mostly confusing for
the students. The process continues within the stu-
dent service. The student service currently has
three employees. Their job is to open a register/file
for every student (in directory book and in the
computer data base). When the student passes an
exam he brings a grade form to his teacher. The
teacher signs the grade form and brings the grade
forms to the student service. The student service
collects grade forms and adds every single grade in
the database and puts the grade forms into the stu-
dent’s file. When a student gives his application
for the new study year (in September) the student

Mech. Eng. Sci. J., 26 (2), 73-78 (2007)
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service checks whether the student has fulfilled all
conditions for assignment of a new study year. If it
is all right the service brings the student’s ID back
to the student with a stamp for permission. If some
problem exist the Vice-Dean for education is in-
formed about it or the student has to pay to be al-
lowed to attend the previous year again (Fig. 2).

( Student

Reads
conditions

Bank

V4
1T

ollects grades an
signatures from
teachers

Grade forms

Sz

Library

yd

Student service

No

Fig. 2. Student’s application process

The question is: Where is the problem here?

The employees at the Faculty have recognized
the problems that occurred during the application
process and have decided to make changes in the
part that can be changed by the Faculty and that is
in the student service part.

The identification of the process is the first
phase from the so-called Nutshell approach for
workflow modeling. This approach is organized
into four phases: 1) Framing the process; 2) Under-
standing the current (as-is) process; 3) Design the
new (to-be) process; and 4) Developing use case
scenarios.[7].
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In this way we are able to finish the first step
of the Nutshell approach — framing the process.
We can name the process as an application proc-
ess, we can identify the event that triggers the
process, we can see the result achieved by the
process, identify the stakeholders and the results
they expect, actors, mechanisms that support the
process (systems, forms, equipment), the process
time and frequency. When the process is framed
and the main questions are answered, the second
step is to understand the current (as-is) process.

2.1. The as-is process and the problems

If we want to model the process effectively to
be visible from outside it is not enough just to ex-
plain that process in words. It is important that vis-
ual aid is added. This is a basic part of the second
phase of the Nutshell approach for understanding
the as-is process shown visually by diagrams or
drawings. At the Figure 2 we can see a very simple
workflow diagram. We are all used to draw dia-
grams and tables to simplify our conclusions or
main points. In this modeling we use the so-called
Swimlane diagram that show what is done, by
whom, and in what sequence. Some authors de-
scribe the three Rs: roles, rules and routes [8]. Just
as a fact it is useful to mention that every year
(every September) there are approximately 300
students per year applying for new study year. For
three years (except the students applying in the 1%
year) there are 900 students applicants. Every stu-
dent should get a signature or a grade from ap-
proximately at least 5 (five) teachers, which is
900x3x5 = 112500 signatures and grades.

Figure 3 shows the model of the student’s ap-
plication process using the Swimlane diagram. We
can see the roles or the actors that perform the
process: the Vice-Dean for education, teachers,
students and the student service. We can also see
their responsibilities and the routes or the work-
flows and decisions that connect the tasks together
and therefore define the path that an individual
work item will take through the process. The Fac-
ulty has noticed the following problems of the old
application process. The process is too long; the
student needs days, sometimes weeks to collect all
signatures and grades from his/her teachers; the
student has to spend time for paying all expenses
in the bank because there is no such at the Faculty
building; he/she has to fill a lot of application
forms given by the Ministry of Education and Sci-
ence; he needs to go to the student service desk at
specific time period; teachers sometimes lose the
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grade forms, so the student service does not have
information if the student really passed an exam.
The improvement has to provide solutions for the

above process. If everything is all right the student
service needs few days to give back the student ID
to the student.

Assigns old not
Vice-Dean for Make conditions for Resgllllgfnzrf:slems passed exams again
Education the following year - ( for the following
decisions semester
VAN
AV 4
Teachers Sl;g::?u?:dtzstha:d No/ Informs abot the problem
student
1
v
Student _|Collects the grades| Collfic;ﬁsn?;ded No Assigns new study
and the signatures i - year
application
Yes
Student service Opens student’s file—p Sort; student's D> Deqdes for
forms into database| assignment

Checks student’s
status (passed exams
and forms)

(

Fig. 3. Swimlane diagram of the student’s application process — old process

2.2. The to-be process planning

Some of the problems the Faculty could not
resolve without permission from the University
management. This includes the time spent for dif-
ferent payments for the studies as well as for the
grade forms for each exam. This regulation is for
all universities in the Republic of Macedonia given
by the Ministry of Education and Science in col-
laboration with the Ministry of Finance and there is
no way to avoid it. For this reason the Faculty de-
cided to find a solution only for the administrative
part of the process where the Faculty has an influ-
ence. The changes are made on the part of register-
ing the students in the database also in the student
service for checking student’s status. Now the stu-
dent can check his status on his own using the da-
tabase. A team has been formed and consists of the
Vice-Dean for education as the leader of the team,
IT professionals from the Computer Center, IT ex-
ternal consultants who helped the database develop

and the student service administration that helped
focusing on the problems that could occur during
the application database development. The team
decides that the most effective solution (in this pi-
lot solution project) would be the development of
the online application form. The application form
can be filled out only with IT Center’s approval
and the student will have a permission to fill it only
in the Computer Center at the Faculty. IT experts
and consultants created a new IT package using
several databases consisted of the following inputs:
the student’s condition (student’s grades,
passed exams in the previous year/semester),
elected subjects requirements for next year,
active subjects.

This application became active in September
2007 when students during the 15 day period, or-
ganized by their mentors, were able to fill their
application form in the Computer Center at the
Faculty. The Figure 4 shows the to-be Swimlane
diagram of the process that has been designed.
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application copy and mail
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Student service Opens student’s file » So¢s student's » Deqdes for
forms into database assignment

Fig. 4. Swimlane diagram of the student’s application process — new process

2.3. Realization of the process

With the new database application form a
new process has been made. In this process stu-
dents have to go to the Computer Center bringing
with them the ID notebook and grade forms for
each exam in the following year. In the Computer
Center they receive help for submitting the appli-
cation by the IT expert. Using their own account
(username and password) the students could see
their status, how many exams are registered by the
student service, which subjects they are allowed to
attend and professors names. With this they are
able to check their status and to see any of possible
mistakes are made by the professors or the student
service (for example, lost grade forms). When the
student has checked all exams and everything is all
right, he submits the form to an e-mail data base
and receives a hard copy and e-mail confirmation
for his application. When the student finishes the
application at the Computer Center, he goes to the
student service with all documents (application
lists from the Ministry and statistics, the list from
the obtained application, confirmation list from the
bank for his expenses and ID) to receive stamp for
permission to attend the next study year or the next
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year on condition that he finishes all exams during
that year. As we can see from the Swimlane dia-
gram (Fig. 4) with this reconstruction of the proc-
ess, a new enabler is added — the IT Center.

3. RESULTS

As it was mentioned before, the purpose of
the restructuring process is to make changes of an
already existing process that would bring effec-
tiveness and efficiency in the work. Some of the
obstacles are bypassed with small changes in the
application process but yet the total application
process remains inflexible for the students. Now
the student service has more secure information
and reduced work with the students but another
entity plus is involved in the new process (Fig. 4).
On the other hand the Vice-Dean for education has
relevant data for all problems as well as for all sta-
tistic data. (During the application process the
Vice-Dean received information that only 10%
from approximately 900 students from the three
years were having problems.) The student can
timely also see if there is any problem. Teachers
could also have up-to date information about the
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interest for their classes. The student procedure
now has a plus level and plus work. With this ap-
plication pilot process the work of the staff is re-
duced which is very positive and the students can
act very fast if there is any problem.

4. CONCLUSION

With the implementation of the Bologna
process faculties in the Republic of Macedonia
have faced a lot of problems. The real challenge
for them is how to make real improvements.

The main mistake that companies and institu-
tions make during the reconstruction process is not
defining processes [7]. The real issue is to recog-
nize where and what has gone wrong and set it
right. Well-reviewed process means a process that
is supported by modeling and metrics. This re-
search article is not about finding any mistakes or
recommendations, even though they would be very
useful for those who are concerned, but shows to a
possible way for further improvements based on
the Nutshell approach and Swimlane diagram. The
workflow modeling is relatively a new approach in
the Business Process Reengineering (BPR) even
though consultants used various simulation dia-

grams of the workflow to describe visually proc-
esses, but more for manufacturing equipment.
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Kayunu 360poBu: monemupame; npouec; npuof "Nutshell"; Swimlane-nujarpam; npomenu

OBaa craTdja ONHMIIYBa CUMYJIalija Ha MOJCIHUpPathe Ha
BeKe IMOCTOEH NpOLeC HA CTYJEHTCKAa aluIMKaluja 3a HOBa
y4ebHa roguHa (3UMCKH ceMecTap) Ha MaiuHCKHOT hakyii-
ter Bo Ckonje. Cratujara ce 6a3upa Ha MpUMeHa Ha TakaHape-
YEHHOT MPHOJ ,.kopymka ox opes (Nutshell approach), xoj
0BO3MOXXYBa Ie(hHHHUpPame Ha BEKe OCTOJHUTE MPOLIECH, HUB-
HO TMPETCTaByBame CO BU3YCIHH TeXHHKH (rpadukoHH, Iuja-
rpaMi) U KpeHpame Ha CIeHapHhja 3a MOoJ00pyBame Ha Mpo-
necure (IOKONKY Toa e moTpedHo). Bo oBaa cratuja cumyia-
[Mjata € HanpaBeHa BP3 OCHOBAa Ha BEKe MMIUIEMEHTHPaHU
HPOMEHU BO INPOLIECHTE, OJHOCHO CHMYJMpPaHa € TeXHHKaTa
Ha KOpHCTeHe Ha mpHomor ,,Nutshell“ Ha Beke ycBoenurte

HPOMEHHU CO el JIa ¢€ BOOYAT KapaKTEPUCTUKUTE HA IPOLe-
COT KakoB OmiI (KaKoB WITO €) M KakoB ke Guzae (BO HAMIMOT
CIIy4aj Beke UMIUIEMEHTHPAH: [a OHjie), Kako U 1a ce neduHu-
paar akTepure Bo mpouecor. Ilpu ymorpebarta Ha HPHOTOT
»Nutshell“ koprcTeHI ce TeXHUKU 3a BU3YEJIHO MPETCTaByBa-
€ Ha NPOLIECUTE KOM CE HEOIXO/HA ajlaTKa BO MPOLECOT Ha
Mozenupame. Bo oBaa crathja e ynorpeOyBaH TakaHapedeHH-
ot 6azen (Swimlane) mujarpam.

3a mojaTonnTe M3HECEHH BO 0Baa CTAaTHja c€ KOPUCTCHU
Marepujany ox MamuHackroT ¢akynrer Bo CKolje U ce KOH-
CYJITHpaHH JIMIAa JUPEKTHO HMHBOJBHUPAHU BO IIPOIECOT HA
(dopmupame Ha MPOMEHUTE Ha aIUTHKALIjaTa.
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A bstract Many companies achieve significant
competitive advantage by the way they configure and manage
their supply chain operation. In Supply Chain Management,
the overall supply chain evaluation needs to include the bull-
whip effect. It represents the amplification of the order vari-
ability in a supply chain. It is understood that the demand
forecast variance contributes to that effect in the chain. With
this understanding, the authors experimented with a case of
changing demand in periodic 10 % increases and later in the
same decreases. Four inventory control policies (P) for both
stages in the chain have been studied: to keep in stock, 1) one
period’s demand at both stages — Py, ii) two periods' demand
at both stages — P»,, iii) one period’s demand at the first stage
and two periods' demand at the second stage — P,, and iv) the
opposite as before — P,;. Increasing variability of production
orders and inventory levels up the supply chain is evident. The
effect indicates a lack of synchronization among supply chain
members because of corrupt key information about actual
demand. Possible actions concerned with coordinating the
activities of the operations in the chain are described.

Key words: supply chain; inventory control policy; demand
fluctuation; bullwhip effect

1. INTRODUCTION

Many companies have enjoyed a significant
success due to the unique ways in which they have
organized their supply chains. The objective of
supply chain management is to provide a high ve-
locity flow of high quality, relevant information
that will enable suppliers to provide an uninter-
rupted and precisely timed flow of materials to
customers. The idea is to apply a total systems ap-
proach to managing the entire flow of information,
materials, and services from raw materials suppli-
ers through factories and warehouses to the end
customer [1].

A supply chain, logistics network, or supply
network is a coordinated system of organizations,

people, activities, information and resources in-
volved in moving a product or service in physical
or virtual manner from a supplier to a customer.
How to develop a production — distribution net-
work to satisfy response time constraints and mini-
mize the total cost of production and distribution is
a challenge when supply chains are developed [2].

Today, the ever increasing technical complex-
ity of standard consumer goods, combined with the
ever increasing size and depth of the global market
has meant that the link between the consumer and
the vendor is usually only the final link in a long
and complex chain or network of exchanges [3].

Although many companies and corporations
today are of importance not just on national but
also on a global scale, none are of a size that en-
ables them to control the entire supply chain, since
no existing company controls every link from raw
material extraction to the consumer [4].

The organization of the paper is as it follows.
In the next section we provide some basic facts of
the bullwhip effect and a brief literature review of
the research work. In section 3 the details of the
investigated case of simple supply chain model are
presented. Section 4 describes actions against the
bullwhip effect. Concluding remarks are given in
the final section.

2. LITERATURE REVIEW
FOR THE BULLWHIP EFFECT

The term bullwhip effect was coined by the
Procter & Gamble management who noticed an
amplification of information distortion as order in-
formation travelled up the supply chain. The bull-
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whip effect (or whiplash effect) is an observed phe-
nomenon in forecast-driven distribution channels.
The effect indicates a lack of synchronization
among supply chain members. Even a slight change
in customer sales ripples backward in the form of
amplified oscillations upstream, resembling the
result of a flick of a bullwhip handle. Because the
supply patterns do not match the demand patterns,
inventory accumulates at various stages (Fig. 1).

Inventory

level

— Manufacturer

(Forecast)

Customers
(Demand)

Fig. 1. Inventory variability amplification in a supply chain
due to the bullwhip effect

The concept has its roots in Forrester's Indus-
trial Dynamics [5]. Because the customer demand
is rarely perfectly stable, businesses must forecast
demand in order to properly position inventory and
other resources. Variability coupled with time de-
lays in the transmission of information up the sup-
ply chain and time delays in manufacturing and
shipping goods down the supply chain create the
bullwhip effect. Forecasts are based on statistics,
and they are rarely perfectly accurate. Because
forecast errors are given, companies often carry an
inventory buffer called "safety stock". Moving up
the supply chain from the end-consumer to the raw
materials supplier, each supply chain participant
has greater observed variation in demand and thus
a greater need for safety stock. In periods of a ris-
ing demand, down-stream participants will in-
crease their orders. In periods of a falling demand,
orders will fall or stop in order to reduce inventory.
The effect is that variations are amplified as one
moves upstream in the supply chain (further from
the customer). The bullwhip effect is also attrib-
uted to the separate ownership of different stages
of the supply chain. Each stage in such a structured
supply chain tries to amplify the profit of the re-
spective stages, thereby decreasing the overall pro-
fitability of the supply chain [1, 6—8]. An important
question is: Do companies in a supply chain agree
to share demand information? Some solutions to
both situations are presented in [9].

A very simplified mechanism of the bullwhip
effect is described here. If a retail store that typi-

cally sells 50 units a week all of a sudden sells
nearly 100 per week, then this is going to result in
the supplier producing more than 100 in order to
have a safety stock for its customer. Now the sup-
plier is producing 100 + X.

The supplier's supplier now needs to ramp up
in order to have a safety stock that results in
100 + X +Y. As we go down the supply chain, more
variables are tagged onto the end of that equation.

The problem is, the supply chain as a whole
needs to be able to satisfy the same demand. If the
retail store needs 100 units, then everyone in the
chain should be prepared to supply 100 units.

Factors contributing to the bullwhip effect:
e forecast errors,
e overreaction to backlogs,

e lead time (of information — production orders
and of material) variability,

e no communication and no coordination up and
down the supply chain,

e delay times for information and material flow,

e Dbatch ordering (larger orders result in more
variance),

e rationing and shortage gaming,

e price fluctuations, product promotions, free
return policies, inflated orders.

Anderson et al. [10] present a system dynam-
ics model to investigate upstream volatility in the
machine tools industry. By a series of simulation
experiments they test several hypotheses about the
nature of the bullwhip effect, e.g. how production
lead times affect the entire supply chain.

To address the bullwhip effect, many tech-
niques are employed to manage various supply
chain processes, such as order information sharing,
demand forecasting, inventory management, and
shipment scheduling [11, 12].

Lee et al. [6] cite several factors causing the
bullwhip effect under rational decision making on
the part of chain members, and suggest methods
(such as information sharing and strategic partner-
ships) to decrease the amount of variance amplifi-
cation in the supply chain.

This phenomenon is not harmful by itself, but
because of its consequences [13]:

e Excessive inventory investments: Since the
bullwhip effect makes the demand more un-
predictable, all companies need to safeguard
themselves against the variations to avoid
stock-outs.

Mech. Eng. Sci. J., 26 (2), 79-86 (2007)
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e Poor customer service levels: Despite the ex-
cessive inventory levels mentioned in the first
consequence, demand unpredictability may
cause stock-outs anyway.

e Lost revenues: In addition to the poor cus-
tomer service levels of the second conse-
quence, stock-outs may also cause lost reve-
nues.

e Reduced productivity: Since revenues are lost,
operations are less cost efficient.

e More difficult decision-making: Decision-
makers react to demand fluctuations and adapt
(production and inventory) capacities to meet
peak demands.

e Sub-optimal transportation: Transportation
planning is made more difficult by demand
uncertainties induced by the bullwhip effect.

e Sub-optimal production: As transportation,
greater demand unpredictability causes missed
production schedules.

3. CASE WITH A SIMPLE SUPPLY
CHAIN MODEL

The objective of this paper is to illustrate and
discuss the impact of inventory control policies at
different demand processes (the bullwhip effect).
The results (changes in order sizes and stocks) for
all stages in a supply chain are compared.

We consider a periodic review system in dis-
crete time, since retailers tend to order on a fre-
quent time basis, for instance daily, weekly or
monthly, a variable amount of products.

The main cause of variability through the
chain is a perfectly understandable and rational
desire by the different links in the supply chain to
manage their production rates and stock levels sen-
sibly [14].

3.1. Circumstances: Changing demand in periodic
10 % increases and later in 10 % decreases

Tables 1 to 4 present a two-stage supply chain
(very simple model, but widely used in real situa-
tions, see Fig. 2) for an item with sales growing at
10 % per period for 4 periods and then shrinking
by 10 % for 4 more periods. There is no capacity
limit for the inventory level for each stage in our
model.

Mauw. unx. Hayu. ciuc., 26 (2), 79-86 (2007)
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Manufact.

Supplier

Products

Fig. 2. Presentation of a two-stage supply chain

A

Products

P11: Both stages in the chain work on the
principle that they will keep in stock one period's
demand — Eq. (1). Orders and deliveries are made
in the same period. In this simple case, the decision
of how much to produce each period was governed
by the following relationship:

Production rate = 2 x demand — starting stock (> 0)

(1

The market demand has been running at a rate
of 100 items per period, but in period 2 demand in-
creases to 110 items per period (+10 %). And so on.

Table 1

Changes of production rates and stock levels
(continual 10 % demand changes, Pi,).

Manufacturer Supplier

Period Demand Productiong Stock Production Stock
(market), rate  start/finish  rate ; start/finish

1| 100 100 [100/100 100 | 100/ 100
2 0 110 . 120 100/110 140  100/120
30 121 132 110/121 144  120/132
4 133 145 121/133 158  132/145
5 146 159 133/146 173 145/159
6 | 131 116 [146/131] 73 | 159/116
7| 118 | 105 [131/118 94 | 116/105
8 | 106 | 94 [118/106 83 | 105/94
9 | 95 84 106/95 74  94/84

The column headed 'Stock' for each level of
supply shows the starting stock at the beginning of
the period and the finish stock at the end of the
period. At the beginning of the period 2, the manu-
facturer has 100 units in stock (that being the rate
of demand up to the period 2). Demand in the pe-
riod 2 is 110 and so the manufacturer knows that it
would need to produce sufficient items to finish up
at the end of the period with 110 in stock (this be-
ing the new demand rate). To do this, it needs to
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manufacture 120 items; these will supply demand
and leave a finished stock of 110 items. The begin-
ning of period 3 finds the manufacturer with 110
items in stock. Demand is 121 items and therefore
its production rate to maintain a stock level of 121
will be 132 items per period. And so on for all ob-
served periods. The manufacturer never operates at
a steady rate in such changing conditions. We
should note that the first change in the demand of
only 10 % has produced a fluctuation of 20 % in
the manufacturer's production rate.

The same logic is used through to the sup-
plier. At the beginning of the period 2, the supplier
has 100 items in stock. The demand which it has to
supply in the period 2 is derived from the produc-
tion rate of the manufacturer. This has risen to 120
in the period 2. The supplier therefore has to pro-
duce sufficient to supply the demand of 120 items
and leave one period's demand (now 120 items) as
its finish stock. A production rate of 140 items per
period will achieve this. It will therefore start the
period 3 with an opening stock of 120 items, but
the demand from the manufacturer has now risen
to 132 items. It therefore has to produce sufficient
to fulfil this demand of 132 items and leave 132
items in stock. To do this, it must produce 144
items in the period 3. And so on. The fluctuation
has been even greater than that in the manufac-
turer's production rate.

Table 1 clearly shows the bullwhip effect.
The sales go up 46 % (100 to 146), and thereafter
go down 35 % (146 to 95). Orders to the manufac-
turer go up by 59 % (100 to 159), and then down
by 47 % (159 to 84). Orders to the supplier go up
by 73 % (100 to 173) and then down immediately
by 58 % (173 to 73).

P2: Both stages in the chain work on the
principle that they will keep in stock two periods'
demand — Eq. (2). Orders and deliveries are made
in the same period. The situation is shown in Table
2. In this case, the decision of how much to pro-
duce each period was governed by the following
relationship:

Production rate = 3 x demand — starting stock (> 0)

2)

The fluctuation of the production rate has
been extreme. In the period 2 the sales of 110 units
result in the ending manufacturer's stock of 90,
which is thereafter corrected by an order and deliv-
ery of 130 units to bring the period 3 beginning
stock to its desired level of 220. For all other peri-
ods see Table 2.

Table 2

Changes of production rates and stock levels
(continual 10 % demand changes, Py,).

Manufacturer Supplier
Period ]()I;:;EZS Production:  Stock Production% Stock
rate  istart/finish: rate Sstart/ finish
1 100 100 200/200 100 200/200
2 110 130 200/220 190 200/260
3 121 143 220/242 169 260/286
4 133 157 242 /266 185 286/314
5 146 172 266 /292 202 314 /344
6 131 101 292 /262 0 344 /243
7 118 92 262 /236 33 243 /184
8 106 82 236/212 62 184/ 164
9 95 73 212/190 55 164 /146

The sales go up 46 %, and thereafter go down
35 % in total. Orders to the manufacturer go up by
72 % (100 to 172), and then down by 58 % (172 to
73). Even more dramatically, orders to the supplier
go up by 102 % — more than doubled (100 to 202)
and then down by 100 % (202 to 0). In the 6" pe-
riod the production at the supplier is completely
shut down. The span-width of the supplier's pro-
duction rate is from 0 to 202.

It can be seen that the manufacturer orders to
the supplier experience demand fluctuate far more
drastically than the market demand. Small move-
ments at the end of the supply chain trigger expo-
nential movements down the chain in order to pre-
vent stock-outs.

The changing situation in both scenarios Py,
and P, regarding variability of stocks and produc-
tion orders during 9 periods is shown in Figs. 3 and 4.

250 ——Demand

—&— Manufacturer - P11

—A— Supplier - P11
Manufacturer - P22
Supplier - P22

Stock level
n
8

Period

Fig. 3. Stock variability in a two-stage supply chain
(policies: Py, Pyy)
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Fig. 4. Production rate variability in a two-stage supply chain
(policies: Py, Pyy)

P1,: The stages in the chain work on the prin-
ciple that they will keep in stock one period’s de-
mand at the first stage (1) and two periods' demand
at the second stage (2). Orders and deliveries are
made in the same period.

Table 3

Changes of production rates and stock levels
(continual 10 % demand changes, P1y).

' Demand Manufacturer Supplier
Period (market) Production Stock. Production Stock.
rate  [start/finish| rate [start/ finish
1 100 100 100/ 100 100 200/200
2 110 120 100/110 160 200/ 240
3 121 132 110/121 156 240/264
4 133 145 121/133 171 264 /290
5 146 159 133 /146 187 290/318
6 131 116 146 /131 30 318/232
7 118 105 131/118 83 232/210
8 106 94 118/106 72 210/188
9 95 84 106 /95 64 188/168

The situation in changing market demand is at
the manufacturer’s site the same as in the case of
Py;. Orders to the supplier go up by 87 % (100 to
187) and then down immediately by 84 % (187 to
30, the span-width is equal).

P,1: The stages in the chain work on the prin-
ciple that they will keep in stock two periods’ de-
mand at the first stage and one period’s demand at
the second stage. Orders and deliveries are made in
the same period.
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Table 4

Changes of production rates and stock levels
(continual 10 % demand changes, P,1).

Manufacturer Supplier
Period ](?I‘Erllizg Production: Stock. Production% Stock‘
rate  istart/finish: rate Sstart/ finish
1 100 100 200/200 100 100/ 100
2 110 130 200/220 160 100/ 130
3 121 143 220/242 156 130/ 143
4 133 157 242 /266 171 143 /157
5 146 172 266 /292 187 157/172
6 131 101 292 /262 30 172 /101
7 118 92 262 /236 83 101/92
8 106 82 236/212 72 92/82
9 95 73 212/190 64 82/73

For example, in the period 5 the sales of 146
units result in manufacturer's ending stock of 120,
which is thereafter corrected by an order and deliv-
ery of 172 units to bring the period 6 beginning
stock to its desired level of 292. The manufac-
turer's production rates are between 73 and 172,
and between 30 and 187 at the supplier. Both sce-
narios regarding variability of stocks and produc-
tion orders are shown in Figs. 5 and 6.

350

o A
250 —&— Demand
/ —— Manufacturer - P12
200 —A— Supplier - P12
—8— Manufacturer - P21
100 4 \.\'\L‘f

50

Stock level

Period

Fig. 5. Stock variability in a two-stage supply chain
(pOliCies: P127 PZI)

200

o 150 p—
© —&— Demand
S 1251 —=— Manufacturer - P12
5 100 X —— Supplier - P12
3 75 \:\S.f —e— Manufacturer - P21
o B )
& 504 Supplier -P21

254

0

Period

F

g. 6. Production rate variability in a two-stage supply chain
(policies: Py, Py)).
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The comparison of the last two policies shows
that there is no difference in production rates at the
supplier's site. Logically, appropriate differences
are in stock levels. Stock levels at the supplier's
site are in case of P, lower than at P,, and P,
and, in spite of doubled stocks at the manufacturer,
even slightly lower (average value: 116,7 versus
117,2) than at Py;!

Relations between orders and stocks for all
applied policies are summarized in Table 5.

Table 5
Max/Min ratios for 9 observed periods.
Max/Min ratio
Measure P, Py Py Py
M S M S M S M S
Production
rate 1,89 237236 o 1,89 623236 623

Stock level 1,54 1,89]1,54 2,36|1,54 1,89 1,54 1,89

Comment: M — Manufacturer, S — Supplier, Market's Max/Min
Ratio: 1,54

The presented case and its situation are very
real. We have seen examples where suppliers have
been shut down completely for many periods when
the orders at the end of the supply chain are re-
duced only slightly! Retailers often make unex-
pected promotions to increase the demand at some
periods. As a result, although the demand for some
specific periods might increase, some customers
will delay or reduce their next purchases. This will
decrease the customers' demands in the subsequent
periods and uncertainty in the supply chain will
increase [15].

It is important to note that besides stock ef-
fects, similar problems would be extant in manu-
facturing capacity requirements, response times,
and obsolescence. The shown case does not include
any time lag between a demand occurring in one
part of the supply chain and it being transmitted to
its supplier. In practice there will be such a lag!

4. PREVENTIVE MEASURES
TO THE BULLWHIP EFFECT

The key question becomes: How can the bull-
whip effect be ameliorated? Companies must un-
derstand fully its main causes and implement some
new strategies [16]. Different actions are possible:

e Minimize the cycle time in receiving projected
and actual demand information.

o Establish the monitoring of actual demand for
product to as near a real time basis as possible.

e Understand product demand patterns at each
stage of the supply chain.

¢ Increase the frequency and quality of collabora-
tion through shared demand information.

o Minimize or eliminate information queues that
create information flow delays, centralize de-
mand information.

o Eliminate inventory replenishment methods that
launch demand lumps into the supply chain.

e Reduce the order sizes and implement capacity
reservations.

o Eliminate incentives for customers that directly
cause demand accumulation and order staging
prior to a replenishment request, such as volume
transportation discounts.

e Offer your products at consistently good prices
to minimize buying surges brought on by tempo-
rary promotional discounts.

o Minimize incentive promotions that will cause
customers to delay orders and thereby interrupt
smoother ordering patterns; identify, and pref-
erably, eliminate the cause of customer order re-
ductions or cancellations.

e Decision-makers should react to demand fluc-
tuations and adapt capacities to meet peak de-
mands.

e Implement special purchase contracts in order to
specify ordering at regular intervals, limit free
return policies.

5. CONCLUSION

Superior supply chains are one of the best
ways to compete in today's marketplaces. For
make-to-stock production systems, which are in-
volved in different supply chains, the production
plans and activities are based on demand forecast-
ing. The orders are supplied by stock inventory, in
which the policy emphasizes the immediate deliv-
ery of the order, good quality, reasonable price,
and standard products. The customers expect that
delays in the order are inexcusable, so the supplier
must maintain sufficient stock [17].

It has been recognized that demand forecast-
ing and ordering policies are two of the key causes
of the bullwhip effect. Basically, the bullwhip ef-
fect is safety stock for safety stock; because sup-
pliers hold extra stock for their customers the same
way retailers hold extra stock for their customers.

Mech. Eng. Sci. J., 26 (2), 79-86 (2007)
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Suppliers need safety stock, for the safety stock
[14].

Situations where information is not shared be-
tween the manufacturer (with chained suppliers)
and the retailers may cause a heavier burden on the
safety stock or a greater expenditure in shortage
cost. The negative effect on business performance
is often found in excess stocks, quality problems,
higher raw material costs, overtime expenses and
shipping costs. In the worst-case scenario, the cus-
tomer service goes down, lead times lengthen, sales
are lost, costs go up and capacity is adjusted. An
important element to operating a smooth flowing
supply chain is to mitigate and preferably eliminate
the bullwhip effect.

In the paper we experimented with a special
case of a simple two-stage supply chain using four
inventory control policies. Results are discussed
and shown in tables and charts. They illustrate how
the parameters of the inventory control policy in-
duce or reduce the bullwhip effect. The inventory
level of the upstream stage is not always larger
than that of the downstream stage of the chain.
This is evident at policies P;; and Py, when the
market demand is decreasing.

There were no capacity limits for the inven-
tory level for the stages of the supply chain in our
model. For future study, we will focus on incorpo-
rating such restrictions at all stages of a supply
chain. We will include more chain stages. The in-
vestigation will be based on spreadsheet simula-
tion.
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Knyunu 300poBu: cHaGyBauKy CUHIIUD; IPUHIUIYI Ha YIPaBYBambe CO 3aIUXU; (hIyKTyUpame Ha IobapyBambaTa;

,»KaMIIIK" epexT

Tonem 6poj KOMIAHWM TMOCTUTHYBAaT 3HAUYMTEITHA
KOHKYpPEHTCKa MPEJHOCT NPeKy NPUCHOCO0yBame U ynpa-
ByBale Ha OMNEpalUuTe BO CHAGAyBAauKWOT cHHOUp. Bo
yIIpaByBalkeTO Ha CHAONYBAUKUTE CHHIMPH BKYyIHATa
MpOIleHA HAa CHAOMYBaYKHOT CHHIIMP Tpeba Jja ro BKIYYH
1 ,,KaMIIuK-e(pekToT. Toa ro mpeTcraByBa MpOIINPYBa-
HBETO Ha BapHjaluuTe Ha HApauyKUTE BO CHAO[YBAUKUOT
cuHIIMp. JacHO e JieKa BapupameTo Ha MPOrHO3aTa 3a Io-
TpebuTte mpugoHecyBa 3a oBoj edekT. Bo oBaa cmmuca,
aBTOpPUTE UCTPaAXKyBaa Ciydyaj co MPOMEHJINBA OTpeda of
MEPUOANIHO 3rojieMyBame U HamamnyBame of 10%. IIpoy-
YEHH Ce YeTHPH NMPUHIMIHN Ha yIpaByBame co 3amuxu (P)
3a [IBe HUBOA BO CHHIUPOT: 3aJp3KyBame BO cKiaf, 1) mo-

Mauwu. unxc. — Hayu. ciiuc., 26 (2), 79-86 (2006)

Tpeba ofI efieH MepHuoy 3a ABeTe HuBoa — P,;, 2) motpeba
OfI /IBa Ieprofia 3a IBeTe HUBOa — P,,, 3) moTpeba oy efeH
Nepyoy 32 IPBOTO HUBO M J{Ba IIEpUOja 3a BTOPOTO HHUBO
— Py, n 4) cnporuBHO Ha npeTxofHOTO — P,;. 3ronemysa-
HETO Ha BApUPAKHETO HAa HAPAUKUTE U 3TOJIEMYBAamHETO Ha
3IMXATE 3HAYUTEIHO IO 3rojieMyBaaT CHAaGyBauyKHOT
cuHpup. EekToT nokaxysa HEJOCTUT Off CHHXPOHHU3AIH-
ja momery 4JeHOBHUTE Ha CHAOMYBAUKMUOT CHHIIMP, Opagu
HETOYHU KJIYYHU MH(POpMAIMU 3a TEKOBHHUTE MOTPEOH.
ITokpaj oBa, mpeTcTaBeHU ce MOKHUTE aKUUHU KOM ja 3e-
MaaT OpeABUJ KOOpHUAMHALMjaTa Ha AKTHUBHOCTHUTE Off
OnepanuuTe BO CHHIIUPOT.
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A bstract: Very frequently we must answer some
important requests for offers, generated for individual or batch
production, for example: a great number of requested offers
for production of products at once, small batches with very
rare repetition, frequent changes of priorities during produc-
tion, short deadlines of delivery, market demands for ap-
proaching prices of the individual or batch production near the
prices of mass production, etc. The purpose of this research
was establishing possible connections between sketch features
and necessary production times for manufacturing products.
Research of the connection between production time and fea-
tures of products gives us as a result the technological knowl-
edge base and the regression equations.

Key words: fast process planning; technological knowledge
base; stepwise multiple linear regression

1. INTRODUCTION

The process planning could be presented like
a balance between producing a part meeting func-
tional requirements, minimal production time and
minimal production cost. The relation between part
manufacturing, production time and cost certainly
exists but it is not always very clear.

The operations defined in the process plan-
ning have to be put in certain order according to
the precedence relationships based on technical or
economical constraints. The sequence of operati-
ons depends on many influences such as:

a) nature of the material,

b) general shape of the part,

¢) required level of accuracy,

d) blank size,

e) number of parts in the batch,
f) possible choice of machine tools, etc.

The expected difficulties in the process of
solving the operations sequence can be: pattern
recognition, selection of datum, connection be-
tween machining surfaces and type of operations,
machining tools, tools, positioning and holding of
workpiece, etc.

2. SEQUENCING OF OPERATIONS
AND ESTIMATION OF PRODUCTION TIMES

Few approaches in sequence operations and
production time’s estimation can be mentioned.

The first approach named Matrix method [1,
2] can be described as operations defined by put-
ting them in certain order according to the prece-
dence relationship based on technical or economi-
cal constraints.

The shape complexity approach as the second
possible approach for production time’s estimation
is defined through entropy as a measure of sample
randomness [3]. The entropy is expressed as
H=—-%p;logyp;, where p; is the probability of a cer-
tain outcome (angle change along contour in this
case). The ultimate goal is to calculate the shape
entropy as a measure of shape complexity. The
shape shown in Fig. 1 has the entropy of H =2.052.
Of course, there is a very complex question. How
to connect in a unique manner shape complexity
with the technological procedure and production
times / costs?



88 P. Cosi¢, D. Antolié, V. Gecevska

S

™

Fig. 1. Contour of a valvet approximated by splines & lines

The third approach named Variants of process
planning [4, 5] can be explained as production
time’s estimation. For example, estimation of pro-
duction times & costs by web application for dif-
ferent variants of product production were devel-
oped (Fig. 2a, 2b). The selected variant of product
production is the result of the product shape (Fig.
3), way of tightening (Fig. 2a, 2b), roughness surface
and kind of machine tools. Thus, production times
and costs are a result of the observed process plan-
ning variant.

The fourth approach named Operation se-
quencing [1, 6] can be explained as development
of original web application by Microsoft .net tech-
nology and Flash (temporary site http://www.
igorm.net/studadmin/). The goal was to define the
simple procedure for definiting the operations se-
quencing for every surface of the part. The main

criteria were satisfaction of the requested geomet-
rical and dimensional tolerance, roughness, etc.

The fundamental idea for sequencing opera-
tions (Fig. 4, 5, 6) is the shape recognition, deter-
mination between dimensional & geometrical tol-
erance with the requested process roughness, cal-
culation tolerance and cutting addition and final
sequence operation (Fig. 4). Web site for this ap-
plication would be at http://ptp.fsb.hr.

The fifth approach named Basic technological
operations [7, 8, 9, 10, 11] can be explained as
development of the original knowledge base of the
fundamental, the most frequent operations.

What can we put as the characteristics for the
previous first four approaches for the possible es-
timation production times? First, problems with the
insufficient generalization level of the used proce-
dure, too complicated calculation, insufficient level
of automation of solutions generating in IT appli-
cation, etc. In this paper the fifth approach would
be discussed in more details.

Bad (judgement 0)

Accepted(judgement 1)

j00d (Judgement 3)

. Excelent (judgement 5)

Fig. 2a. Selection of machine tools — case for conical
machining

Way of B
o tlgh?gn?ng _\‘-— sﬁ,%'ful - N7
—_/..r'_
UL ;N PL RL | PL -
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Fig. 2b. Selection of machine tools — case for conical machining
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Fig. 3. Phase — turning of threads with selection shape part, cutting parameters and times

SeqOp ( 00:05 / 03:37 ) Izlaz

Example 1

% For the surface marked with bold line (sketch) assign kinds of

the technologies (material removal), sequence operation,
dimensions of final workpiece, tolerances and surface quality (Ra)
for each operation. Use tables 1 — 3!

a= 0,5 Ra; b = 0,0009mm; ¢ = 90mm, d = £ 0,015.
ctd

)

Fig. 4. Example of development sequencing operations
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SeaOp (02:54/03:37) Izlaz
Solving procedure
Univers Zagreb, FSB, Department of Industrial Engin air for Design of Production, Zagreb
15. The equivalent tolerance is:
0,02x 2 =0,04mm
16. The surface roughness for milling will be 1.6 pm Ra
(Maximum of grinding).
Pt oo | ws
ohlel Bruden, 0.1 (’ 18
wonans 81 —
17. From Table 3: equivalent tolerance for 1.6uym Ra is 0.05 mm.
0,05 x 10 = 0,5 mm
Tablica 3
Tolerancija
* (mm)
Srednje
odstupanje
profila Ra {ym)
‘ﬂ 110014 ZAUSTAVLIJENO 00:29/00:29 ’ a
|- o
Fig. 5. Determination of tolerance equivalent
SeaOp (03:32/03:37) Izlaz
Solution
University of Zagreb, FSB, Dep nent of Industrial Engineerin ir for Design of Production, Zagreb
d
i e
dimension:
Grind the part to 90,0 £ 0,01 0,32um Ra
. dimension:
Mill the part to 90,2 + 0,04 0,8um Ra
dimension:
90,7 + 0,10 1,6pm Ra /
) 130014 ZAUSTAVLIENO 00:24/00:24 4 a
d

Fig. 6. Final solution of sequencing operations
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Fig. 7. Connection sketch features with technological date

3. SKETCH FEATURES
AND TECHNOLOGICAL DATE - BASE
FOR PRODUCTION'S TIMES ESTIMATION

Very frequently (especially in the domain of
the SME company) we must answer fast to some
important requests for offers, generated for indi-
vidual or batch production, for example:

1) great number of requested offers for pro-
duction of products at once,

2) small batches with very rare repetition,

3) frequent changes of priorities during pro-
duction,

4) short deadlines of delivery,

5) market demands for approaching prices of
the individual or batch production near the prices
of mass production, etc.

A very important factor for good company
competitiveness on the market is technological flexi-
bility.

For a successful company running a business,
necessary condition is existence of the process plan-
ning for every product in the saleable process and
activities of evaluation of requests of potential cus-
tomers.

Maw. unnc. nayu. ciiuc., 26 (2), 87-96 (2007)

It must be stressed that often technological
knowledge and the speed of the process planning
would be more important than the technological
level of equipment, skills and knowledge of people
who realize the technology.

So, we can be faced very often in practice by
one of the two undesirable cases:

a) great amount of used time for defining the
process planning of products without agreement of
order for production products,

b) signing an agreement without estimated
precise machining times/costs necessary for prod-
ucts manufacturing and realization agreed upon
products.

4. DEVELOPMENT OF TECHNOLOGICAL
DATEBASE

Basic technological processes must give the
requested date to sales department as the most im-
portant date for defining product costs/price and
deadline of delivery. Also, basic technological
processes can be very useful as the base for de-
tailed process planning or optimization of process
planning. We can be faced by few approaches in
the process planning. For example, definition very
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precise IF THEN procedure for creation techno-
logical knowledge database. Or, we can be faced
by use of fuzzy logic and certainties of possible
solutions. Or, we can try to solve restricted area of
problem by heuristic approach.

What can it means? Technological processes
are basically based upon product drawings with
adequate dimensions, tolerance (dimensional and
geometrical), surface roughness, batch size, shape
and kind of material, heat treatment, requested de-
livery, disposable equipment, tools, etc. At the
same time, the process plan gives the primary re-
sults of the planner experience, intuition and deci-
sion support. Very often, process planners work
under a high level of pressure or lack of time.

The process planner can establish possible
connections between sketch features and necessary
machining times for products manufacturing. The
defined hypothesis says that we can express estab-
lished connections, except methods of Al, with
regression equations. The established purpose is to
the define the basic process planning with satisfac-
tory precision.

So, the fundamental idea in the fifth approach
[7, 8, 9] of production time’s estimation is investi-
gation of the existence kind of relationship be-
tween the shape and the date from sketch and
process type, process sequencing, primary process,
way of tightening, selection of tools, machine
tools, production times, etc. (Fig. 7).

The greatest challenge is to establish (or in-
vestigate) the most important factors from the
sketch for useful, easy, fast and very exact estima-
tion of production times. It is necessary in the
process of offers definition for better estimation
terms of product delivery, production times and
costs, manufacturing management and last but not
the least important, product price.

As one of the first steps in our project re-
search, we have defined possible shapes of raw
material and 30 potential basic technological proc-
esses. Parameters of basic technological processes
can be:

— shape and kind of raw material (features of
sketch, knowledge base),

— type of workpiece (features of sketch, shape
and dimensions of raw material),

— necessary operations for treatment (features
of sketch, expected production time, knowledge
base),

— operations sequencing (features of sketch,
necessary operations of treatment, knowledge base),

— necessary production times (features of
sketch, based on equations).

So, features of sketch (independent variables),
possible dependent variables, size and criteria for
sample homogenization (principles of group tech-
nology) have to be established for analysis of vari-
ance and regression analysis. Relations between
tables (Fig. 9) (Marks of parts, Realized techno-
logical processes, etc.) are elements of realized
technological processes and procedures.

5. PREVIOUS RESEARCH OF ESTABLISHED
HYPOTHESIS

As the precedence work we have to define the
domain borders of independent variables (less than
40), the reduction number of variables by correla-
tion/factor analysis and the definition type of the
smoothing curve with a high index of determina-
tion. Of course, the desired level of generalization
in the regression analysis would be an important
indicator for the quality of the regression equation.

A group of rotational parts with heat treat-
ment (Table 1), as an example of multiple linear
regressions (four variables) was selected. The ob-
served multiple linear regression Y = f{X1, X2, X3,
X4) (1) has the index of determination R’ of
0.969211 (Table 2):

Y=—30.4632 + 0.000489 X1 + 7.553821 X2 +
0.560182 X3 + 124.5732 X4] (1)

where is:

Y = production time

X1 = workpiece volume

X2 = number of marks for locations and |
roughness

X3 = number of dimension lines

X4 = requests for locations.

Eight multiple linear regression equations
were established for a different group of values of
parts (the same group) with the significant level of
homogeneity. The next steps of research were con-
ducted in the way of automatic recognition and
joining the part to the adequate group of the parts
(logical operators in database).

The research as the second request has in-
cluded more precise measurement and calculation
production times of parts. As the third request was
the procedure for estimation of the multiple linear
regression with the least variables, the greatest in-
dex of determination and good coincidence calcu-
lated and predicted values of the dependent variable.
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Table 1

Sample of sketches and features for 4 independent
variables and 1 dependent variable

Q34 - ROTATIONAL PARTS WITH HEAT TREATMENT
PARTS VARIABLES
| K X2 X3 p 1
| Marks Workpiece volumg Mumber of marks for | Mumber of  request for Ti
locations and roughnesgdimension lines| location
17907 5.827 54 b 7 0,02 3
18423 35.268 48 i} 25 04 123
18730 148.365 00 i} 12 04 48
18930 9.361,13 3 18 04 4B
19532 51.025,00 2 37 0,02 210
19548 18.990.72 7 17 0,02 56
19943 14.067 20 i 17 04 A
19964 17.857 18 1 1 04 42
19985 56.620,00 2 5 04 128
05063 21.463 47 i} 12 04 28
06162 124,473 53 ] 47 002 89
06477 3.956,40 1 " 04 3
06438 451051 i} 12 04 5
06316 18.624 B9 i] 12 04 27
06921 1.020 50 i 13 04 18
07224 38.75388 i} 17 04 48
07287 15.643.39 i 12 04 2B
07838 35.32500 B ? 0,02 57
07580 134,658 50 12 56 002 142
08515 214776 1 9 04 18
09005 229.666 54 15 47 0,02 161
09034 185.662 58 8 32 0,02 167
36791 1.418.673 54 11 75 0,006 500
Table 2
Index of determination for ANOVA
Regression statistics
Multiple R 0.984485
R square 0.969211
Adjusted R square | 0.962369
Standard error 31.43457
Observations 23

6. HOMOGENIZATION OF THE SAMPLE,
CLASSIFIERS SELECTION AND
SIGNIFICANCE OF VARIABLES

The blank material may be expressed by three
basic groups: quality, shape and dimensions. The
investigation of the connection between the pro-
duction time and features of the product (through
four groups of independent variables) can give the
regression equation. All elements of the sample are
records for the created database (Fig. 9).

The considered sample consists of original
production documentation of one Croatian com-
pany for manufacturing machine tools. For estab-
lishing potential high quality relationship between
features of sketch and production time we have to
execute two actions. One action can be explained
as exploring measures for the reduction number of
independent variables for regression analysis. The
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method of analysis of variance (ANOVA proce-
dure) and stepwise multiple linear regression (Ex-
cel, MatLab) were very helpful in the process re-
duction of the number of independent variables.

The other action was the process of sample
homogenization (Fig. 10) for example, elimination
of too big or small value of members of the sam-
ple. The shape product dependent variables as the
most important criteria were established for 8 dif-
ferent product types. As a result of development
we have developed some regression equations.
Size samples are results of sample homogenization
and query of logical operators (classifiers) for 12
basic technological operations (OTP) (Fig. 8).

Partial regression leverage plot for X43
Adjusted for K143 %11 %33 ¥40 450
a0 T T T T T T

40 % *

30

Y oresiduals

* Adusted data
Fit: y=13.6436"%
------ 95% conf. bounds

1
A5 4 DF 0 0R T 152 ih 3
X43 residuals

Fig. 8: Partial regression 1 average plot for X43

7. DEVELOPMENT OF STEPWISE LINEAR
MULTIPLE REGRESSIONS

As the precedence work we have to define the
domain borders of independent variables (less than
40), the reduction number of variables by correla-
tion/factor analysis and the definition type of the
smoothing curve with a high index of determina-
tion.

Of course, the desired level of generalization
in the regression analysis would be an important
indicator for the quality of the regression equation.
One of the most important problems was the proc-
ess of homogenization of the sample of products.
The adequate method for this action was one of the
methods of group technology.

The logical operators during the query proc-
ess in database Access (Fig. 9) were very helpful in
the process of homogenization of the sample of
products. As the result of previous research, as for
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sample homogenization, classifier selection and
multiple stepwise linear regression we obtained:
(Fig. 11): 7 independent selected variables, basic
sample of 320 parts, constraints for data parts, 8
regression equations, percentage of explained ef-
fects, relative error (7-30%), etc. The other ap-
proaches were critical analysis values of dependent
variables and excluding the extreme values.

As an example of multiple linear regression
(seven variable), after classifiers actions and step-
wise multiple regression was selected a group of
metal rods with 221 parts in a sample.

The observed multiple linear regression
Y=1(X43, X40, X11, X50, X8, X33, X1) (2) has the
index of determination R* = 0.742471 for X43 re-
siduals (Fig. 8):

Y = machining time,

X1 = tolerance external diameter of workpiece,

X8 = surface roughness,

X11 = internal diameter of workpiece,

X33 = ratio length/diameter of workpiece,

X40 = complexity of workpiece,

X43 = superficial area of raw material,

X50 = difference of length workpiece and raw
material,

Y=36.419+13.649 X43 + 0.099 X40 + 0.459 X11
+2.023 X50 — 4.080 X8 —0.655X33 +0.712 X1

2

Eigth multiple linear regression equations
were established for a different group of values of
parts (the same group) with the significant level of
homogeneity.

& redoslijed operacija : Select Query

Oznaka dijela 10 OzZnake dijela

Maziv dijela Oznaka ostvarenog TP
Oznaka partnera Diakurn ostvarenja TP
Kamentar Tehnolog

Komentar

1D oskvarenog TP
Prva operacija
Zadnja operacija
Redni broj operacije
10 Operacije

1D Radnog miesta e

Oznaka postupkad
Maziv postupka
Redosljed u TP

~ Yoo/ Redoslied u TP z:
' Komentar

|
il >
Field: [Dznaka dijela Prva operacija Zadnja operacija Redni broj operacije | Maziv postupka Redoslied u TP Tpz Tharm A
Table: |Tes01 Cznake dijh T7754 Elementi ast T7754 Elementi ast: T7754 Elementi osk T9213 Postupak T9215 Postupak T7754 Elementi ost TFF54
Total: |Group By Group By Group By Group By Group By Group By Sum Sun
Sork:
Shiow:
Criteria: fes fes "Limarija"
ar: ~
I 3|
Fig. 9. Relation database [7]
CONSTRAINTS:
dch> 5,> 114 ch
0,003 kg> my, >2 80 kg
23> Sy >68
12 K,>37

7.350 > G, >8.900

8grana
OTP-a

T
itu.m =@py +‘§, Drarss * X rarsy

i

AQ000 - basic model

ACOB1 - round bars

AE101 - spindle

AB1C1 - discs

AC102 - discs - fine machined
AB103 — other rotational parts
ADDD4 - flat rods

ADDDS - plates (sheets)

Fig. 10. Regression models
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Model A0000: WHOLE SAMPLE /
Matrix: 302 x 150
K: 434

12 (explained.):0.7366 (0,7294)

_r?.(explained .):0.8076 (0,7681)

A

Model AB101: SPINDLE
Matrix: 47 x 150
K: 430

Error (rel): 12,73 (30,38%) Error (rel): 12,79 (23,85%)
NV: 7 NV: 7
Model AOOB1: ROUND BARS L e |
Matrix: 220 x150 Model AB1C1: DISCS iMong AC102: GRINDED DISCS I
K: 461 Matrix: 116 x 150 Matrix: 24x150
== r2'(explained ): , K 459 ,—IK: ) 483 I
074285 07331) || | I (explained ):0.8094 (0,7953) I (explained): 0.9851 (0.9776)
Error (rel): 13,21 (30,44%) Error (rel): 10,42 (23,49%) Error (rel): 320 (7.20%)
NV: 7 NV: 7 NV 7 i
Model AB103: OTHER ROTAT.
Matrix: 57 x 150
K: 5,01
2 (explained.):
0,8933 (0,8759)
Error (rel): 9,86 (25,06%)
\_ NV: 7 J
Okrugle Sipke

38x 150

445

r2 (explained.):0,9003 (0,8738)

Error (rel): 6,55 (14,34%)
7

Model A0005: SHEETS
Matrix: 34x150

K: 1,52

r2 (explained): 0.9008 (0,8703)
Error (rel): 8,93 (21,35%)
NV: 2

Fig. 11. Result of classifiers activities in technological knowledge base [7]

8. CONCLUSION

Hypothesis about relationship on one hand
between sketch features and on the other hand pro-
duction times and parameters of technological
processes is confirmed. The result of the research
is the fact that a possible initial shape of material
raw can be automatically defined on the base of the
sketch features.

The process of the previous classification
parts in defined types of parts based primarily on
geometric features is not so important in the proc-
ess planning. Solution can, not be found in deter-
mination type of the part but in the parts joining to
a specific, in advance, type of defined fundamental
technological processes (OTP) based on sketch
features and selected classifiers.

The logical operators during the query process
in database Access were very helpful in the process
of homogenization of the sample of products.

For establishing potential high quality rela-
tionship between features of sketch and production
time we have to execute two actions.
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One action can be explained as exploring
measures for a reduction number of independent
variables for the regression analysis. The method
of analysis of variance (ANOVA procedure) and
the stepwise multiple linear regression (Excel,
MatLab) were helpful in the process reduction
number of independent variables.

The other action was the process of sample
homogenization, for example, elimination of too
big or small value of sample members. Shape
products as the most important criteria were estab-
lished for 8 different product types. The results of
classifiers activities in technological knowledge
base are: 8 recognized homogeneous groups of
parts, 7 independent different variables, high per-
centage of explained effects, relative error (7—
30%), etc.

As a result of the development we have de-
veloped 8 regression equations. The size samples
are results of sample homogenization and .query of
logical operators (classifiers) for 12 basic techno-
logical operations (OTP).
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Research work would continue by developing
user friendly web application for estimation pro-
duction times, looking for an adequate model for
optimization (minimum of production time, maxi-
mum occupied capacity, maximum profit for as-
sortment of selected products), etc. Implementation
of the genetic algorithm can be one of the possible
methods for solving optimization problems.
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KJ'[y‘ll-[M 360p0BM: 3a6p3aHo MIPOEKTUPAKC HAa TEXHOJOUIKHY MIPOIECHU; TEXHOJIOIIKA 0a3a Ha 3HACH:C,

noBeKeKpaTHa JMHEapHa perpecuja

CoBpeMeHUTEe Ta3apHU YCIOBU ja NETEPMUHHPAAT
notpebaTa o Op3 OAroBOp Ha GapamaTa OfI KIMECHTHUTE
32 TMIOHYW TeHEePUpPAaHU Ha MOEUHEYHO YN MaJIOCEPUCKO
MIPOU3BOJICTBO, KaKO LITO Ce Ha MpuMep, rojeM 6poj Oa-
pama 3a MPOM3BOJCTBO Ha ONNEIHH MPOU3BOAM CO Maja
MOSKHOCT 3a MOBTOPYBame, TUHAMIUYHHA M3MEHH HA TPHO-
pUTETHTE BO TEKOT Ha NMPOU3BOACTBOTO, KPATKU POKOBHU

3a HCIopaka, ciefiere Ha OapamaTa Ha I1a3apoT BO OJHOC
Ha IIEHUTE UTH. BO MCTpakyBameTO MPUKAXKAHO BO OBOj
TPYA € IpefyIoKeHa MOKHA KOHEKIFja MOoMery OCHOBHH
OO Off KO Ce MOJIeIupaaT (paMUINy Ha MPOU3BOIH U
TIPOU3BOJHOTO BpeMe 3a M3paboTKa Ha IPOU3BOAUTE, IPU
ITO KaKO Pe3yJiTaT e FeHepupaHa TEeXHOJOIKa 6a3a Ha
3HaeHma.
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