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A FEW PROOFS FOR NONEXISTENCE OF THE METASTABLE STATES  

Atanas Blaževski 
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P.O Box 464, MK-1001 Skopje, Republic of Macedonia 
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A b s t r a c t: 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now unpublished author's work whose title is "A few proofs 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 

(??). 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 180oC, 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], page139 and Ref. [9], 
page 96. 

 

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 



 A few proofs for nonexistence of the metastable states 41 

Ma{. in`.  nau~. spis., 26 (2), 39‡65 (2007) 

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 
p3 = p2. 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. 

 
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 (??) 
pvk’ = 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 pvk = const, with 
that difference that for it steam the exponent k they 
adopt according to the empirical Zeüner 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. 

 
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 
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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, K1, K2, K3, K4,... (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: 

 Δw = wA-2 – wA-3 = (uA – u2) – (uA – u3) =  

 = –u2 + u3 < 0 (1) 

 
Fig. 4.  

a) Figurative presentation of the forming and the breaking  
(the exploding) of the small nonequilibrium particles 

condensate, K1, K2, K3, K4,…, 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.  
c) Measuring of the pressure along the nozzle with manometer 

and with opening of corresponding valve V1, V2, V3,…etc. 

 
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: 

 Δw = q < 0, or q = Δw < 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, q = Δw 
> 0. This freed energy can be expressed through 
the relation of the first law of thermodynamics: 

 q = u4 – u3 + w3-4 > 0, (1b) 

where the first part of that energy u4 – u3 is spent 
for increasing the internal energy of expanding 
steam from u3 to u4, 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 w3-4 is spent for doing absolute work in the 
nozzle, or more exactly for acceleration of the 
steam in the nozzle. This absolute work w3-4 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, q = u4 – u3 + w3-4 > 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 

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, 
t = const. In Fig. 7 three such equilibrium curves, 
p1 = const, t1 = const and v1 = const are shown, which 
in the wet region turn into straight lines, p1 = const, 
t1 = const and v1 = const. If the equilibrium curves, 
p1 = const, t1 = const and v1 = 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 p1', t1' and v1' 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. 

 
Fig. 7. Drawing the nonequilibrium curves of supersaturated 
steam p1

,, t1
,
 and v1

, as continuous extensions of equilibrium 
curves p1 = const, t1 = const and v1 = 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 p1', 
t1', v1' or p1, t1, v1. Here it could be noticed that the 
nonequilibrium curves p1', t1' and v1' in Fig. 7, ac-
cording to the numeric value, are equal to the val-
ues of equilibrium curves p1, t1 and v1. 

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 k > 1.3 and k = 1.135 + 0.1x, 
and the nonequilibrium process 1-A-3 with the ex-
ponents k > 1.3 and k' > 1.3. The same case is with 
the lines of the constant enthalpy where the dashed 
curve hA' represents the nonequilibrium extension 
of the equilibrium line hA = 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 hN to be found out, one should go to the 
right along the curve hA' from the state N up to the 
state A, and in that point the values hN = hA' = hA 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 p2, the 
isotherm t3 and the isometric v3 (see the dashed 
curves p2', t3' and v3' 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, p2 = const, 
t2 = const and v2 = 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 p3 = p2' = p2, while the tem-
perature and the specific volume are smaller than 
those of the equilibrium wet steam, t3' < t2 and 
v3' < v2. 

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 pA and p3 = p2' = p2. 

 
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 p2

,, t3
,
 and v3

,. 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 T3 = T3' and the exten-
sions of the isobar p2' = p2 and the isometric v3' 
from the superheated region (see the dashed curves 
in Fig. 9). The shaded area q < 0, under the curve 
A-3, represents figuratively the part of disposal 
internal energy of the equilibrium wet steam q = 
Δw < 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 
p2 = const, t2 = const and v2 = 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 
p3 = p2 = p2', the isometric vertical line v3 = v3' and 
the extension t3' of the isotherm t3 from the super-
heated region (see Fig. 5). The doted area in Fig. 5, 
marked with Δw < 0, represents figuratively the 
same enslaved internal energy into the extreme 
small nonequilibrium particles condensate as in 
Fig. 9, because of that is Δw = 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 p2 = const, t2 = const and v2 = 
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 p2

,, T3 = T3
,
 and v3

,. 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, 

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 p2', t3' 
and v3' 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 = l, 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 pA = 1 kp/cm2 ≈ 1 
bar and tA = ts ≈ l00 °C from the diagram the value 
k = k' = l.38 > l.3 is read at which it achieves ap-
proximately the exact intersection of all three 
curves (p2', 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 cp and cv 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: 

 , 
v

p

c
c

k =′  (2) 

where the data for cp and cv 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-2 and wA-3 in relation 
(1), at condition p3 = p2 = p2' and v3 = v3', can be 
calculated according to the next relations, which 
with the indexes in Fig. 5 should be: 

 ( ),
1

1
222 vpvp

k
w AAA −

−
=−  (3) 

and 

 ( )333 1
1 vpvp

k
w AAA −

−′
=− , (4) 

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

 k x
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2. . . . ,   (5) 

where x is the average value of the dryness xA = 1 
and x2<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 p3 = p2, the dryness x2 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 vA (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: 

 v v
p
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– 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: 

 v v p
pA

A k
3

3

1
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'
.   (8) 

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 3–4 

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 (1a), but with the opposite sign, 
q = Δw > 0. This freed energy is expressed through 
the relation (1b), respectively q = u4 – u3 + w3-4 > 0, 
where the first part of the energy u4 – u3 is spent for 
increasing the internal energy of expanding steam 
from u3 to u4, 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 w3-4 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 (p3, v3 ) are 
known from the previous calculations in chapter 5; 

– the pressure after the rise p4 (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: 

 p p4 1= ε  ,   (9) 

where ε is the dimensional pressure ratio, while  p1  
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 

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. 

 
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) Δt1 = 77.4 oC,  2) Δt1 = 56.4 oC,  3) Δt1 = 33.5 oC,  
4) Δt1 = 15 oC,  5) y1 = 0%,  6) y1 = 5%, where: Δt1 – degree  
of superheated steam, y1 – starting moisture of the steam,  

ε = p/p1 – pressure ratio between the pressure in any section p, 
and the entering pressure in the nozzle p1, which is equal  

in the all 6 cases. (Taken from [2].) 

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

 y
m

m m
t

p t
=

+
 ,   (10) 

or its dryness as x y= −1  ,  or for the state 4: 

 x y4 41= − .   (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 (v4, h4, s4, u4) through the known 
relations for the equilibrium wet steam, v4 = 
v'+x4(v"-v'), h4 = h'+x4(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 p4 1= ε  , 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,  
v4 = v' + x4 (v"−v'). With these two experimental 

values, and the adiabatic relation placed for the 
rising process 3-4, p v p vk k

3 3 4 4
" "=  ,   the numeric 

value of the empirical exponent k" could be calcu-
lated as: 

 
( )
( )34

43
/ lg
/ lg"
vv
ppk = . (12) 

This exponent regularly has a negative value 
which moves in confines −∞ < k" < 0, because the 
rising process 3-4 (Fig. 6) lies somewhere between 
the isochoric process v3 = v4' = const, whose expo-
nent is n = → −∞, and the isobaric process p3 = p2 
= 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. 

After determining the value of the exponent 
k" the absolute work w3-4 which is acting during the 
rising process 3-4 (Fig. 6) could be calculated, ac-
cording to the adiabatic relation: 

 ( )w k p v p v3 4 3 3 4 4
1

1− =
−

−"  .  (13) 

At the calculated w3-4 and known amount of 
the total released (enslaved) energy q = Δw > 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 u4: 

 u u q w4 3 3 4− = − −  .   (14) 

By dividing the obtained absolute work w3-4 

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

 
w

q
Z3 4− =  ,   (15) 

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

According to that, in this manner determined 
Z, and calculated q = Δw > 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: 

 w Z q3 4− =   ,  (16) 

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

 ( )u u Z q4 3 1− = −   ,  (17) 
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which is clear that their sum must be equal to the 
total released heat q = Δw > 0 at the rise 3-4: 

 ( )Z q Z q q w   .+ − = =1 Δ  (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 Z1, Z2, Z3, Z4, Z5, Z6 and 

"," ," ," ," ," 654321 kkkkkk  to find the arithmetic 
average for Z and k" as: 

 , 
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and 
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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 (p3, v3) would be determined. After that, 
according to the equation (1) the enslaved energy of 
the steam Δw = q < 0 would be calculated, which is 
equal to the released energy Δw = 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: 

 w Z q3 4− =   .  (a) 

At known numeric values of w3-4 and k" the 
relation (13) can be placed, respectively: 

 ( )w k p v p v3 4 3 3 4 4
1

1− =
−

−"  ,  (b) 

in which p3 and v3 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: 
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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 p4: 
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By rearranging of (d) the definitive relation 
for calculation of the end pressure p4 of the rise 3-4 
(Fig. 6) in Pa can be obtained: 

 ( )
( )

p
p v w k

v p k

k
k

4
3 3 3 4

3 3
1

11
=

− −⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

−
−"

/ "

"
"

 .  (21) 

With the change of the found p4 in relation (c) 
the specific volume of the equilibrium wet steam in 
the end state 4 is obtained as: 

 v v p
p

k
4 3

3

4

1

= ⎛
⎝⎜

⎞
⎠⎟

"
 .  (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 v v4 4= + −' ( " ' ) , the dry-
ness of the steam in that state can be determined: 

 
vv
vvx
′−
′−

=
 "

4
4 , (23) 

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

 h h x h h4 4= + −' ( " ' ) ,  (24) 

  , )'"(' 44 ssxss −+=  (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. 

 
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) Δt1 = 163 oC,  2) Δt0 = 123 oC,  3) Δt1 = 117 oC,  
4) Δt1 = 106 oC,  5) y1 = 3%,  6) y1 = 4%, where Δt1, y1 and  

ε = p/p1 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 Δw = q > 0 at 
the rising processes 3-4 (see the dotted areas Δw = 
q > 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. 

 

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 p5 = p6 = 
psurr. 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. 

 
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 Δw = 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) = Δwt, 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 
(p6, t6, h6,... etc.), but the process 1-A-3-M-6 pro-
vides less technical work in relation to the process 

1-A-M-2-6 for the amount of the area Δwt = (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 Δwt = (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 Δwt = (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 Δw = q > 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 (p4, t4, v4, u4, 
h4, 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 > s1 = s6 = 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, h5 > h6 (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): 

 wt  = (a-1-A-2-6-d-a) = h1−h6,  (a) 

and the nonequilibrium process 1-A-3-4-5: 

 wt '  = (a-1-A-3-4-5-d-a) = h1−h5,  (b) 

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

 Δw w w h ht t t= − = −' 5 6 .   (c) 
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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 Δwt 
and a steam with bigger exit enthalpy h5 = h6 + Δwt 
> h6 at simultaneous total increase of the entropy 
of the system, Δs = s5 − s1 > 0, in relation to the 
system of the equilibrium process 1-A-2-6 in 
which Δs = s6 − s1 = 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 
Δwt will represent this part from the total available 
theoretical technical work of the system Δwt = 
h1−h6, 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: 

 Δs = s4 − sA = s5 − s1 > 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 Δw = q < 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 Δs = Δsresultant = s4 − sA > 0, 
although in the first part A-3 it decreases for ΔsA-3 
= s3 − sA < 0, due to Δw = q < 0, while in the sec-
ond part 3-4 it increases for Δs3-4 = s4 − s3 > 0, due 
to Δw = q > 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 Δs = Δsresultant = 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 Δwt 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. 

 
Fig. 16. Heating of droplet water dived into the oil  
with the same density as the water up to 180oC (??) 

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. 

 
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 cm3. 

 

Fig. 19. The curve p = f (t) obtained on the basis data  
from Table 1 

T a b l e  1  

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

Number of 
measuring

Temperature 
in vessel 

Quantity of 
steam 

Gage 
pressure 

Absolute 
pressure 

 t0 oC d (mm) pp (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 p0 ≡ 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". 

A T T A C H M E N T  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 cp and cy for water 
steam given in Ref. [4], pages 440 and 441. From 
the ratio of these specific heats, cp/cv = k, which is 
calculated for some pressures, e.g., for pressures 1 
kp/cm2 and 5 kp/cm2, 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 cp and 
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cy from Ref. [4], for pressure 1 kp/cm2 ≈ 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. 

 
Fig. 20. Graphical presentation of the ratio k = cp /cv = f (p, t) 
obtained on the basis of data for true specific heat capacity  

cp and cv for water steam. (Taken from [4].)  
The part k' = cp /cv = 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 cp and cv 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/cm2≈ 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 

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). 

A T T A C H M E N T  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 N0 5 
from Fig. 21 are marked in Fig. 22 with the sign Δ. 
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 H0), for 
different starting superheating of the steam at the 
same pressure, as, for example, for the pressure 2 
bar for the nozzle N0 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 N0 5 it lies a bit 
over the curve with constant dryness x = 0.96 kg/kg 
(see the end states Δ 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 = 0.96 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. 

 
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 H0) for the 
used nozzles from Fig. 21, where symbols are: H-nozzle No1, 

H-nozzle No2, O-nozzle No3, X-nozzle No4, Δ-nozzle No5,  
O-nozzle No6, O-nozzle No7, Δ-nozzle No8. (Taken from [2].) 

A T T A C H M E N T  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 π 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 π 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 p0 and the force from the 
changeable moment M = l m which is produced by 
the weight m via the rope and the plane π 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. 

 
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 k > 1.3, while after that, in the 
wet region, from state A to 2, the expansion will 
proceed with smaller and continuous decreasing 
exponent k = 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 
x = 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 

q = 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 Zeüner (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 vA. 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 dv1, the piston 
will move for a distance dl1, and the steam will do 
some elementary small absolute work dw1, 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 du1 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: pB' < pA, TB' < TA and vB' 

> vA. 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 TA and TB' 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 pB', TB' and vB', will 
become and condensate with higher temperature 
TA-B' > TB'. 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 dv2, the piston will move still for 
the way dl2 and the steam will do an adding ele-
mentary absolute work dw2, equal to the area 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 TB and the same pressure pB 
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' < pB, TC' < TB and vC' 

> vB. At the same time, the total amount of the old 
and new condensate will stay again at some higher 
middle temperature TB-C' in relation to the achieved 
temperature TC' of the gaseous phase in the state C'. 
Due to the difference in temperatures TB-C' >TC', 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 TC 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 kC is smaller than kB because 
the dryness of the steam in the state C is smaller 
than that in B, xC < xB. 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 kC  < kB. 

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+0.1xD < kC < kB < kA = 1.135,...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-

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 p2 = p3 . 

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. 

A T T A C H M E N T  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 pA = 1.2504 
bar. The end state 3 of that process is found in the 
intersect of the next nonequilibrium extensions: 
v2 = 2.6215 m3/kg, p2’ = 0.5127 bar and 
t3’ = 23.5oC. 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]. 

 
Fig. 24. Evaluating the end state of the supersaturated steam 3 in the real h,s-diagram in the intersect of the nonequilibrium 
extensions: v2’ = 2.6215 m3/kg, p2’ = 0.5127 bar and t3’ = 23.5 oC 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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mali neramnote`ni ~esti~ki kondenzat; mal pritisen kondenzacionen skok;  
ramnote`ni kapki kondenzat 

Ovaa statija pretstavuva pogolem del od eden 
dosega neobjaven trud na avtorot, ~ij naslov e “Nekol-
ku dokazi za nepostoewe na metastabilni sostojbi”. 
Poradi golemiot obem na trudot, tuka }e bidat disku-
tirani glavno problemite na prezasitenata (metasta-
bilna) parea koja se javuva pri strueweto na nezna~i-
telno pregreana, zasitena ili vla`na parea vo kon-
vergentnite i Lavalovite mlaznici. Ovaa parea se 
naveduva vo literaturata kako eden od najcvrstite do-
kazi za postoewe metastabilni sostojbi kaj supstan-
ciite. Vo ovoj trud za taa parea e najdeno deka taa ne 
e ednofazna gasna metastabilna parea, kako {to se 
mislelo dosega, tuku deka taa e neramnote`na vla`na 
parea vo koja za vreme na ekspanzioniot proces vo 
mlaznicite se formiraat ekstremno mali ~esti~ki 
kondenzat, sostaveni od dve, tri ili samo nekolku 
natrupani molekuli, koi ostanuvaat vo toplinska, 
mehani~ka i vnatre{na neramnote`a so drugata eks-
pandira~ka gasna faza na pareata. Toa zna~i deka 
ovaa parea, koja e nare~ena prezasitena ili metasta-
bilna, vsu{nost ne postoi bidej}i, taa ne e ni{to 
drugo tuku samo neramnote`na vla`na parea koja e 
sostavena od dve fazi: od ekspandira~kata gasna faza 
na pareata vo mlaznikot i spomnatite mali i neram-
note`ni ~esti~ki kondenzat koi se formiraat vo 
nea. 

Novite teoretski objasnuvawa prezentirani vo 
ovoj trud davaat mo`nost ne samo za edno celosno fi-
zi~ko sfa}awe na su{tinata na prezasitenata parea, 
tuku davaat mo`nost i za odreduvawe na veli~inite 
na sostojba na taa parea na krajot na prezasituvaweto 
koe se slu~uva pri postignuvaweto na Vilsonovata 
linija vo h,s-dijagram. Vo statijata isto taka se ob-
jasneti i pri~inte poradi koi doa|a do pojavata na 

iznenaden mal pritisen kondenzacionen skok, koj se 
slu~uva redovno vo Lavalovite mlaznici vedna{ po 
krajot na prezasituvaweto na pareata vo niv, odnosno 
vedna{ po postignuvaweto na Vilsonovata linija vo 
h,s-dijagram. Tuka e daden i na~inot na presmetka na 
veli~inite na sostojba na pareata na krajot na sko-
kot. Po toj skok pareata prodol`uva da ekspandira 
ramnote`no i so formirawe na pogolemi i ram-
note`ni kapki kondenzat se do izlezniot presek na 
mlaznikot. Ako mlaznikot e staklen, ovie kapki kon-
denzat mo`at da se vidat so o~i kako sina magla. 
Posle skokot ekspanzioniot proces vo mlaznikot se 
odviva standardno i kako takov ne e interesen za po-
natamo{ni razgleduvawa. 

Vo ovaa statija se diskutirani nakuso i drugi 
primeri za postoewe metastabilni sostojbi kaj sup-
stanciite, citirani vo postojnata literatura, kako 
{to e, na primer, slu~ajot na ladewe na voda vo mali 
zatvoreni stakleni ampuli koe go vr{el Bertold. So 
ovoj eksperiment isto taka e uka`ano i na mo`nosta 
za postigawe negativni apsolutni pritisoci kaj sup-
stanciite, {to e mnogu neverojano i nevozmo`no (??). 
Kako opozicija na ovoj primer, avtorot na ovoj trud 
napravi eksperimenti so izohorno ladewe na nezasi-
tena ~ista voda od 1 bar smestena vo pogolem staklen 
sad i najde deka vo ovoj slu~aj ne se pojavija nitu me-
tastabilni sostojbi nitu negativni apsolutni priti-
soci. Kako u{te eden primer za postoewe metasta-
bilni sostojbi, vo literaurata se naveduva i slu~ajot 
na greewe na kapki voda potopeni vo maslo (so ista 
gustina kako vodata), koi ne isparuvale se  do tempe-
ratra od 180oS, iako pritisokot (na masloto i kapki-
te) bil pribli`no ednakov na atmosferskiot priti-
sok, itn. 
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A b s t r a c t: 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: 

 [ ] [ ]TT utzutyutxyzxutP ),(),(),(),( == , 

where  10 ≤≤ u  and 10 ≤≤ t ,   
or the summary of the net of control points in the 
perpendicular and parallel directions: 
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Neighboring control points are connected 
with spline curves in two directions: 
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Spline curves are determined with points ob-
tained through the next mathematical expressions, 
that depend on t and u parameters: 
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where  
x, y, z – coordinates of the points 

)(0 tB  – 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 = 0 and 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 (Tt and Tu ), the perpendicular line 
(N) and the curvature (Z) for the determined points. 

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 = ti, and the other for u = uj, 
which means that ti and uj are the parametric coor-
dinates of the surface's points (Fig. 1). The tangent 
lines Tu and Tt 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: 
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A line perpendicular (perpendicular) to the 
tangent surface in the point M is a perpendicular 
line of the surface: 
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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].  
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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 f(xy) lays in the xy plane and moves 
along the other spline curve f(xz) 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(yz), 
– section of synthetic surface with xz plane, 
– construction of tangent and perpendicular 

lines of the obtained section curve f(xz) (Fig. 3), 
– construction of synthetic surface perpen-

dicular line (Fig. 4). 
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f(xz)

(xy)f

 

 

Fig. 2. Synthetic surface designed from Cubic B-spline curves f(xy) and f(xz) 

 

Fig. 3. Cutting curves f(xz) and f(yz)  of a synthetic surface 
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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 

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. 

Procedure 1.  Section of a synthetic surface with yz plane 

 
Procedure 2. Section of a synthetic surface with xz plane 
 
 
 
 
 
 
 

 

4. CONCLUSIONS 

 

 

ads_command (RTSTR, "_section", 
  RTENAME, Mdel, 
  RTSTR, "",                                    <section of a surface (Mdel) with YZ plane>  RTSTR, "YZ", 
  RTSTR, "",  
  RTNONE);    
Res = ads_entlast (CurveYZ);                                         <obtained section curve yZ> 
ads_command (RTSTR, "_ucs", 
  RTSTR, "y", 
  RTSTR, "90",                                <back to User Coordinate System> 
  RTSTR, "",  
  RTNONE); 

ads_command (RTSTR, "_section", 
  RTENAME, Mdel, 
  RTSTR, "",                                    <section of a surface (Mdel) with XZ plane> 
  RTSTR, "XZ", 
  RTSTR, "",  
  RTNONE);    
Res = ads_entlast (CurveXZ);                                      <obtained section curve XZ> 
ads_command (RTSTR, "_ucs", 
  RTSTR, "x", 
  RTSTR, "90",                                 <back to User Coordinate System> 
  RTSTR, "",  
  RTNONE); 
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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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Klu~ni zborovi: sinteti~ka povr{ina; splajn 

Vo ovoj trud e prezentiran geometriski i mate-
mati~ki model so kompjuterski algoritam za oprede-
luvawe na normala i tangenta na sinteti~ka povr{i-
na, odredena so splajn-krivi vo dva pravca. Sinteti~-
kite povr{ini se koristat vo in`enerskiot dizajn za 
opi{uvawe delovi so aerodinami~en oblik ili drugi 
funkcionalni ili estetski oblici. Sinteti~kite 
povr{ini mo`at da bidat kreirani so pove}eto so-
vremeni CAD-sistemi. Sovremenite NC ma{ini sodr-

`at visoko sofisticirani kontroleri i alati koi 
ovozmo`uvaat obrabotka na slo`eni sinteti~ki po-
vr{ini. Za vreme na procesot na proizvodstvo oskata 
na alatot za obrabotka mora da bide postavena nor-
malno na sekoja to~ka od sinteti~kata povr{ina koja 
se obrabotuva. Pritoa e nophoden matemati~ki model 
za odreduvawe na pozicijata na alatot za vreme na 
procesot na obrabotka. 
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A b s r t a c t: 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. 



74 B. Kajmakoska, V. Dukovski 

Mech. Eng. Sci. J., 26 (2), 73–78 (2007) 

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). 

 

 

 
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 1st 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 

Student Student 
service 
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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). 

 
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]. 

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 1st 
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 
900×3×5 = 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. 

 
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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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 

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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Клучни зборови: моделирање; процес; приод "Nutshell"; Swimlane-дијаграм; промени 

Оваа статија опишува симулација на моделирање на 
веќе постоен процес на студентска апликација за нова 
учебна година (зимски семестар) на Машинскиот факул-
тет во Скопје. Статијата се базира на примена на таканаре-
чениот приод „корупка од орев“ (Nutshell approach), кој 
овозможува дефинирање на веќе постојните процеси, нив-
но претставување со визуелни техники (графикони, дија-
грами) и креирање на сценарија за подобрување на про-
цесите (доколку тоа е потребно). Во оваа статија симула-
цијата е направена врз основа на веќе имплементирани 
промени во процесите, односно симулирана е техниката 
на користење на приодот „Nutshell“ на веќе усвоените 

промени со цел да се воочат карактеристиките на проце-
сот каков бил (каков што е) и каков ќе биде (во нашиот 
случај веќе имплементиран: да биде), како и да се дефини-
раат актерите во процесот. При употребата на приодот 
„Nutshell“ користени се техники за визуелно претставува-
ње на процесите кои се неопходна алатка во процесот на 
моделирање. Во оваа статија е употребуван таканаречени-
от базен (Swimlane) дијаграм. 

За податоците изнесени во оваа статија се користени 
материјали од Машинскиот факултет во Скопје и се кон-
султирани лица директно инволвирани во процесот на 
формирање на промените на апликацијата. 
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A b s t r a c t: 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, i) one 
period’s demand at both stages – P11, ii) two periods' demand 
at both stages – P22, iii) one period’s demand at the first stage 
and two periods' demand at the second stage – P12, and iv) the 
opposite as before – P21. 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).  

 
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: 
• forecast errors,  
• overreaction to backlogs,  
• lead time (of information – production orders 

and of material) variability,  
• no communication and no coordination up and 

down the supply chain,  
• delay times for information and material flow,  
• batch ordering (larger orders result in more 

variance),  
• rationing and shortage gaming,  
• 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]: 
• 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. 
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• Poor customer service levels: Despite the ex-
cessive inventory levels mentioned in the first 
consequence, demand unpredictability may 
cause stock-outs anyway. 

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

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

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

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

• 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. 

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

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 × 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. 

T a b l e  1  

Changes of production rates and stock levels  
(continual 10 % demand changes, P11). 

  Manufacturer Supplier 

Period Demand 
(market)

Production 
rate 

Stock 
start/finish 

Production 
rate 

Stock 
start/finish 

1 100 100 100 / 100 100 100 / 100 

2 110 120 100 / 110 140 100 / 120 

3 121 132 110 / 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).  

P22: 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 × 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. 

T a b l e  2  

Changes of production rates and stock levels  
(continual 10 % demand changes, P22). 

Manufacturer Supplier 
Period Demand 

(market) Production 
rate 

Stock 
start / finish 

Production 
rate 

Stock 
start / 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 6th 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 P11 
and P22 regarding variability of stocks and produc-
tion orders during 9 periods is shown in Figs. 3 and 4. 
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Fig. 3. Stock variability in a two-stage supply chain  

(policies: P11, P22) 
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Fig. 4. Production rate variability in a two-stage supply chain 
(policies: P11, P22) 

P12: 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. 

T a b l e  3  

Changes of production rates and stock levels  
(continual 10 % demand changes, P12). 

Manufacturer Supplier 
Period Demand 

(market) Production 
rate 

Stock 
start / finish 

Production 
rate 

Stock 
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 
P11. 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).  

 
P21: 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. 

T a b l e  4  

Changes of production rates and stock levels  
(continual 10 % demand changes, P21). 

Manufacturer Supplier 
Period Demand 

(market) Production 
rate 

Stock 
start / finish 

Production 
rate 

Stock 
start / 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. 
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Fig. 5. Stock variability in a two-stage supply chain  

(policies: P12, P21) 
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Fig. 6. Production rate variability in a two-stage supply chain 

(policies: P12, P21). 
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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 P21 lower than at P22 and P12, 
and, in spite of doubled stocks at the manufacturer, 
even slightly lower (average value: 116,7 versus 
117,2) than at P11! 

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

T a b l e  5  
Max/Min ratios for 9 observed periods. 

Max/Min ratio 
P11 P22 P12 P21 Measure 

M S M S M S M S 

Production 
rate 1,89 2,37 2,36 ∞ 1,89 6,23 2,36 6,23

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: 

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

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

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

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

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

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

• Reduce the order sizes and implement capacity 
reservations. 

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

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

• 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. 

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

• 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.  
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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 P11 and P22, 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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Klu~ni zborovi: snabduva~ki sinxir; principi na upravuvawe so залихi; fluktuirawe na pobaruvawata; 
„kam{ik“ efekt 

Golem broj kompanii postignuvaat zna~itelna 
konkurentska prednost preku prisposobuvawe i upra-
vuvawe na operaciite vo snabduva~kiot sinxir. Vo 
upravuvaweto na snabduva~kite sinxiri vkupnata 
procena na snabduva~kiot sinxir treba da go vklu~i 
i „kam{ik“-efektot. Toa go pretstavuva pro{iruva-
weto na varijaciite na nara~kite vo snabduva~kiot 
sinxir. Jasno e deka variraweto na prognozata za po-
trebite pridonesuva za ovoj efekt. Vo ovaa smisla, 
avtorite istra`uvaa slu~aj so promenliva potreba od 
periodi~no zgolemuvawe i namaluvawe od 10%. Prou-
~eni se ~etiri principi na upravuvawe so залихi (R) 
za dve nivoa vo sinxirot: zadr`uvawe vo sklad, 1) po-

treba od eden period za dvete nivoa ‡ R11, 2) potreba 
od dva perioda za dvete nivoa ‡ R22, 3) potreba od eden 
period za prvoto nivo i dva perioda za vtoroto nivo 
‡ R12, i 4) sprotivno na prethodnoto ‡ R21. Zgolemuva-
weto na variraweto na nara~kite i zgolemuvaweto na 
залихite zna~itelno go zgolemuvaat snabduva~kiot 
sinxir. Efektot poka`uva nedostig od sinhronizaci-
ja pome|u ~lenovite na snabduva~kiot sinxir, poradi 
neto~ni klu~ni informacii za tekovnite potrebi. 
Pokraj ova, pretstaveni se mo`nite akcii koi ja ze-
maat predvid kooridinacijata na aktivnostite od 
operaciite vo sinxirot. 
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A b s t r a c t: 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, 
c) 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 = –Σpi

.log2pi, where pi 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? 
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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. 

 

 
Fig. 2a. Selection of machine tools – case for conical 

machining 

 

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 

 

Fig. 4. Example of development sequencing operations 
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Fig. 5. Determination of tolerance equivalent 

 
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.  

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 AI, 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 R2 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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T a b l e  1  

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

 

T a b l e  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 

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).  

Fig. 8: Partial regression l 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 = f (X43, X40, X11, X50, X8, X33, X1)  (2) has the 
index of determination R2 = 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.  

 

Fig. 9. Relation database [7]  

 
Fig. 10. Regression models 
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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. 

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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ZABRZANO PRESMETUVAWE NA PROIZVODNO VREME KAKO ODLU^UVA^KA 
PODDR[KA NA VREMETO ZA ISPORAKA I  NA PROIZVODNITE TRO[OCI 

Predrag Ćosić, Dražen Antolić, Valentina Ge~evska 

1Univerzitet u Zagrebu, Fakultet strojarstva i brodogradnje,  
I. Lučića 5, 10 000 Zagreb, Hrvatska 

2ADPP, Ilirski trg 5, 10 000 Zagreb, Croatia 
3Ma{inski fakultet, Univerzitet "Sv. Kiril i Metodij",  

p.fah 464, MK-1001 Skopje, Republika Makedonija 
predrag.cosic@fsb.hr // drazen.antolic@zg.htnet.hr // valeg@mf.edu.mk 

Klu~ni zborovi: zabrzano proektirawe na tehnolo{ki procesi; tehnolo{ka baza na znaewe; 
pove}ekratna linearna regresija 

Sovremenite pazarni uslovi ja determiniraat 
potrebata od brz odgovor na barawata od klientite 
za ponudi generirani na poedine~no ili maloserisko 
proizvodstvo, kako {to se na primer, golem broj ba-
rawa za proizvodstvo na oddelni proizvodi so mala 
mo`nost za povtoruvawe, dinami~ni izmeni na prio-
ritetite vo tekot na proizvodstvoto, kratki rokovi 

za isporaka, sledewe na barawata na pazarot vo odnos 
na cenite itn. Vo istra`uvaweto prika`ano vo ovoj 
trud e predlo`ena mo`na konekcija pome|u osnovni 
oblici od koi se modeliraat familii na proizvodi i 
proizvodnoto vreme za izrabotka na proizvodite, pri 
{to kako rezultat e generirana tehnolo{ka baza na 
znaewa. 


