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b
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Ü
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d
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.
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v
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—
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v
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Ė
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∑
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C
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e
en
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dü
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n
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Ė
=
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(5.2)
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=
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=
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ä
v
u
se

sea
d
u
s
—

te
rm

o
d
ü
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e
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p d
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∫
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d
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p d
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p d
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läb

i
p
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p d
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p
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=
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√
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p
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︸
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=

∫
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(5.7)

A
rvestad

es
v
iim

aseid
valem

eid
saam

e
an

d
a
globaalsele

en
ergia

jäävu
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r d
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∫
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r d
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ergia
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p
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√
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=

∫
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ρ
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υ

(5.12)

ja
m
eh
aan

ikalise
v
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p d
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ρ
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p d
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p d
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k
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Ė
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p d
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d
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õi

om
avah

el
risti.
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s
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p
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ööratav

);
D
t
k
l
—

d
issip

atiiv
n
e
p
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p
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=
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q d
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p
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︷
︷

︸
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∫
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︸
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︸
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p
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—
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v
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p
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=
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K
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T
eisen
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e
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ise
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l d
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k
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K
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=
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◦
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K
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x
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(5.23)
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u
i
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∂
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=
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∂
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∂
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∂
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Ü
ld
ju
h
u
l
saab

p
in
geten

sori
jagad

a
h
ü
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=
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=
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b
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siis
p
=

−
π
p
u
h
u
l
n
äem

e,
et

φ
=

ρ
τ̇
.

M
ä
r
k
u
s:

valem
ite

(5.28)–(5.34)
p
u
h
u
l
on

v
õim

alik
d
efi
n
eerid

a
π
ja

p
ka

vastu
-

p
id
ise

m
ärgiga.
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n
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o
p
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5
-
1
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5
.4

E
n
tr
o
o
p
ia

5
.4
.1

E
n
tr
o
o
p
ia

m
õ
iste

E
n
tr
o
o
p
ia

on
term

o
d
ü
n
aam

ilin
e
olek

u
fu
n
k
tsio

on
,
m
is

iselo
om

u
stab

en
ergia

p
öörd

u
m
atu

t
h
a
ju
m
ist.

T
ih
ti

d
efi
n
eeritak

se
en
tro

op
iat

ka
k
u
i
su
u
ru
st

m
illega

m
õõd

etak
se

sü
steem

i
korrastam

atu
se

astet.
E
n
ergia

ja
en
tro

op
ia

kon
tsep

tsio
o-

n
id

on
term

o
d
ü
n
aam

ika
alu

stalad
.
T
erm

o
d
ü
n
aam

ika
esim

en
e
sead

u
s
—

en
ergia

jääv
u
se

sead
u
s
—

sätestab
,
et

m
ateriaalses

sü
steem

is
m
u
u
tu
b
en
ergia

ü
h
est

vor-
m
ist

teise
k
u
id

eitek
iju

u
rd
e
ega

kao.S
am

as
eisätesta

see
sead

u
s,m

is
vorm

is
sel-

lin
e
en
ergia

m
u
u
tu
m
in
e
eh
k
ü
lekan

n
e
toim

u
b
.
N
äitek

s
ei
an

n
a
term

o
d
ü
n
aam

ika
esim

en
e
sead

u
s
in
form

atsio
on

i
selle

koh
ta,

kas
sellin

e
ü
lekan

n
e
on

p
ööratav

v
õi

p
öörd

u
m
atu

.
V
iim

an
e
k
ü
sim

u
s
en
ergia

ü
lekan

d
e
p
ööratav

u
sest

on
eriti

täh
tis

ju
h
tu
d
el,k

u
s
on

va
ja

tead
a
en
ergia

h
u
lka,m

id
a
on

v
õim

alik
vaad

eld
ava

sü
steem

i
p
u
h
u
l
kasu

tad
a.

E
n
troopia

kon
tsep

tsio
on

tu
u
ak

se
sisse

sellek
s,
et

m
õõta

en
ergia

h
u
lka,

m
is

on
p
öörd

u
m
atu

lt
m
u
u
n
d
u
n
u
d

kasu
tatavast

vorm
ist

kasu
tam

atu
s-

se.
V
iim

ase
all

tu
leb

m
õista

sed
a
h
u
lka

en
ergiast,

m
id
a
p
ole

en
am

v
õim

alik
m
u
u
n
d
ad

a
(m

eh
aan

ikalisek
s)

töök
s.

N
äitek

s,
k
u
i
d
eform

eeru
vale

keh
ale

m
õju

b
jõu

d
,
siis

keh
a
(ü
ld
ju
h
u
l)

d
eform

eeru
b
.
T
ek
k
ivatest

d
eform

atsio
on

id
est

osa
on
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elastsed
(taastu

vad
)
k
u
id

osa
jäävad

(taastu
m
atu

d
)
D
eform

eeru
m
isp

rotsessi-
ga

kaasn
eb

alati
teatav

tem
p
eratu

u
ri

tõu
s
(so

o
ju
sen

ergia
ju
u
rd
ekasv

).
S
ellist

so
o
ju
sen

ergia
kasv

u
ja

jäävate
d
eform

atsio
on

id
e
teket

d
eform

eeru
m
isp

rotsessis
iselo

om
u
stab

k
i
en
tro

op
ia.

S
ü
steem

i
su
m
m
aarn

e
en
tro

op
ia:

H
=

∫

υ

ρ
η
d
υ
,

(5.35)

k
u
s
η
on

erien
troopia

eh
k
en
troopia

tihedu
s
(m

assiü
h
ik
u
koh

ta)
4.
T
em

a
d
im

en
-

sio
on

d
im

(η
)
=

(en
ergia)/(m

ass·tem
p
eratu

u
r)

4I.k
.
sp
ec
ifi
c
e
n
tro

p
y
o
r
e
n
tro

p
y
d
e
n
sity

5
.4
.

E
n
tro

o
p
ia

5
-
1
4

5
.4
.2

T
e
r
m
o
d
ü
n
a
a
m
ilin

e
o
le
k

T
erm

o
d
ü
n
aam

ika
ü
k
s
p
õh

ieeld
u
s
v
äid

ab
,
et

igal
m
aterjali

jaok
s
leid

u
b
ü
k
s
ja

ain
u
lt

ü
k
s
fu
n
k
tsio

on
,
m
id
a
n
im

etatak
se

siseen
ergia

tih
ed
u
se

fu
n
k
tsio

on
ik
s
ja

m
is
on

esitatav
k
u
ju
l

ε
=

ε(η
,ν

1 ,...,ν
n ,X

).
(5.36)

E
rien

tro
op

ia
η
n
in
g
m
eh
aan

ikalised
,
keem

ilised
,
elek

trom
agn

eetilised
jn
e.

p
ara-

m
eetrid

ν
α
iselo

om
u
stavad

sü
steem

i
term

o
d
ü
n
aam

ilist
k
äitu

m
ist.

F
ü
ü
sikaliselt

erin
eb

p
aram

eeter
η
p
aram

eetritest
ν
α
vaid

d
im

en
sio

on
i
p
o
olest

—
η
d
im

en
-

sio
on

on
seotu

d
so
o
ju
sen

ergia
ja

tem
p
eratu

u
riga

olles
sõltu

m
atu

p
aram

eetrite
ν
α
d
im

en
sio

on
ist.

T
eisisõn

u
,
m
eh
aan

ikalised
,
keem

ilised
,
elek

trom
agn

eetilised
jt.

fü
ü
sikalised

p
aram

eetrid
,
m
is
on

sõltu
m
atu

d
so
o
ju
sen

ergiast,
on

eb
ap

iisavad
siseen

ergia
tih

ed
u
se

ε
k
irjeld

am
isek

s.

K
u
n
a
siseen

ergia
tih

ed
u
se

fu
n
k
tsio

on
ε
iselo

om
u
stab

vaad
eld

ava
m
aterjali

si-
sem

ist
eh
itu

st,
siis

n
im

etatak
se

ted
a
oleku

fu
n
ktsioon

iks.
S
u
u
ru
si

η
ja

ν
α
n
i-

m
etatak

se
term

odü
n
aam

ilisteks
oleku

m
u
u
tu
jateks

n
in
g
n
ad

m
ääravad

sü
steem

i
term

odü
n
aam

ilise
oleku

m
ateriaalses

p
u
n
k
tis

X
.
K
u
i
fu
n
k
tsio

on
ε

ei
sõltu

m
ateriaalsest

ko
ord

in
aad

ist
X
,
siis

n
im

etatakase
vaad

eld
avat

kesk
kon

d
a
ter-

m
odü

n
aam

iliselt
hom

ogeen
seks .
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P
aram

eetrid
η
ja

ν
v
õivad

om
akord

a
sõltu

d
a
a
jast,

ja
ru
u
m
iko

ord
in
aad

ist
v
õi

liik
u
m
isest,

st.
√

η
=

η
(x
,t),

ν
=

ν
(x
,t),

x
=

x
(X

,t).
(5.37)

G
ib
b
s
(1873,

1875)
p
ak

k
u
s
v
õrran

d
ile

(5.36)
v
älja

järgm
ise

in
terp

retatsio
on

i.
V
aatlem

e
term

o
d
ü
n
aam

iliselt
h
om

ogeen
set

kesk
kon

d
a

k
u
s
ν
1
=

ν
ja

ν
α

=
0,

k
u
i
α

>
1.

S
el

ju
h
u
l
esitab

(5.36)
en
ergiap

in
d
a

kolm
em

õõtm
elises

ter-
m
o
d
ü
n
aam

iliste
olek

u
m
u
u
tu
jate

ru
u
m
is

ε,ν,η
.
P
aram

eetrilin
e
k
õver

ε
=

ε(s),
η
=

η
(s),

ν
=

ν
(s),

s
1 ≤

s
≤

s
2
on

aga
in
terp

reteeritav
k
u
i
term

odü
n
aam

ilin
e

trajektoor
5,

m
id
a
m
ööd

a
vaad

eld
av

kesk
kon

d
läh

eb
ü
h
est

term
o
d
ü
n
aam

ilisest
olek

u
st

(η
(s

1 ),ν
(s

1 ))
ü
le

teise
olek

u
sse

(η
(s

2 ),ν
(s

2 )).
V
astavat

d
iagram

m
i
k
u
t-

su
tak

se
G
ibbsi

diagram
m
iks.

T
ra
jek

to
ori,

k
u
s
erien

tro
op

ia
η
=

con
st

n
im

eta-
tak

se
isoen

troopiliseks
6
ja

tra
jek

to
ori,

k
u
s
tem

p
eratu

u
r
ϑ
=

con
st

isoterm
ili-

seks.
E
sitatu

d
in
terp

retatsio
on

on
lo
om

u
lik

u
lt
ü
ld
istatav

ka
m
itteh

om
ogeen

sele
kesk

kon
n
ale

ja
ju
h
u
le,

k
u
s
ν
α
6=

0,
α

>
1
—

kasvab
vaid

term
o
d
ü
n
aam

iliste
olek

u
m
u
u
tu
jate

ru
u
m
i
d
im

en
sio

on
.

5I.
k
.
T
h
e
rm

o
d
y
n
a
m
ic

p
a
th

6I.k
.
ise

n
tro

p
ic
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6

T
em

peratu
u
r
ϑ
ja

term
odü

n
aam

ilin
e
pin

ge
τ
α
on

d
efi
n
eeritu

d
järgm

iselt
—

ϑ
d
ef
=

∂
ε

∂
η

ja
τ
α

d
ef
=

∂
ε

∂
ν
α

.
(5.38)

S
eega

fi
k
seeritu

d
m
ateriaalse

p
u
n
k
ti
jaok

s
avald

u
b
siseen

ergia
tih

ed
u
se

d
iferen

t-
siaal

(siseen
ergia

tih
ed
u
se

lõp
m
ata

v
äike

m
u
u
t)

k
u
ju
l

d
ε
=

ϑ
d
η
+
τ
α d
ν
α .

(5.39)

V
iim

an
e
on

tu
n
tu
d
k
u
i
G
ibbs’i

võrran
d
[1873].

V
õrran

d
ist

(5.39)
saab

lih
tsalt

leid
a
siseen

ergia
tih

ed
u
se

m
u
u
tu
m
ise

k
iiru

se
fi
k
-

seeritu
d
m
ateriaalses

p
u
n
k
tis

X
=

con
st

ε̇
=

ϑ
η̇
+
τ
α ν̇

α .
(5.40)

V
alem

ite
(5.36),

(5.37)
ja

(5.38)
p
õh

jal

ϑ
=

ϑ
(η
,
ν
,X

)
ja

τ
α
=

τ
α (η

,
ν
,X

)
(5.41)

n
in
g
seega

v
õib

η
asem

el
valid

a
ϑ
u
u
ek
s
(sõltu

m
atu

k
s)

olek
u
m
u
u
tu
jak

s,
st.,
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η
=

η
(ϑ
,
ν
,X

),
ε
=

ε(ϑ
,
ν
,X

)
(5.42)

ja
τ
α
=

τ
α (ϑ

,
ν
,X

)
eh
k

ν
α
=

ν
α (ϑ

,
ν
,X

).
(5.43)

V
õrran

d
eid

(5.42)
n
im

etatak
se

term
ilistek

s
olek

u
v
õrran

d
itek

s
7.

P
a
r
a
m
e
e
tr
ite

ν
α
ja

te
r
m
o
d
ü
n
a
a
m
iliste

p
in
g
e
te

τ
α
in
te
r
p
r
e
te
e
r
im

ise
st.

K
u
i
ν
1
=

1/ρ
on

erim
ah

t,
siis−

τ
1
n
im

etatak
se

term
odü

n
aam

iliseks
su
rveks.

K
u
i

vaad
eld

av
kesk

kon
d
on

segu
erin

evatest
ain

etest
ja

ν
2 ,ν

3 ,...
on

kom
p
on

en
tid

e
kon

tsen
tratsio

on
id
,
siis

p
in
geid

τ
2 ,τ

3 ,...
n
im

etatak
se

keem
ilisteks

poten
tsiaali-

deks .

7I.k
.
th
e
rm

a
l
eq
u
a
tio

n
s
o
f
sta

te

5
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E
n
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o
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5
-
1
8

5
.4
.3

E
n
tr
o
o
p
ia

to
o
tm

in
e

L
o
k
a
a
ln
e
e
n
tr
o
o
p
ia

to
o
tm

in
e

K
asu

tam
e
lokaalset

en
ergia

jääv
u
se

sead
u
st

(5.9)

ρ
ε̇
=

t
p
r d

p
r
+
q
p
,p
+
ρ
h

ja
G
ib
b
s’i

v
õrran

d
i
järeld

u
st

(5.40)

ε̇
=

ϑ
η̇
+
τ
α ν̇

α .

K
u
i
elim

in
eerid

a
v
iim

astest
ε̇
n
in
g
arvestad

a,
et

en
tro

op
ia

to
otm

in
e
on

seotu
d

vaid
p
in
geten

sori
d
issip

atiiv
se

osaga,
saam

e
d
iferen

tsiaalv
õrran

d
i
erien

tro
op

ia
η
m
ääram

isek
s
—

ρ
ϑ
η̇
=

D
t
p
r d

p
r
+
q
p
,p
+
ρ
h
−
ρ
τ
α ν̇

α .
(5.44)

S
ed
a
n
im

etatak
se

ka
lokaalseks

en
troopia

tootm
ise

võrran
diks.
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G
lo
b
a
a
ln
e
e
n
tr
o
o
p
ia

to
o
tm

in
e

V
astav

v
õrran

d
saad

ak
se

k
u
i
in
tegreerid

a
lokaalset

en
tro

op
ia

to
otm

ise
avald

ist
(5.44)

(avald
ad

es
eln

evalt
ρ
η̇
)
ü
le

m
ah

u
V

n
in
g
kasu

tad
a
seoseid

∫

V
ρ
η̇
d
υ
=

DD
t

∫

V
ρ
η
d
υ

•=
Ḣ

(5.45)

ja
∫

V

1ϑ
q
p
,p d

υ
=

∫

V

[
(
q
p

ϑ

)

,p
+

q
p ϑ

,p

ϑ
2

]

d
υ
=

∫

s

q
p

ϑ
d
a
p
+

∫

V

q
p ϑ

,p

ϑ
2
d
υ
.

(5.46)

S
eega,

glob
aaln

e
en
tro

op
ia

to
otm

ise
v
õrran

d
avald

u
b
k
u
ju
l

Ḣ
=

∫

s

q
p

ϑ
d
a
p
+

∫

V

(

∆
+

ρ
hϑ

)

d
υ
,

(5.47)

k
u
s

∆
=

1ϑ

[

D
t
p
r d

r
p
+
q
p
(ln

ϑ
)
,p −

ρ
τ
α ν̇

α

]

.
(5.48)

S
eega

en
tro

op
ia

m
u
u
tu
st

p
õh

ju
stavad

:
1)

en
tro

op
ia

ju
u
rd
evo

ol
q
p /ϑ

läb
i
keh

a
p
in
n
a
ja

2)
en
tro

op
ia

to
otm

in
e
keh

a
sees.

5
.4
.

E
n
tro

o
p
ia

5
-
2
0

5
.4
.4

E
n
tr
o
o
p
ia

se
a
d
u
s
—

te
r
m
o
d
ü
n
a
a
m
ik
a
te
in
e
se
a
d
u
s

T
erm

o
d
ü
n
aam

ika
teise

sead
u
se

k
lassikalised

sõn
astu

sed
:

1.
C
lau

siu
s:

so
o
ju
s
ei

saa
iseen

esest
m
in
n
a
k
ü
lm

em
alt

keh
alt

so
o
jem

ale;

2.
K
elvin

:
p
rotsessid

,
m
ille

ain
sak

s
tu
lem

u
sek

s
on

keh
a
jah

tu
m
in
e
ja

selle
arvelt

saad
av

töö,
p
ole

v
õim

alik
u
d
;

3.
C
arathéodory:

iga
term

o
d
ü
n
aam

ilise
olek

u
ü
m
b
ru
ses

ek
sisteerivad

n
n
.
n
aa-

b
erolek

u
d
,
k
u
id

ü
lem

in
ek

ü
h
est

n
aab

erolek
u
st

teise
p
ole

v
õim

alik
ad

iab
aa-

tilise
p
rotsessi 8

k
äigu

s.

8ilm
a
so
o
ju
svah

etu
seta

p
rotsess
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G
lo
b
a
a
ln
e
e
n
tr
o
o
p
ia

se
a
d
u
s

E
k
sp
erim

en
taalsete

tu
lem

u
ste

p
õh

jal
on

tead
a,

et
so
o
ju
sallikatest

vab
a
sü
steem

tarb
ib

m
eh
aan

ikalist
tööd

m
itte

ei
to
o
d
a
en
ergiat,

st.,
valem

is
(5.48)

esin
ev

su
u
ru
s

∆
≥

0.
(5.49)

S
eega

valem
ite

(5.47)–(5.49)
p
õh

jal

Ḣ
≥

∫

s

q
p

ϑ
d
a
p
+

∫

V

ρ
hϑ
d
υ
,

(5.50)

A
vald

is
(5.50)

v
äljen

d
ab

term
odü

n
aam

ika
teist

seadu
st

globaalsel
ku
ju
l
(glob

aal-
n
e
en
tro

op
ia
sead

u
s)

—
su
m
m
aarse

en
tro

op
ia
ju
u
rd
ekasv

on
su
u
rem

-v
õrd

n
e
läb

i
keh

a
p
in
n
a
toim

u
va

en
tro

op
ia

ju
u
rd
evo

olu
ja

keh
a
siseallikaist

to
o
d
etu

d
en
tro

o-
p
ia

su
m
m
ast. 9

9E
rin

gen
i
p
õh

jal
n
im

etatak
se

(5.50)
C
lau

siu
se-D

u
h
em

i
v
õrratu

sek
s.
T
avaliselt

esitatak
se

n
im

etatu
d
v
õrratu

s
siisk

i
lokaalsel

k
u
ju
l.

5
.4
.

E
n
tro

o
p
ia

5
-
2
2

L
o
k
a
a
ln
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u
se

sead
u
se

ab
il
lokaalsest

en
tro

op
ia

sead
u
sest

keh
asisesest

allikast
to
o
d
etu

d
so
o
ju
se

h
.
K
asu

tad
es

sam
asu

si
(5.46)

saam
e
v
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