
Kef�laio 5

JERMODUNAMIKA
DUNAMIKA

5.1 SÔntomh JewrÐa

5.1.1 EnjalpÐa
H EnjalpÐa H pou pollèc forèc onom�zetai sun�rthsh jermìthtac  

perieqìmenh jermìthta orÐzetai apì th sqèsh:

H = U + PV. (5.1)

H enjalpÐa eÐnai katastatikì mègejoc kaj¸c kai h eswterik  enèrgeia exar-
t�tai mìno apì thn arqik  kai telik  kat�stash all� kai h pÐesh kai o ìgkoc
eÐnai metablhtèc pou qarakthrÐzoun tic katast�seic kai ìqi thn diadrom . Dia-
forÐzontac èqoume:

dH = dU + PdV + V dP ⇐⇒
[

dH = TdS + V dP
dH = δQ + V dP

]
(5.2)

dH

dT
= δQdT + V

dP

dT
(5.3)

Apì ton orismì thc CP kai gia mia isobar  metabol  ja èqoume:

CP = (
∂Q

∂T
)P = (

∂H

prT
)P (5.4)

159



160 KEF�ALAIO 5. JERMODUNAMIKA DUNAMIKA

Apì thn exÐswsh (5.3) katal goume ìti gia mia isobar  metabol  ja èqoume
ìti Q = ∆H. Dhlad  k�tw apì stajer  pÐesh h jermìthta pou rèei apì to
èna s¸ma sto �llo isoÔtai me th diafor� twn enjalpÐ¸n. Autì to apotèlesma
eÐnai polÔ shmantikì kaj¸c oi perissìterec diadikasÐec sth kajhmerin  zw 
(ìpwc oi metabolèc f�sewn, dhlad  h t xh, h p xh, h ex�tmish klp diafìrwn
swm�twn) pragmatopoioÔntai k�tw apì thn atmosfairik  pÐesh  
opoÐa jewreÐtai stajer .

Kat� thn di�rkeia miac adiabatik c metabol c den par�getai oÔte kai ka-
tanal¸netai jermìthta, kai h tim  thc entropÐac den all�zei. Kat� sunèpeia
apì thn (5.2) ja èqoume ìti:

dH = V dP ⇐⇒ (
∂H

∂P
)S = V. (5.5)

'Omoia gia mia isobar  metabol  apì thn (5.2) ja èqoume ìti:

dH = TdS ⇐⇒ (
∂H

∂S
)P = T. (5.6)

An sqedi�soume th metabol  se èna di�gramma H−S h klÐsh thc kampÔlhspou
anaparist� thn isobar  metabol  se k�je shmeÐo ja mac d¸sei th jermokrasÐa.
Entel¸c ìmoia se èna di�gramma H −P h klÐsh thc kampÔlhspou anaparist�
thn adiabatik  metabol  se k�je shmeÐo ja mac d¸sei ton ìgko.

Mia qr simh efarmog  thc enjalpÐac eÐnai h diadikasÐa thc straggali-
stik c ektìnwshc. Sth diadikasÐa aut  perigr�foume th suneq  ro 
me stajer  enjalpÐa enìc ugroÔ se èna swl na. Deqìmaste ìti h ro 
aut  pragmatopoieÐtai mèsa se èna monwmèno kÔlindro �ra den up�rqei an-
tallag  jermìthtac me to perib�llon (δQ = 0) , kaj¸c kai ìti o kÔlidroc
qwrÐzetai se dÔo mèrh apì èna por¸dec èmbolo kai oi pièseic sto k�je mèroc
tou embìlou eÐnai oi Ðdiec. Telik� qrhsimopoi¸ntac ton AJN katal goume:

H1 = H2 ⇐⇒ U1 + P1V1 = U2 + P2V2. (5.7)

5.1.2 EleÔjerh Enèrgeia Helmholtz

H eleÔjerh enèrgeia Helmholtz F   isodÔnama sun�rthsh Helmhol-
tz orÐzetai apì thn sqèsh

F = U − TS (5.8)
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DiaforÐzontac aut  th sqèsh se sundiasmì me ton AJN èqoume ìti:
[

dF = dU − TdS − SdT
dU = TdS − PdV

]
⇐⇒ dF = −PdV − SdT




P = −(
∂F

∂V
)T

S = −(
∂F

∂T
)V


 (5.9)

gia mia antistrept  isìjermh kai isìqwrh metabol  ja èqoume ìti dF =
−PdV − SdT = 0 ⇐⇒ F = const. To apotèlesma autì eÐnai p�ra polÔ
shmantikì gia tic qhmikèc antidr�seic oi opoÐec sun jwc eÐnai diergasÐec pou
pragmatopoioÔntai se stajer  jermokrasÐa kai se doqeÐo stajeroÔ ìgkou.
Gia tètoiec diergasièc h tim  thc eleÔjerhc enèrgeiac Helmholtz paramènei
stajer  kaj�olh th di�rkeia thc diergasÐac.

'Estw sÔsthma se epaf  me dexamen  jermìthtac jermokrasÐac T . To
sÔsthma metabaÐnei aporrof¸ntac jermìthta apì th dexamen  apì mia arqik 
kat�stash A se mia telik  kat�stash B. Tìte ja èqoume ìti:

∫ B

A

δQ

T
≤ SB − SA ⇐⇒ Q =

∫ B

A

δQ ≤ T (SB − SA) (5.10)

Kai se sundiasmì me ton AJN ( Q = ∆U + W ) katal goume:

W = Q−∆U ⇐⇒ W ≤ T (SB−SA)+(UA−UB)
5.8⇐⇒ W ≤ FA−FB (5.11)

ìpou FB, FA oi timèc thc eleÔjerhc enèrgeiac Helmholtz gia thn telik  kai
thn arqik  kat�stash. H isìthta isqÔei gia thn perÐptwsh twn antistrept¸n
metabol¸n. Katal goume loipìn sthn parat rhsh (pou ousiatik� mac dÐnei
kai to fusikì nìhma tou jermodunamikoÔ autoÔ dunamikoÔ) pwc to èrgo to
opoÐo par�getai kat� th diarkeia miac antistrept c isìjermhc
metabol c isoÔtai me th diafor� thc eleÔjerhc enèrgeiac Hel-
mholtz . Sthn perÐptwsh mh antistrept c metabol c to èrgo eÐnai p�nta
mikrìtero apì th diafor� thc eleÔjerhc enèrgeiac Helmholtz
.

'Estw sÔsthma stajeroÔ ìgkou to opoÐo brÐsketai k�tw apì stajer 
pÐesh pou den metab�lletai qwrik�. To sÔsthma autì brÐsketai se epaf  me
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to perib�llon kai kat� sunèpeia h jermokrasÐa tou isoÔtai me th jermokrasÐa
tou perib�llontoc. Tìte to èrgo to opoÐo ja par�getai p�nw sto sÔsthma
ja eÐnai mhdèna kai kat� sunèpeia apì thn (5.11) ja èqoume ìti:

FB ≤ FA. (5.12)

H prohgoÔmenh exÐswsh mac odhgeÐ sthn ex c sunj kh gia thn perÐptwsh
thc jermik c isorropÐac : se kat�stash jermik c isorropÐac h
eleÔjerh enèrgeia Helmholtz eÐnai el�qisth.

5.1.3 EleÔjerh enèrgeia Gibbs

'Estw èna sÔsthma to opoÐo pragmatopoieÐ mia metabol  me sunolikì stoi-
qei¸dec èrgo δWt = PdV + δW1, ìpou δW1eÐnai to èrgo to opoÐo par�getai
apì mh mhqanikèc dun�meic (p.q. hlektrikèc). H metabol  thc eswterik c
enèrgeiac ìpwc mac dÐnetai apì ton A J N ja eÐnai tìte:

δQ = dU + δWt
δQ=TdS⇐⇒ dU = TdS − PdV − δW1. (5.13)

Prosjètontac kai sta dÔo mèlh touc ìrouc SdT kai −V dP katal goume
sthn:

dU + SdT − V dP = d(TS)− d(V P )− δW1 ⇐⇒
d(U − TS + PV ) = −SdT + V dP − δW1 (5.14)

OrÐzontac t¸ra G = U − TS + PV h prohgoÔmenh sqèsh gr�fetai:

dG = −SdT + V dP − δW1 (5.15)

H sun�rthsh G onom�zetai sun�rthsh Gibbs   eleÔjerh enèrgeia Gibbs .

G = U − TS + PV
5.8
= F + PV

5.1
= H − TS (5.16)

dG = −SdT + V dP − δW1
dT=0,dP=0⇐⇒ dG = −δW1 ⇐⇒ ∆G = −W1

GA −GB = W1 (5.17)
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H prohgoÔmenh sqèsh ousiastik� dÐnei to fusikì nìhma thc eleÔjerhc enèr-
geiac Gibbs pou eÐnai to ex c: H el�ttwsh thc eleÔjerhc enèrgeiac
Gibbs se mia antistrept  isobar  kai isìjermh metabol  mac
dÐnei to mh mhqanikì èrgo pou par�getai apì to sÔsthma,
Sthn perÐptwsh pou h metabol  eÐnai mh antistrept  tìte h
el�ttwsh thc eleujerhc enèrgeiac Gibbs mac dÐnei mìno to
p�nw ìrio tou mh mhqanikoÔ èrgou to opoÐo par�getai sto
sÔsthma.

'Estw ìti èna sÔsthma pragmatopoieÐ mia isìjermh kai isobar  metabo-
l  apì mia kat�stash A se mia kat�stash B. San par�deigma mporoÔme na
anafèroume èna sÔsthma anoiqtì sto perib�llon to opoÐo pragmatopoieÐ mia
metabol  me jermokrasÐa Ðsh me thn jermokrasÐa tou perib�llontoc kai pÐesh
Ðsh me thn atmosfairik . Tìte to sunolikì èrgo pou ja par�getai ja eÐnai
Wt = PVB−PVA. Epeid  h jermokrasÐa eÐnai stajer  apì thn (5.11) èqoume
ìti:

PVB − PVA ≤ FA − FB ⇐⇒ PVB + FB ≤ PVA + FA
5.16⇐⇒ GB ≤ GA (5.18)

San sumpèrasma bgaÐnei ìti gia metabolèc stajer c jermokrasÐac kai pÐeshc
h eleÔjerh enèrgeia Gibbs den aux�netai. 'Otan h eleÔjerh enèrgeia
Gibbs eÐnai el�qisth to sÔsthma brÐsketai se kat�stash eu-
stajoÔc isorropÐac.Gia mia apeirost  antistrept  metabol  qwrÐc pa-
ragwg  mh mhqanikoÔ èrgou èqoume apì thn (5.15)

dG = V dP − SdT ⇐⇒




V = −(
∂G

∂P
)T

S = −(
∂G

∂T
)P


 (5.19)

H eleÔjerh enèrgeia Gibbs eÐnai p�ra polÔ shmantik  gia antistreptèc metabo-
lèc pou pragmatopoioÔntai me allag  f�shc ìpwc t xh, brasmìc klp. kaj¸c
se autèc tic metabolèc èqoume stajer  pÐesh kai stajer  jermokrasÐa. Se
autèc tic metabolèc h eleÔjerh enèrgeia Gibbs den metab�lletai.

5.1.4 Diajesimìthta - Mègisto Wfèlimo 'Ergo
OrÐzoume san Diajesimìthta A thn posìthta pou orÐzetai apì th sqèsh:

A = U + PV − TS (5.20)
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H diajesimìthta eÐnai idiìthta tou sust matoc kai tou perib�llontoc tou. To
fusikì nìhma thc diajesimìthtac eÐnai to akìloujo: Gia orismènh metabol 
tou sust matoc (ìpou ta ∆V, ∆U, ∆S eÐnai orismèna) mèsa se sugkekrimèno
perib�llon (dhlad  T, P orismèna) to mègisto wfèlimo èrgo pou to sÔsthma
mporeÐ na par�gei isoÔtai me thn diafor� thc diajesimìthtac.

Wmax = ∆A (5.21)

(1) An to sÔsthma sthn arqik  kai sthn telik  tou kat�stash èqei ton Ðdio
ìgko kai thn Ðdia jermokrasÐa, Ðsh me th jermokrasÐa tou perib�llontoc,
tote to mègisto èrgo pou mporeÐ na paraqjeÐ ja dÐnetai apì:

Wmax = ∆F (5.22)

(2) An to sÔsthma sthn arqik  kai sthn telik  tou kat�stash èqei thn Ðdia
pÐesh kai thn Ðdia jermokrasÐa Ðsh me thn pÐesh kai th jermokrasÐa tou
perib�llontoc tote to mègisto èrgo pou mporeÐ na paraqjeÐ ja dÐnetai
apì:

Wmax = ∆G (5.23)

Parat rhsh : Stic dÔo prohgoÔmenec exis¸seic den jewr same ìti o ìgkoc
  h pÐesh   h jermokrasÐa paramènoun stajerèc kaj' ìlh th di�rkeia thc me-
tabol c , all� mìno pwc oi arqikèc kai telikèc timèc eÐnai Ðdiec. Kai autì giatÐ
kai h pÐesh kai h jermokrasÐa all� kai o ìgkoc eÐnai katastatikèc posìthtec.

5.1.5 Sunj kec isorropÐac kai eust�jeiac
Oi genikèc sunj kec isorropÐac enìc sust matoc eÐnai oi akìloujec:
Arq  tou energeiakoÔ el�qistou SÔnjeto sÔsthma to opoÐo èqei

stajer  entropÐa kai stajerèc timèc paramorfwtik¸n suntetagmènwn teÐnei
met� thn tropopoÐhsh twn eswterik¸n tou diaqwrism�twn proc kat�stash
isorropÐac h opoÐa kajorÐzetai apì ekeÐnec tic timèc twn eleÔjerwn metablht¸n
tou oi opoÐec elaqistopoioÔn thn eswterik  enèrgeia.

Arq  tou entropikoÔ mègistouApomwnomèno sÔnjeto sÔsthma teÐ-
nei met� thn tropopoÐhsh twn eswterik¸n tou diaqwrism�twn proc kat�stash
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isorropÐac h opoÐa kajorÐzetai apì ekeÐnec tic timèc twn eleÔjerwn metablh-
t¸n tou oi opoÐec megistopoioÔn thn entropÐa.

Arq  thc el�qisthc EnjalpÐacSÔnjeto sÔsthma to opoÐo èqei sta-
jer  entropÐa kai stajer  pÐesh teÐnei met� thn tropopoÐhsh twn eswterik¸n
tou diaqwrism�twn proc kat�stash isorropÐac h opoÐa kajorÐzetai apì ekeÐ-
nec tic timèc twn eleÔjerwn metablht¸n tou oi opoÐec elaqistopoioÔn thn
enjalpÐa tou.

Arq  thc el�qisthc enèrgeiac Helmholtz SÔnjeto sÔsthma to
opoÐo èqei stajer  jermokrasÐa kai stajerì ìgko teÐnei met� thn tropopoÐh-
sh twn eswterik¸n tou diaqwrism�twn proc kat�stash isorropÐac h opoÐa
kajorÐzetai apì ekeÐnec tic timèc twn eleÔjerwn metablht¸n tou oi opoÐec
elaqistopoioÔn thn eleÔjerh enèrgeia Helmholtz tou .

Arq  thc el�qisthc enèrgeiac Gibbs SÔnjeto sÔsthma to opoÐo
èqei stajer  jermokrasÐa kai stajer  pÐesh teÐnei met� thn tropopoÐhsh twn
eswterik¸n tou diaqwrism�twn proc kat�stash isorropÐac h opoÐa kajorÐze-
tai apì ekeÐnec tic timèc twn eleÔjerwn metablht¸n tou oi opoÐec elaqisto-
poioÔn thn eleÔjerh enèrgeia Gibbs tou. .

H elaqistopoÐhsh twn sunart sewn thc enjalpÐac , thc eleÔjerhc enèr-
geiac Helmholtz kai thc eleÔjerhc enèrgeiac Gibbs den eÐnai tÐpota �llo
par� mia �llh èkfrash thc arq c thc elaqistopoÐhshc thc enèrgeiac mìno
pou t¸ra perilamb�netai ìqi mìno to sÔsthma all� kai oi dexamenèc gÔrw
apì autì. 'Otan sthn arq  thc el�qisthc enèrgeiac Gibbs anaferìmaste se
stajer  jermokrasÐa profan¸c to sÔsthma brÐsketai se epaf  me dexamen 
jermìthtac. H elaqistopoÐhsh thc enèrgeiac tou sÔnjetou sust matoc kai
thc dexamen c eÐnai isodÔnamh me thn elaqistopoÐhsh thc eleÔjerhc enèrgeiac
Gibbs tou sust matoc.

Oi prohgoÔmenec sunj kec sunoyizontai stic exis¸seic:



dS ≥ 0 S → Smax

dU ≤ 0 S → Umin

dH ≤ 0 S → Hmin

dF ≤ 0 S → Fmin

dG ≤ 0 S → Gmin




(5.24)

Ac upojèsoume ìti omogenèc sÔsthma to opoÐo brÐsketai se kat�stash
isorropÐac upìkeitai se metabol  h opoÐa apoteleÐtai apì pollèc stoiqei¸deic
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pou diathroÔn stajer  thn entropÐa kai thn eswterik  enèrgeia. Me autì ton
trìpo to sÔsthma fj�nei se mia dunat  all� "mh fusik � kat�stash. Se aut 
thn perÐptwsh:

∆S = dS +
d2S

2
+ ... (5.25)

Oi katast�seic isorropÐac mporoÔn na perigrafoÔn apì:




dS = 0 dU = 0 dH = 0 dG = 0 (a)
∆S ≤ 0 ∆U ≥ 0 ∆U ≥ 0 ∆U ≥ 0 (b)
d2S < 0 d2U > 0 d2H > 0 d2G > 0 (c)
d2S = 0 d2U = 0 d2U = 0 d2U = 0 (d)
d2S > 0 d2U > 0 d2H > 0 d2F > 0 (e)




(5.26)

'Otan isqÔei h exÐswsh (a) gia k�je dunat  apeirost  metabol  tote èqoume
IsorropÐa .
'Otan isqÔoun oi exis¸seic (a, b, c) gia k�je dunat  apeirost  metabol  tìte
èqoume Kanonik  eustaj  isorropÐa .
'Otan isqÔoun oi exis¸seic (a, b, d) gia k�je dunat  apeirost  metabol  tìte
èqoume KrÐsimh isorropÐa .
'Otan isqÔoun oi exis¸seic (a, c) gia k�je dunat  apeirost  metabol  ìmwc
den isqÔei h (b) gia ìlec tic dunatèc apeirostèc metabolèc, tote èqoume Me-
tastaj  isorropÐa .
'Otan isqÔei h exÐswsh (a) gia k�je dunat  apeirost  metabol  kai gia merikèc
h exÐswsh (e) tìte èqoume Astaj  isorropÐa .

5.1.6 Qhmikèc Antidr�seic

Oi enèrgeiec Gibbs kai Helmholtz eÐnai èna mètro thc t�shc thc antÐdrashc
na pragmatopoieÐtai aujìrmhta. O parak�tw pÐnakac deÐqnei kat� pìso h
antÐdrash mporeÐ na pragmatopoihjeÐ aujìrmhta: Mia aujìrmhth diadikasÐa
eÐnai mia mh antistrept  diadikasÐa. An se mia diadikasÐa h metabol  thc
eleÔjerhc enèrgeiac Gibbs eÐnai mhdenik  tìte h diadikasÐa aut 
eÐnai antistrept .
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∆H ∆S ∆G

- + - aujìrmhth antÐdrash (eunoeÐtai p�nta)

+ - + den eunoeÐtai potè

- - ; h antÐdrash eunoeÐetai se qamhlèc jermokrasÐec

+ + ; h antÐdrash eunoeÐtai se uyhlèc jermokrasÐec

PÐnakac 5.1:

5.1.7 Exis¸seic Maxwell

KaÐ ta tèssera jermodunamik� dunamik� (eswterik  enèrgeia, enjalpÐa,
eleÔjerh enèrgeia Helmholtz , eleÔjerh enèrgeia Gibbs ) eÐnai katastatik�
megèjh kai kat� sunèpeia tèleia diaforik�.

H stoiqei¸dhc metabol  thc eswterik c enèrgeiac

dU = TdS − PdV
A.17⇐⇒ (

∂T

∂V
)|S = −(

∂P

∂S
)|V , (5.27)

thc enjalpÐac

dH = TdS + V dP
A.17⇐⇒ (

∂T

∂P
)|S = (

∂V

∂S
)|P , (5.28)

thc eleÔjerhc enèrgeiac Helmholtz

dF = dU − SdT − TdS ⇐⇒ dF = −PdV − SdT
A.17⇐⇒

(
∂P

∂T
)|V = (

∂S

∂V
)|T (5.29)

kai thc eleÔjerhc enèrgeiac Gibbs dÐnontai apì:

dG = dH − TdS − SdT ⇐⇒ dG = V dP − SdT
A.17⇐⇒

(
∂V

∂T
)|P = (

∂S

∂P
)|T . (5.30)
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Autèc oi tèsseric exis¸seic onom�zontai jermodunamikèc exis¸seic Ma-
xwell . Sundèoun mia mh metr simh posìthta ìpwc h entropÐa me metr simec
posìthtec opwc o ìgkoc h pÐesh kai h jermokrasÐa. Den anafèrontai se mÐa
sugkekrimènh metabol all� susqetÐzoun touc diaforikoÔc suntelestèc enìc
sust matoc to opoÐo brÐsketai se jermodunamik  isorropÐa.

5.2 ParadeÐgmata

5.2.1 Parathr seic Qr simec gia tic Ask seic
(1) Ta jermodunamik� dunamik� pou anafèrjhkan parap�nw èqoun diast�-

seic enèrgeiac kai eÐnai ektatikèc posìthtec , dhlad  posìthtec an�lo-
gec me ton arijmì twn domik¸n lÐjwn tou sust matoc. Pollèc forèc
eÐnai bolikì stic ask seic na douleÔoume me entatikèc posìthtec , dh-
lad  posìthtec anex�rthtec apì to mègejoc tou sust matoc. OrÐzoume
loipìn

(i) Eidik  eswterik  enèrgeia (u)

u =
U

N
u = u(

V

N
,
S

N
) (5.31)

(ii) Eidik  eleÔjerh enèrgeia Helmholtz (f)

f =
F

N
f = f(

V

N
, T ) (5.32)

(iii) Eidik  eleÔjerh enèrgeia Gibbs (g)

g =
G

N
f = f(P, T ) (5.33)

(iv) Eidik  enjalpÐa (h)

h =
H

N
h = h(

S

N
,P ) (5.34)



5.2. PARADE�IGMATA 169

(v) EpÐshc mporoÔme na orÐsoume kai thn eidik  entropÐa (s).

s =
S

N
(5.35)

Thn eidik  eleÔjerh enèrgeia Gibbs thn onom�zoume sun jwc qhmikì
dunamikì. Oi sunart seic mèsa stic parenjèseic eÐnai oi entatikèc
sunart seic apì tic opoÐec exart�tai to k�je eidikì dunamikì.

5.2.2 ParadeÐgmata
(1) Na upologisjeÐ h metabol  thc enjalpÐac enìc idanikoÔ

aerÐou gia mia

(i) adiabatik  metabol 
(ii) isìqwrh metabol 
(iii) isìjermh metabol 
(iv) polutropik  metabol 

LUSH

(i) H sqèsh pou upologÐzei th metabol  thc enjalpÐac (5.2) se sundia-
smì me to nìmo tou Poisson (3.25) kai ton orismì thc adiabatik c
metabol c mac dÐnoun (ìpou c stajer�):




dH = δQ + V dP
PV γ = c
δQ = 0


 ⇐⇒ dH =

c

P

1/γ

dP ⇐⇒

dH = c1
dP

P 1/γ
⇐⇒ ∆H = c1

P (γ−1)/γ

(γ − 1)/γ
|P2
P1

(5.36)

ìpou c1 = c1/gamma,c = P1V
γ
1 kai P2, P1 h telik  kai h arqik  pÐesh

antÐstoiqa kai V1 o arqikìc ìgkoc.
(ii) H sqèsh pou upologÐzei th metabol  thc enjalpÐac (5.2) mac dÐnei:

dH = δQ + V dP ⇐⇒ ∆H = Q + V ∆P (5.37)
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kai epeid  h jermìthta sthn isìqwrh metabol  dÐnetai apì Q =
nCV ∆T h metabol  thc enjalpÐac ja eÐnai:

∆H = nCV ∆T + V ∆P (5.38)

(iii) H sqèsh pou upologÐzei th metabol  thc enjalpÐac (5.2) se sun-
diasmì me thn katastatik  exÐswsh twn idanik¸n aerÐwn kai thn
jermìthta se mia isìjermh metabol  mac dÐnoun (ìpou c stajer�):

[
dH = δQ + V dP

PV = c

]
⇐⇒ dH = δQ + c

dP

P
⇐⇒

∆H = Q + c ln P
Q=nRT ln V2/V1⇐⇒

∆H = nRT ln V2/V1 + c ln
P2

P1

(5.39)

ìpou oi deÐktec 1, 2 anafèrontai sthn arqik  kai telik  kat�stash
antÐstoiqa. H stajer� c = P1V1 = P2V2.

(iv) H sqèsh pou upologÐzei th metabol  thc enjalpÐac (5.2) se sundia-
smì me thn exÐswsh thc polutropik c metabol c (3.33) mac dÐnoun
(ìpou c stajer�):

[
dH = δQ + V dP

PV µ = c

]
⇐⇒

dH = ∆Q +
c

P

1/µ

dP ⇐⇒

dH = δQ + c1
dP

P 1/µ
⇐⇒ ∆H = Q + c1

P (µ−1)/µ

(µ− 1)/µ
|P2
P1

(5.40)

ìpou c1 = c1/µ,c = P1V
µ
1 kai P2, P1 h telik  kai h arqik  pÐesh

antÐstoiqa kai V1 o arqikìc ìgkoc. H jermìthta sthn polutropik 
metabol  ja dÐnetai genik� apì thn exÐswsh Q = nC∆T ìpou C h
jermoqwrhtikìthta tou sust matoc.

(2) Na upologisjeÐ h metabol  thc eleÔjerhc enèrgeiac Hel-
mholtz enìc idanikoÔ aerÐou gia mia
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(i) adiabatik  metabol 

(ii) isìqwrh metabol 

(iii) isobar  metabol 

(iv) polutropik  metabol 

LUSH

(i) H sqèsh pou upologÐzei th metabol  thc eleÔjerhc enèrgeiac Hel-
mholtz (5.9) se sundiasmì me to nìmo tou Poisson (3.25) kai thn
isentropikìthta thc adiabatik c metabol c twn idanik¸n aerÐwn mac
dÐnoun (ìpou c stajer�):




dF = −PdV − SdT
PV γ = c
δQ = 0


 ⇐⇒ dF =

c

V

γ

dV − SdT ⇐⇒

dH = c
dV

V γ
− SdT ⇐⇒ ∆F = c

V (1−γ)

(1− γ)
|V2
V1
− S(T2 − T1) (5.41)

ìpou c = P1V
γ
1 kai V2, V1 o telikìc kai o arqikìc ìgkoc antÐstoiqa

kai T1, T2 h arqik  kai telik  jermokrasÐa antÐstoiqa.

(ii) H sqèsh pou upologÐzei th metabol  thc eleÔjerhc enèrgeiac Hel-
mholtz (5.9) mac dÐnei:

dF = −PdV − SdT
dV =0⇐⇒ dF = −SdT (5.42)

kai epeid  h jermìthta sthn isìqwrh metabol  dÐnetai apì Q =
nCV ∆T h metabol  thc enjalpÐac ja eÐnai:

∆H = nCV ∆T + V ∆P (5.43)

(iii) H sqèsh pou upologÐzei th metabol  thc enjalpÐac (5.2) se sun-
diasmì me thn katastatik  exÐswsh twn idanik¸n aerÐwn kai thn
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jermìthta se mia isobar  metabol  mac dÐnoun (ìpou c stajer�):
[

dF = −PdV − SdT
PV = c

]
⇐⇒ dH = δQ + c

dP

P
⇐⇒

∆H = Q + c ln P
Q=nRT ln V2/V1⇐⇒

∆H = nRT ln V2/V1 + c ln
P2

P1

(5.44)

ìpou oi deÐktec 1, 2 anafèrontai sthn arqik  kai telik  kat�stash
antÐstoiqa. H stajer� c = P1V1 = P2V2.

(iv) H sqèsh pou upologÐzei th metabol  thc enjalpÐac (5.2) se sundia-
smì me thn exÐswsh thc polutropik c metabol c (3.33) mac dÐnoun
(ìpou c stajer�):

[
dH = δQ + V dP

PV µ = c

]
⇐⇒ dH = ∆Q +

c

P

1/µ

dP ⇐⇒

dH = δQ + c1
dP

P 1/µ
⇐⇒ ∆H = Q + c1

P (µ−1)/µ

(µ− 1)/µ
|P2
P1

(5.45)

ìpou c1 = c1/µ,c = P1V
µ
1 kai P2, P1 h telik  kai h arqik  pÐesh

antÐstoiqa kai V1 o arqikìc ìgkoc. H jermìthta sthn polutropik 
metabol  ja dÐnetai genik� apì thn exÐswsh Q = nC∆T ìpou C h
jermoqwrhtikìthta tou sust matoc.

(3) Na apodeiqjeÐ h sqèsh:

∆G = ∆H + T (
∂∆G

∂T
)P (5.46)

LUSH
Apì tic (5.16,5.19) h enjalpÐa kai h entropÐa gr�fontai:

[
H = G + TS

S = −(
∂G

∂T
)P

]
⇐⇒ H = G− T (

∂G

∂T
)P (5.47)
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Telik� h enjalpÐa twn dÔo katast�sewn A,B me b�sh thn prohgoÔmenh
sqèsh ja eÐnai :




HA = GA − T (
∂GA

∂T
)P

HB = GB − T (
∂GB

∂T
)P


 ⇐⇒

HB −HA = GB − T (
∂GB

∂T
)P −GA + T (

∂GA

∂T
)P ⇐⇒

∆H = ∆G− T (
∂∆G

∂T
)P (5.48)

H exÐswsh aut  eÐnai gnwst  san exÐswsh Gibbs-Helmholtz.

(4) 'Ena sÔsthma kulindrikoÔ doqeÐou to opoÐo kleÐnetai me
èmbolo èqei arqikì ìgko V1 = 0.1m3 kai perièqei monoato-
mikì idanikì aèrio se mÐa arqik  pÐesh P1 = 16atm kai T1 =
400K. To aèrio ekton¸netai se ìgko V2 = 0.4m3 kai mèqri
th jermokrasÐa tou perib�llontoc kai san apotèlesma
aut c thc ektìnwshc par�getai jermìthta Q = 5000J. An
oi atmosfairikèc sunj kec eÐnai P0 = 1atm kai T0 = 300K
na upologisjeÐ to qr simo èrgo lìgw thc ektìnwshc tou
aerÐou.

LUSH

To qr simo èrgo Wx eÐnai h diafor� tou sunolikoÔ èrgou W pou prosfè-
rei to sÔsthma metakin¸ntac to èmbolo kai tou èrgou pou katanal¸netai
lìgw thc atmosfairik c pÐeshc Watm. Apì th sqèsh gia ton upologismì
thc eswterik c enèrgeiac (3.11), tou èrgou ìtan h pÐesh eÐnai stajer 
(pou eÐnai h perÐptwsh atmosfairik c pÐeshc) 3.14, thc jermoqwrhtikì-
thtac gia stajerì ìgko (PÐnakac 3.1) kai thn katastatik  exÐswsh twn
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idanik¸n aerÐwn paÐrnoume:



Wx = W −Watm

Watm = −P0∆V
W = ∆U −Q
∆U = nCV ∆T

CV =
3R

2

P1V1 = nRT1 ⇐⇒ n =
P1V1

RT1




⇐⇒

Wx = nCV ∆T −Q + P0(V2 − V1) ⇐⇒
Wx =

P1V1

RT1

3R

2
−Q + P0(V2 − V1) = 25600J (5.49)

To èrgo thc atmìsfairac eÐnai arnhtikì giatÐ to èmbolo metatopÐzetai
se for� antÐjeth apì thn for� thc atmosfairik c pÐeshc sthn epif�neia
tou.

(5) Pìso eÐnai to mègisto wfèlimo èrgo pou mporoÔme na p�-
roume kat� thn ektìnwsh upì stajer  jermokrasÐa (Ðsh
me thn jermokrasÐa tou perib�llontoc T0), n = 1 mole ida-
nikoÔ aerÐou apì thn pÐesh P sth pÐesh tou perib�llontoc
P0;

LUSH

To mègisto wfèlimo èrgo ja isoÔtai me to antÐjeto thc metabol c thc
diajesimìthtac tou sust matoc, sunep¸c:




A = U − TS + PV
Wmax = Ai − Af = Ui − Uf − TiSi + TfSf + PiVi − PfVf

U = nCV T
Ti = Tf , Pi = Pf


 ⇐⇒

Wmax = nCV Ti − nCV Tf − TiSi + TfSf + PiVi − PfVf ⇐⇒
Wmax = Ti(Sf − Si) + Pi(Vi − Vf ) ⇐⇒

Wmax = T0(Sf − Si) + P0(Vi − Vf ) (5.50)
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ìpou oi deÐktec i anafèrontai sthn arqik  kat�stash kai oi deÐktec f
sthn telik  kat�stash. Oi pièseic kai oi jermokrasÐec anafèrontai sto
perib�llon kai gi autì eÐnai oi Ðdiec kai gia thn arqik  kai thn telik 
kat�stash. To epìmeno b ma eÐnai na upologÐsoume touc ìgkouc tou
aerÐou sthn k�je kat�stash qrhsimopoi¸ntac thn katastatik  exÐswsh
twn idanik¸n aerÐwn:




P1Vi = nRT0 ⇐⇒ Vi =
nRT0

P1

P2Vf = nRT0 ⇐⇒ Vf =
nRT0

P2


 ⇐⇒

Vi − Vf = nRT0(
1

P1

− 1

P2

) (5.51)

To mìno pou apomènei eÐnai na upologisjeÐ h metabol  thc entropÐac.
Apì thn sqèsh tou Maxwell ja èqoume ìti:

∂S

∂P
|T = −∂V

∂T
|P =

−nR

P
⇐⇒

∆S = −
∫ P2

P1

(
∂S

∂P
|T )dP = −

∫ P2

P1

nR

P
dP ⇐⇒

∆S = nR ln
P1

P2

(5.52)

Parat rhsh H exÐswsh gia thn entropÐa ja mporoÔse na brejeÐ kai
apì thn (4.9). An akoloujoÔsame autì to drìmo ja eÐqame:




∆S = nCV ln
T2

T1

+ nR ln
V2

V1

T2 = T1

P1V1 = P2V2


 ⇐⇒ ∆S = nR ln

P1

P2

Dhlad  sto Ðdio apotèlesma. Apl¸c se autì to par�geigma qrhsimo-
poi same tic exis¸seic tou Maxwell gia na deÐxoume ènan �llo trìpo
upologismoÔ thc metabol c thc entropÐac.
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Telik� to mègisto èrgo ja upologisjeÐ apì tic (5.50,5.51 kai 5.52) :

Wmax = T0(Sf − Si) + P0(Vi − Vf ) ⇐⇒
Wmax = nRT0 ln

P1

P2

+ nRP0T0(
1

P1

− 1

P2

) (5.53)

(6) Pìso eÐnai to mègisto wfèlimo èrgo pou mporoÔme na
p�roume kat� thn yÔxh upì stajerì ìgko n = 1 mole ida-
nikoÔ aerÐou apì thn jermokrasÐa T sth jermokrasÐa tou
perib�llontoc;
LUSH
To mègisto wfèlimo èrgo ja isoÔtai me to antÐjeto thc metabol c thc
diajesimìthtac tou sust matoc, sunep¸c:




A = U − TS + PV
Wmax = Ai − Af = Ui − Uf − TiSi + TfSf + PiVi − PfVf

U = nCV T
Ti = Tf , Vi = Vf


 ⇐⇒

Wmax = nCV Ti − nCV Tf − TiSi + TfSf + PiVi − PfVf ⇐⇒
Wmax = Ti(Sf − Si) + Pi(Vi − Vf ) ⇐⇒

Wmax = T0(Sf − Si) + P0(Vi − Vf ) (5.54)

ìpou oi deÐktec i anafèrontai sthn arqik  kat�stash kai oi deÐktec f
sthn telik  kat�stash. Oi pièseic kai oi jermokrasÐec anafèrontai sto
perib�llon kai gi autì eÐnai oi Ðdiec kai gia thn arqik  kai thn telik 
kat�stash. To epìmeno b ma eÐnai na upologÐsoume touc ìgkouc tou
aerÐou sthn k�je kat�stash qrhsimopoi¸ntac thn katastatik  exÐswsh
twn idanik¸n aerÐwn:




P1Vi = nRT0 ⇐⇒ Vi =
nRT0

P1

P2Vf = nRT0 ⇐⇒ Vf =
nRT0

P2


 ⇐⇒

Vi − Vf = nRT0(
1

P1

− 1

P2

) (5.55)
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To mìno pou apomènei eÐnai na upologisjeÐ h metabol  thc entropÐac.
Apì thn sqèsh tou Maxwell ja èqoume ìti:

∂S

∂P
|T = −∂V

∂T
|P =

−nR

P
⇐⇒

∆S = −
∫ P2

P1

(
∂S

∂P
|T )dP = −

∫ P2

P1

nR

P
dP ⇐⇒

∆S = nR ln
P1

P2

(5.56)

Parat rhsh H exÐswsh gia thn entropÐa ja mporoÔse na brejeÐ kai
apì thn (4.9). An akoloujoÔsame autì to drìmo ja eÐqame:




∆S = nCV ln
T2

T1

+ nR ln
V2

V1

T2 = T1

P1V1 = P2V2


 ⇐⇒ ∆S = nR ln

P1

P2

Dhlad  sto Ðdio apotèlesma. Kai se autì to par�geigma ìpwc kai sto
prohgoÔmeno qrhsimopoi same tic exis¸seic tou Maxwell gia na deÐxou-
me ènan �llo trìpo upologismoÔ thc metabol c thc entropÐac.
Telik� to mègisto èrgo ja upologisjeÐ apì tic (5.54,5.55 kai 5.56) :

Wmax = T0(Sf − Si) + P0(Vi − Vf ) ⇐⇒
Wmax = nRT0 ln

P1

P2

+ nRP0T0(
1

P1

− 1

P2

) (5.57)

(7) Aèrio sth jermokrasÐa twn T = 350 K èqei CP = 22 J/moleK.
Anex�rthta apì thn pÐesh h CP aux�netai me rujmì 0.01
Joule/moleK2. An upojèsoume ìti èqoume èna mìno gram-
momìrio aerÐou na brejoÔn:

(i) H allag  sthn enjalpÐa �n h jermokrasÐa auxhjeÐ
kat� 100 K

(ii) Na brejeÐ h metabol  thc posìthtac PV an eÐnai gnw-
stì ìti CP − CV = 7 J/moleK.
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(iii) Pìsh jermìthta prèpei na prostejeÐ kai pìso èrgo
prèpei na paraqjeÐ gia na èqoume thn Ðdia metabol 
thc enjalpÐac;

LUSH

(i) Apì thn (5.4) èqoume ìti gia mia metabol  stajer c pÐeshc ja
èqoume ìti:

CP = (
∂H

∂T
)P ⇐⇒ dH = CP dT ⇐⇒ ∆H =

∫
CP dT (5.58)

'Omwc apì thn �skhsh gnwrÐzoume ìti CP = A + B(T − T0) ìpou
A = 22 J/moleK , T0 = 350 K kai B = 0.01 Joule/moleK2.
Kat� sunèpeia to apotèlesma thc (5.58) gÐnetai:

∆H =

∫ 450

350

(A + B(T − T0))dT ⇐⇒ ∆H = AT |450
350 +

BT 2

2
|450
350 ⇐⇒

∆H = 220 + 400 = 660J (5.59)

(ii) Apì ton orismì thc enjalpÐac (5.1) èqoume ìti:

∆H = U2 + P2V2 − U1 − P1V1 ⇐⇒ ∆H = ∆U + ∆(PV ) (5.60)

'Omwc h metabol  thc eswterik c enèrgeiac gnwrÐzontac ìti CP −
CV = 7 J/moleK. ja eÐnai:

dU = CV dT ⇐⇒ dU = (CP − 7)dT ⇐⇒

∆U =

∫ T2

T1

CP dT − 7

∫ T2

T1

dT
5.58⇐⇒

∆U = ∆H − 7∆T (5.61)

Apì tic (5.60,5.61) èqoume ìti:

∆H = ∆H − 7∆T + ∆(PV ) ⇐⇒ ∆(PV ) = 7∆T = 700J (5.62)
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(iii) Epeid  h metabol  eÐnai isobar c to èrgo ja dÐnetai apì thn (5.62).
'Ara W = 700 J . H jermìthta mporeÐ na upologisjeÐ apì ton AJN

Q = ∆U + W
5.615.59⇐⇒ Q = −40 + 700 = 660J (5.63)

To apotèlesma autì den mac prokaleÐ èkplhxh kaj¸c èqoume deÐ
ìti to fusikì nìhma thc enjalpÐac eÐnai ìti h metabol  thc eÐnai h
jermìthta se mia isobar  metabol .

(8) 'Estw sÔsthma sto opoÐo up�rqei mìno èna eÐdoc sw-
matidÐwn. An h enèrgeia Gibbs orÐzetai apì thn sqèsh
G(P, T,N) = U+PV −TS , ìpou N o arijmìc twn swmatidÐwn
na apodeiqjeÐ h sqèsh:

G(P, T,N) = Ng(P, T ) (5.64)

ìpou g(P, T ) sun�rthsh anex�rthth tou arijmoÔ twn sw-
matidÐwn tou sust matoc.
Imperial College

LUSH
H eswterik  enèrgeia eÐnai èna ektatikì mègejoc (ìpou Ei eÐnai h enèr-
geia k�je swmatidÐou xeqwrist� kai Ē h mèsh enèrgeia k�je swmatidÐou):

U =
∑

i

Ei = NĒ. (5.65)

H entropÐa enìc sust matoc apì thn (4.9) eÐnai ektatikì mègejoc:

∆S =
N

NA

CV ln
T2

T1

+
N

NA

R ln
V2

V1

= NS̄ (5.66)

ìpwc kai o ìgkoc eÐnai ektatik  posìthta (ìpou Vi eÐnai o ìgkoc k�je
swmatidÐou xeqwrist� kai V̄ o mèsoc k�je swmatidÐou):

V =
∑

i

Vi = NV̄ . (5.67)
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H jermokrasÐa kai h pÐesh eÐnai entatik� megèjh, dhlad  den exart¸ntai
apì ton arijmì twn swmatidÐwn. Kat� sunèpeia h enèrgeia Gibbs ja
dÐnetai apì th sqèsh:

G(P, T, N) = U + PV − TS = N(Ē + PV̄ − T S̄) = Ng(T, P ) (5.68)

(9) Na brejeÐ to CV se sun�rthsh me thn eleÔjerh enèrgeia
Helmholtz.
LUSH
JewroÔme ìti sth genik  perÐptwsh h eswterik  enèrgeia eÐnai mia su-
n�rthsh thc jermokrasÐac T kai tou ìgkou V . 'Ara

U = U(T, V ) ⇐⇒ dU = (
∂U

∂T
)|V dT + (

∂U

∂V
)|T dV

CV =( ∂U
∂T

)|V⇐⇒

dU = CV dT + (
∂U

∂V
)|T dV (5.69)

An jewr soume ìti h entropÐa eÐnai mia sun�rthsh kai aut  thc jermo-
krasÐa kai tou ìgkou ja èqoume ìti:

S = S(T, V ) ⇐⇒ dS = (
∂S

∂T
)|V dT + (

∂S

∂V
)|T dV (5.70)

ìmwc èqoume ìti

dU = TdS − PdV
5.70⇐⇒ dU = T [(

∂S

∂T
)|V dT + (

∂S

∂V
)|T dV ]− PdV

dU = T (
∂S

∂T
)|V dT + [T (

∂S

∂V
)|T − P ]dV (5.71)

Apì tic (5.69,5.71) katal goume:

CV = T (
∂S

∂T
)|V (5.72)

Apì thn (5.72,5.9) èqoume



S = −(
∂F

∂T
)V

CV = T (
∂S

∂T
)|V


 ⇐⇒ CV = −T (

∂2F

∂T 2
)|V . (5.73)


