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4b-1. Simple Systems. A simple system is defined as one of constant mass whose
equilibrium states are described with the aid of only three thermodynamic coordinates,
one of which is the kelvin temperature. The simple systems most often used are
listed in Tables 4b-1 and 4b-2, and the rules for converting any equation holding for a
hydrostatic system into the analogous equation for another simple system are given

in Table 4b-~7.

Tables 4b-3 to 4b-6 contain the most useful thermodynamic equations

involving first derivatives only. Table 4b-8 refers to phase transitions.

TABLE 4b-1. THERMODYNAMIC SYSTEMS AND COORDINATES

System Intensive coordinate Exter}swe
coordinate
Hydrostatic system........ Pressure P | Volume vV
Stretched wire............ Tension FZ | Length L
Surface ilm.............. Surface tension J | Area A
Electriccell............... Emf & | Charge Z
Capacitor. . .............. Electric intensity E | Polarization P’

Magnetic substance. ...

Magnetic intensity ¢

Magnetization M

TaBLE 4b-2. Work DoNE BY THERMODYNAMIC SYSTEMS

Extensive
Intensive quantity quantity
S . Y
ystem (generalized force) | (generalized Work
displacement)
Hydrostatic system.......... P in N/m? V in m? PdVinJ
Stretched wire............... Fin N Linm —ZdLinJ
Surface film................. Z in dynes/em A in em? — 4 dA in ergs
Electriccell.............. .. €inV Zin C —-&dZ inJ
Capacitor........cooooeervnn. Ein N/C PPinC-m | —EdP inJ
Magnetic substance.......... % in A/m MinWb-m| —9dMinJ

4-22



THERMODYNAMIC SYMBOLS, DEFINITIONS 4-23

TABLE 4b-3. DEFINITIONS AND SYMBOLS FOR THERMAL QUANTITIES

Thermal quantity Symbol Definition
Heat. ... .o Q
Internalenergy........ ..o, U
Entropy. ... S
Enthalpy (also called heat content, heat function, :
total heat). ... H U 4+ PV
Helmholtz function (also called free energy and work
function, with symbol A used)................ ... F U-TS8S
Gibbs function (also called free energy, free enthalpy,
thermodynamic potential, with symbol Fused)....!| @G H TS
‘Volume expansivity (coefficient of volume expansion). (61’)
Isothermal bulk modulus. ........................ B 4 <6I )
Adiabatic bulk modulus............... ... ........ Bs -V (6 V)
. av
Isothermal compressibility .. ...................... k P = =
| 1 aP/yp
. . o ; av
Adiabatic compressibility . . ........ ... ... ... ... ks — = (——)
PV \or
. rde
Heat capacity at constant volume.................. Cv | (gﬁ) =T (-—?)
l: ‘7
. ' dQ a8
¢ capacity at constant pressur. ... ... ... e (%) -2 ()
Heat capacity at constant pressure P 7T 37 ),
. ... Cp
Ratio of heat capacities..........coovveverrnnnn... ¥ —_—
Cv
Joul flicient (aT
oule coefficient.............. ... oL, o 7).y
; vy e . aT
Joule-Thomson (Kelvin) coefficient. .. ............. [ ‘ (;)
! H
. . 11 /9L
Linear expansivity............................... a - <—)
Isothermal Young's modulus...................... Yy o ( )
Adiabatic Young’s modulus....................... Vs (aL
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TaBLE 4b-4. THERMODYNAMIC EQUATIONS FOR A HYDROSTATIC

SysteM oF CONSTANT Mass

First law of thermodynamics:
Q = U2 - U1 + W

ST

4Q = dU + dW (4b-1)
Second law of thermodynamics:
dQ = T dS . (4b-2)
Third law of thermodynamics:
lim ASy =0 (4b-3)
7—0
dU = TdS — PdV (4b-4)
dH = T dS 4 V dP (4b-5)
dF = —8dT — PdV (4b-6)
dG = —8dT + V dP (4b-7)
Maxwell’s equations:
oT oP
(57). = - Gs). (168
oT oV
(%), = GGs). (#-9)
S oP
a—v>T = \or )y (4b-10)
as 1%
(), G,
Basic thermodynamic equations:
_(3UY _ p(3SY _ _p(2P\ (¥ ~
Cv = (GT v T <6T>V T (OT v (BT S (4b-12)
C(PHY - () g (2 (2
Cp—(aT P—,T(a )P ‘T(aT)p<ET (4b-13)
TdS=cvdT+T(313) av = cyar + L av (4b-14
oT /v v k -14)
TdS = CrdT — T (%)P dP = CpdT — VBT dP (4b-15)
_ o (3T aT _Cvk
Tds = Cy (aP)V dP + C» (aT/)P av = SEap 4 (4b-16)
9Cv\ _ . (8°P :
(5%) = 7(5m), (4b-17)
aCr\ _ v
(5% ), = -7 (5), (4b-18)
oP vV aV\? /3P
cr—Cr=T(2) (22) = —7(2%) (%
P (aT v(éT R T(aT)p (aV .= (4b-19)
_Cr_@PaV)s _ &
v CV (6P/6V)T - ";‘é (4b-20)
_(Ty _ L v , v
u—(aP>H—CP[T o P—Iv]=C—P(6T—1) (4b-21)
_ aT) __ 1 P _ 1
7 ( V/u Cy [T(ET v P] o 6';( (4b-22)




TABLE 4b-5. FIRST DERIVATIVES oF T,

(7). -

aT
().
(o

oV /e

\

(5).

&l
N’
N

SN
<

c;|°)

; wl

A N N WA N
~

Sk

a
N
9]

NN TN TN N
%llcuo)

N
Gl
e

N

I
<
w

-
- T
_y’ﬁ

Cp - B
VBT (y = 1)Kk

QB QO
7]

n

|o;cn| IQJQ)'Q)
UNIY WIN <S

tn

D
72 -

NN N SN N SN N

AT R T O
153

Qe @ mo;lf:m
N N o NN~
~ Y

h

C/J"dt/)’ﬂl@(f

N
Q”Q)Q}

|

THERMODYNAMIC SYMBOLS, DEFINITIONS

P, V, anp §
VBT _ (v = Dk
Cr 1B

BT _ vy =1
T Cvk - T TV
T
Cv
Cp ¥B8

VBT ~ (v — Dk

Cp ¥B
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TaBLE 4b-7. CoONVERSION FrROM HYDROSTATIC TO OTHER SYSTEMS

Replacement for | Replacement for
System ~

P |4
Stretched wire............. | -7 L
Surface film............... -4 A
Electriccell............... -& Z
Capacitor................. —F P’
Magnetic substance........ ~f M

TaBLE 4b-8. Puase TRANSITIONS
First-order transition from 1 to 2

L, = latent heat = Hy — H, = T(S; — Sy)

P Lioe @ , tion)
—_— ————_— a T a
aT = TV = Ty peyron’s equation
dLl-—>2
ar

i

dP
Cps — Cpy + [Vo(1 = B.T) — V1 (1 — 3T} a7

Second-order transition from 1 to 2

dP Cpy — Cpy
ar =~ TV (B2 — 81)
dP _ 6‘2 - Bl
dT ks — ks

(Ehrenfest’s equations)

Lambda transition
Let Py represent the slope of the PT curve at the X point, and let S} represent the

slope of the ST curve at the A point. At a temperature 7, a small amount above or
below T,

Cp
?—S)\"’“VBP)\

If V§\ is the slope of the VT curve at T},

CI ,
Tes-Iwn
.3=V'

TABLE 4b-9. EQUATIONS FOR SYSTEMS OF VARIABLE
CoMrosiTioON AND VARIABLE Mass

Consider a system which is a homogeneous mixture of any number of constituents
1, 2, . k, . . . with 71 moles of substance 1, no moles of substance 2, ete., at a

umform temperature T, a uniform pressure P, and a volume V. The chemlcal poten-
tial of the kth constituent is
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U
e = En—k) S,V other n's (4b,23)
_ (38 ]
o= (ank)S,P, other n's (4b-24)
o4
He = (—a_n_k) T,V, other n’s (4b-25)
oG
e = (5771; T,P, other n's (4b-26)
dU = TdS — PdV + Zu dnx (4b-27)
dH = T dS + V dP + Zuxdne (4b-28)
dA = —8dT — P dV + Zuxdnk (4b-29)
dG@ = —8dT + V dP + Zux dni (4b-30)
G=U+PV — T8 = Znxuk (4b-31)
—8SdT + VdP = Zn; dp (4b-32)

4b-2. Equations for Ideal Gas Reactions. Assume a mixture of four reacting sub-
stances whose chemical symbols are 4, B, C, and D, where A and B are the initial
constituents (reactants) and C and D the final constituents (products), the reaction
being represented by
ad +bB=c¢C +dD

Four substances are chosen only for convenience; the equations to be developed can
easily be applied to reactions in which any number of substances participate. The
lower-case letters a, b, ¢, and d arc the stoichiometric coefficients, which are always positive
integers or fractions.

If we start with arbitrary amounts of both initial and final constituents and imagine
the reaction to proceed completely to the right, at least one of the initial constituents,
say A, will completely disappear. Then it is possible to find a positive number no
such that the original number of moles of each of the initial constituents is expressed
in the form

n4 (original) = noa
ng (original) = neb + i

where 45 is a constant representing the number of moles of B that cannot combine.
If we imagine the reaction to proceed completely to the left, at least one of the final
constituents, say C, will completely disappear. In this event, another positive number
ng can be found such that the original number of moles of each final constituent is
expressed in the form

ne (original) = nge
np (original) = nyd + ip

If the reaction is imagined to proceed completely to the left, there is the maximum
amount possible of each initial constituent and the minimum amount of each final
constituent. Thus,

na (max) = (no + né)a ne (min) = 0
np (max) = (ny + nf))b + 1B np (min) = 2p

If the reaction is imagined to proceed completely to the right, there is the minimum
amount possible of each initial constituent and the maximum amount of each final
constituent. Thus,

ng (min) = 0 ne (max) = 7y + né)c
nge (min) = ip np (max) (no + mg)d -+ ip

I
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Suppese the reaction proceeds partially either to the right or to the left to such an
extent that there are n4 moles of 4, np moles of B, ne moles of C, and np moles of D
present at a given moment. We define the degree of reaction € in terms of any one of
the initial constituents, say A, as the fraction

na (max) — ny
€ = -
n4 (max) — ny (min)

It follpows that e = 0 when the reaction is completely to the left and € = 1 when it is
completely to the right. Expressing n4 (max) and n4 (min) in terms of the constants
that determine the original amounts, we get

_ (o 4+ mg)a — na
(no + ny)a
or na = (no + ngla(l — )

The number of moles of each of the constituents is given, therefore, by the
expressions

na = (no + ngla(l — ¢) ne = (no + ng)ce
npg = (ng + n)W(1 —¢) +15  np = (ne + ny)de + ip

Since all the n’s are functions of € only, it follows that in a homogeneous mixture,
all the mole fractions are functions of eonly. Consider, for example, a vessel contain-
ing no moles of water vapor only, with no hydrogen or oxygen present. If dissociation
occurs until the degree of dissociation is ¢, then the n’s and the z’s (mole fractions)
are functions of € as shown in Table 4b-10.

TABLE 4b-10. I‘Izo = Hz + %Og

ichio- .

. Stoic 10 Number of moles Mole fraction
Constituent metric
coefficient " z

1 —¢
A =H,0 a=1 na = no(l — ¢€) T4 = ———
1+ ¢/2
C =H, c=1 ne = Nee Ic=__€
1+ ¢/2

/2
D =0, d=% np = noe/2 ID=L—-
1 4 ¢/2

Zn = no(l + ¢/2)

In the case of a mixture of four reacting ideal gases in equilibrium, the equilibrium
constant K is given by the law of mass action,

(xc)® - (xp)? ctd—a—s = K
(@ @s)l

Since each z is a function of ¢, K is a function of P and the equilibrium value of e,
the function being different for each reaction. The values of K as functions of P and
e for all possible reactions among two, three, or four constituents, with stoichiometric
coefficients taking on the value 1, 2, or 3, are given in Table 4b-11.
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TaBLE 4b-11. EquiLiBriuM CoONSTANTS EXPRESSED AS FUNCTIONS
OF P AND ¢
Reaction K Reaction K
16¢4P
a=c — 34 =2C + 2D 27(1-—:)3(3+e)
A=2C 14‘_”; 34=C+3D (—1-:%4”)
4=30 1= zs(iP:L 20" 4=20+8D) SZZi 26}
24=0C H A+B=C <€1(2-:>2°
24 =3C e fi;:f 7 | A+B=2C 5 ‘%i)z
34=0C Hz A+ B=3C u—__-%m
34 =2C 247221(3————_-:—;)7) A+2B=C 4—‘((-13—_::2)%;
A=C+D lez_Péz A +9R=2C (ﬁlf@__.:)_:%
A=C+20 | o _:‘f; s | A+2B=30 :}(—127_‘—:)-3
A=2C +2D » q _1:)5:4113; s (A teB=C H
A=C+3D I _ZEIPL S |24 +2B=30 f;:i("‘——_:—)j}))
A =20 + 3D (1_1?)“(5——615—1;—4—46—); A+3B=C ;;ﬁ—:f)‘f—;
A=3C +3D G —752)2616115 s | A tap=2C 247‘:(14——:_-3%
2a=c+Dp | m%—) A +3B=3C Z‘;(—‘*_—:—)%
24 =0C + 2D (—1—:—5)—3%:;) 24 +3B=C F;((%
35 — 3¢)s
s=C3D | 'w—(zf% 24 +3B=2C 567—((1—_—%},3
24 =2C + 3D l (1—_%7;(;[);36)3 24 +3B=3C H
o -
21230 +3D o _‘f;zﬁzP ; o |34 FsB=C H
34=C+D 2—7—6(2%_—':%—) 34 +3B=2C H
34 =C + 2D 57_(1&51_6)3 A+B=C+D (16—26)2
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TasLE 4b-11. EqurLiBriuM CONSTANTS EXPRESSED AS FUNCTIONS
oF P AND e (Continued)

Reaction K Reaction K
43P 4e3(4 — ¢€)
= oD | —————— | A 4+3B=C+2D _
A+B=C+ (1 — X2 + € + + 27(1 — €)*P
4e4P2 16¢
=2 2D A+3B=2C +2D —_—
4+ B=20+ (1 — &)1 + ¢)? + + 27(1 — &)
A+B=C+3D 2702 A+3B=C+3D <
- 4(1 — &)¥1 + ¢)? o (1 — )
10865P3 4¢5P
A+ B=2C +3D A+3B=2C +3D| ———————
+ ‘ + (1 —e)¥2 + 3e)? T + (1 — )4 + ¢)
44+ B=3C +3D | — 20D {+3B=3C+3D 27eP
- 16(1 — X1 + 2¢)* | - 4(1 — 42 + ¢)?
(3 — ¢) (5 — 3e)?
A4+2B=C+D —_— 24 4+3B=C+ D —_—
+ t 4(1 — €)3P N + 108(1 — €)5P3
¢ (5 — 2¢)?
A4+2B=C +2D 24 +3B=C + 2D —_—
* * 1 — o T + 571 — <P
4¢tP 4et(5 — o
A+2B=92C+2D| —————— |24 +3B=20+2D| ————
+ + (1 —e¥3 +e) + + 27(1 — €)5P
27¢P (5 — ¢€)
A +2B=C+3D 24 +3B=C +3D —_—r
. + 41 — %3 + ¢ + + 4(1 — €)5P
A +2B=2C +3D 27eP? C +3D ¢
tEB=ACA (1 — %3 + 2¢)? 24 +3B=20+3 (1 — e)®
27¢8P3 27¢5P
A+ 2B=3C+3D 24 +3B=3C +3D
t 41 — X1 + ¢€)? t + 41 — %5 +¢€)
(2 — €)2 1662(3 — 2¢)*
24 +2B=C+ D — 34 +3B=C+D T
4(1 — e)tP? + + 729(1 — ¢)%P*
(4 — €) 463(2 — 5)3
24 +2B=C +2D —_— 34 +3B=C +2D s
51— oP T 5701 = <P
27¢t _
24 +2B=C+3D ———e——; 34 +3B=2C + 2D f5_464_(3__€_)2_
16(1 — €) 729(1 — €)bP?
27e5P 4643 — €)?
24 +2B=2C + 3D 34 +3B=C +3D _
41 — )4 + €) + + 27(1 — €)8P?
729e8P2 4e5(6 — €)
24 +2B=3C + 3D 4 4+3B=20+3D| —— %
64(1 — )42 + ¢)? 34 + * 27(1 — )P
4e%(2 — €)?
A+3B= D —_
+3 ¢+ 27(1 — €)*P?




