2.43 ADVANCED THERMODYNAMICS

Spring Term 2024
LECTURE 11

Room 3-442
Tuesday, March 12, 2:30pm - 4:30pm

Instructor: Gian Paolo Beretta
beretta@mit.edu
Room 3-351d
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Review of basic concepts:

Exergies
and
first and second law
efficiencies

in

energy conversion
technologies
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Review of basic concepts: Exergy in heating and COOling bulk flows

% Heating of a flow with a heat pump
m ~|D—> A

) QA = m(h, — hy)
Qa i
. _m(hy —hy) Qg4
0, COP = = = W
environnment
TO
- So — 51
| 1 —T, )
~ mf(hy — hy) = To(s2 — s1)] QA( ho —hy/ 1,
i = . = . = COP(l _ )
%4 %4 CZ—Wlm,12
1 1 —
COPpax = — — T where Tiy, 12 = ha —
(1_TOS2 Sl) (1_ ) So — 81
ha — hy T2
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Review of basic concepts: Minimum cxXergy for
low temperature heating a liquid or ideal-gas flow

Ratio between exergy and energy content for a liquid flow:

AExi, = Q [1 _la ln(T27/,1Tl) m@ @
o

For example, for the heating of pressurized water from 60°C to 120°C (in an
environment at 300 K)

. COPmaX —
AE x T, In(T-/T. 3001In(393/333
.12:1_61 (2/1):1_ ( / ): 172 1 g
Q I, -1 60 0172

For the heating of water from 20°C to 60°C (in an environment at 300 K)

AEx,, . T, In(T,/T;) . 3001n(333/293) 0,040 COP nax =
5 = - — -_ = . 1
T, — T 40 _ 5
¢ 2 001~ %
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Review of basic concepts: POWer-plant philosophy of best available
flame-based fuel-to-power conversion technology

I EEE EEE I BN S S B B B S G B B B B B B B B B e B s . -

I I
E ool : o Combined Gas W _
ue Colinbustlon Zprod.comb. Turbine and Steam : electric
— rocess > Thermal Cycle | >
| 0
: 5% 85% :
e e e e e e e e e e e e e - - 1
EZprod.comb. Wtectrs
TI—combustion = p.ro o ~ 75% MI—thermal—cycle — electric ~ 85%

Exeyel Efcprod.comb.

Overall thermodynamic efficiency

64%

I/.Velectric
Mi—overall = —= —— = MII—combustion X TII—thermal —cycle ~ 64%

E Ifyel
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Review of basic concepts: ONe way to get around the inherent irreversibility of
flames is by oxidating the fuel in fuel cells

& N
ﬁg S s
< S 2 S
J K =S
S A S 2
RS 3
[
_,

Integrating SOFC in Thermal
T Cycles (without CO2
sequestration) may yield:

electrical

energy out Fuel-Cell Rankine Cycle, 72%

l Fuel-Cell Combined Brayton-
Rankine Cycle, 75%

Enthalpy, h

Fuel-Cell Regenerative
Brayton Cycle, 76%

< Sirr >

Entropy, S
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Review of basic concepts: 1 ypical (efficient and inefficient) uses of fossil fuels

Separate production of electricity (simple thermoelectric generation)

flue gas
at the stack
Exfuel =2 quel j n W
~ N I -
mLAV | pumer Qtuel
boiler
W /4

NI = = ~ =
environment EXtyel quel

T

0]

Note that in this particular case, 711 = 1]  is a consequence of the fact that

Exfuel ~ quel ~ m LHV
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Review of basic concepts: 1 ypical (efficient and inefficient) uses of fossil fuels

Separate production of heat at a fixed temperature

Exf.uel ~ Qfyel flue gas
~ m LHV at the stack :
—»|  burner (s

n = =
Qfuel

boiler

(0]
mr =7 : l==
Rg, Tg Exgyel Qfuel Ip

B el

« The value of n, for a boiler for an industrial production of process steam is
around 95%. But remember that this does not mean that there is only a 5%
margin of improvement. In fact..

« The value of n, for an industrial boiler that produces steam at 120°C is equal
to 0.95%(1-283/393) = 27% (for T, = 283 K), so there is a large margin for
improvement!
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Review of basic concepts: 1 ypical (efficient and inefficient) uses of fossil fuels

Separate production of hot water (simple boiler)

, _ (b-Ty)
. . Recall: Tim1z2 = TS
Extuel = Qfuel flue gas :
~ m LHV j at the stack n = .QB
—»| burner Qtyel
1l
boiler T ln(TZ/Tl)
) QB 1—
Q — I
@ B % = =
. Xfuel
m
QB = m(hz — hl) — mC(Tz — Tl) QB - Tlm12 TO
=~ - = T]I 1 —
Qtuel Tim12

* The value of 7, for an 85% efficient domestic boiler which heats water from 20
to 60°C is around 4% (for T, = 298 K) or 11% (for T, = 273 K).

 For a 95% efficient industrial boiler that heats pressurized water from 20 to
120°C, n, is around 12% (for T,, = 298 K) or 19% (for T,, = 273 K).

« There are ample margins for improvement, obtained for example with
cogeneration.
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Review of basic concepts: 1 ypical (efficient and inefficient) uses of fossil fuels

Combined production of heat and mechanical energy (cogeneration)

E Xfuel ~ Qfuel flue gas at the stack
~ i LHV G
—»|  burner n = .+ G
boiler Qfuel

vea(i-f

Extyel

environmer

mi =
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Review of basic concepts: 1 ypical (efficient and inefficient) uses of fossil fuels

Combined production of heat and mechanical energy (cogeneration)

E xi’}lel ~ Qfuel flue gas at the stack : :
~ m LHV W+ Qp
——»| burner n = —

. Qfuel
boiler

— S
WG|t T

environment
mi =
T EXfyel
o
@ % In the case of heating of water or air:
m

: : : W+ Qp|1-— I ,},n(TZ,I/,Tl)

Qg = m(hy, —hy) = mc(T, — Ty) — 2 — 11
mi = :

Exfuel
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Review of basic concepts: 1 ypical (efficient and inefficient) uses of fossil fuels

Separate production of chilled water (simple industrial refrigeration)

environment QO 74 Q
< ........................ 4— COP _ _C
T refr — W

Qc s [T In(Ty/T3)
m % @ Cc Iy — T, 1]

mi = W
Qc = m(hy — hy) = mc(Ty — T,)

To
- O (1-72)

Im12

The value of COP for industrial refrigerators used for air conditioning, which cool
water from 12 to 7°C, can be around 5, so (for T, = 303 K) 7, is around 36%.
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Review of basic concepts: 1 ypical (efficient and inefficient) uses of fossil fuels

Exfuel =2 quel T

flue gas

Combined production of mechanical

at the stack energy, thermal and cooling
~ m LHV (trigeneration)
burmer |———» n; = not defined
boiler w
You must first allocate the shares of
T<T, fuel used for the different products, and
) then define
cnvironmer: .
R, T W
To cC MW =75
fuel W
CoP, = 2
§ Qfuel, 05
Qp = m(hy — hy) = mc(T, — Ty) COP~ = — Qc
fuel,QC
T, In(T,/T - (T
W+ Qp [1 (_2% 1) +QC(T—Z—1)
mi =
Exfuel
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Review of basic concepts: 1 ypical (efficient and inefficient) uses of fossil fuels
Try to fill this table for your own country!

SP = Separate CHP = HYB = hybrid
Method: - 0P ) combined heat fuel and
production
and power renewable

Second-law efficiency
of the conversion of ﬁvi BAT :Vi BAT ';Vi BAT
fuel energy to:
E'fvcvterfa' 45%2 | 65%2 | 55%2 | 70%2 | 48%2 | 2
Residential heat o

? 04?
(20-60°C @T,=0°C) s Tk
Residential heat o

? 04?
(20-60°C @T,=25°C) R Dk
Industrial heat o

? 04?
(60-120°C @T,=0°C) e e
Industrial heat o

? 04?
(60-120°C @T,=25°C) ket s

(other enel:é.y products)
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Review of basic concepts:

The learning curve of fuel-to-power conversion technologies

Nu

Thermodynamic
efficiency of the
best-available
mature
technology for
primary energy

1700 1800 1900 2000 2100 2200 2300 conversion to
work or

1 . electricit
di:—nn(l—nn) with 7= 60yt y
r
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Methods for the
ALLOCATION

of
energy consumption and CO, production
in
combined heat and power (CHP) production

and of
heat and/or power production
in
hybrid multi-resource facilities
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Allocation problem in Heat&Power Cogeneration: (yys aQ, partial efﬁCienCieS, and PES

Equivalent SP facilities

Fossil-only
electricity-only
production

? |
. | Fossil-only

heat-only
production

Partial Primary Energy Savings

Efficiencies vs SP facilities
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Allocation problem in CHP: INncremental Electricity-Centered Allocation

/ Equivalent SP facilities \

| Fossil-only 5
. O F :
W electricity-only W
. production .
- Fossil-only
| — heat-only pr—
| OLQF Q |

production ;
o B Y

Partial Primary Energy Savings
Efficiencies vs SP facilities
copy” = Q _ PES,, =0
_ W/nre

Q/cory’ —(F-Winy)
Q/cory”

nii‘f’ ﬂifzf PESQ

No allottment of the benefits
of cogeneration between W and Q!
COP, may be negative!
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Allocation problem in CHP: Separate Production Reference Allocation

/ Equivalent SP facilities \

' Fossil-only |

i ' Ol F l

Winw o W electricity-only W
W/nref + Q/C()pref I production .
/COPref Fossil-only
S« — a F. heat-only _.Q
W/n +Q/cor, -0 production

Partial Primary Energy Savings
Efficiencies vs SP facilities
chp __ W
NMw = F
Oy
COPChp &
ook
VV/nref + Q/COPrCf F Fair allottment of the benefits
PES = Wi 1 Q/COPref = PES, = PES, of cogeneration between W and Q
My provided reference values...!!
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ref

Allocation problem in CHP: Choice of reference values for nref and COPQ

SPR method:

Fixed values set by some local Authority

W /n ref
a w ref ref
Winy +Q/cor,

Q/cory’
aQ ref ref
Wiy +Q/cop,

Exergy method:
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Allocation problem in CHP: “‘fair” reference values in a given local area

STALPR Method*:
Self-Tuned-Average-Local-
Productions-Reference

Adopt reference efficiencies

ref
W con

that are representative of
the actual average efficiencies

loc
COPQ

of the energy production portfolio
(typically the local area where
the cogenerator itself is located)
with which the resulting
efficiencies of the cogenerator

chp chp
Nk cor

are to be compared.

* G.P. Beretta, P. lora, and A.F. Ghoniem, Energy, Vol. 44, pp. 1107-1120 (2012)
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https://dx.doi.org/10.1016/j.energy.2012.04.047

Allocation Example in CHP: 2 comparison between allocation methods

Parameters of the local area

© 2024 Gian Paolo Beretta

Local Area
. Wsep + Wchp 0
loc — 50 % w W
Q + Q h F., = | Electricity-only =
= = W production W +W
Q Q hp = Ny =52% nl\;fc — Wsep diy
c NMw
YChp = 40 % = chp Wch F + (XWF h
Combined TMw 4 Scp chp
Qup + Quiy -l
Average efficiencies based on SPR R Ll +
CC | BPST 0 1 cop = ey + Quny
s Heat-onl Q T 1Q
loc ? prgguc?tri]o)r/'n Fsep T 0LQFchp
Nw 68.3 % | 52.4 % | cory? =90% | Qup
COPG™
COP 90.8 % | 92.2 %
YW ) 0
o %% | 16% IEC Exergy STALPR
70 chp chp chp chp chp chp
erence values for SPR Nw | COP5 " | My | COP,™ | My, | COP,
ref
Nw 68.3 % | 52.4% CC | 52 | 354 50 | 234 | 692 | 92.0
COP 90.8% | 92.2 % BPST | 52 101 29 137 544 | 95.8
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Allocation problem in Hybrid Facilities: ﬂF’ ﬂQ’ partial efﬁCieIICieS, and PES

Equivalent SP facilities

Fossil-only
power
production

Solar-only
power
production

Partial Primary Energy Savings
Efficiencies vs SP facilities

B W
e =

hyb BRW

TIR—R

© 2024 Gian Paolo Beretta ~@MIT 2.43 Advanced Thermodynamics Slide 11.23



Allocation problem in Hybrid Facilities: INCremental Fossil-Centered Allocation

/ Equivalent SP facilities \

. F Fossil-only B:W
| e——> power p—
5 production
| Solar-only
| —> power prm—
K R production BRW/i

Partial Primary Energy Savings
Efficiencies vs SP facilities
hyb f _
e’ =g PES, =0

e ref ref
T]hyb:W_anF PESR:W_TIF F_nRR
: R W -n:'F

No allottment of the benefits
of hybridization between F and R!
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Allocation problem in Hybrid Facilities: Separate Production Reference Allocation

/ Equivalent SP facilities \

. F Fossil-only BFW i
| e——> power p—
5 production ’
| Solar-only |
| —> power pr—
K R production BRW/i

Partial Primary Energy Savings

Efficiencies vs SP facilities

hyb BFW
Mg = F

hyb BRW
MR = R

W +8. Wmn™ —F=R Allottment of the hybridization benefits
PES = PeWme +Bx Wl = PES. =PES between F and R is fair only for fair
ref ref g R
BFW/T]F + ﬁRW/nR reference values...!!
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ref ref

Allocation problem in Hybrid Facilities: Choice of reference values up dNg

SPR method:

Fixed values set by some local Authority

Exergy method:

© 2024 Gian Paolo Beretta ~@MIT 2.43 Advanced Thermodynamics Slide 11.26



Allocation problem in Hybrid Facilities: ““fair”’ reference values in a given local area

STALPR Method*:
Self-Tuned-Average-Local-
Productions-Reference

Adopt reference efficiencies

f
W
that are representative of
the actual average efficiencies

loc
.

of the energy production portfolio
(typically the local area where
the hybrid plant itself is located)
with which the resulting
efficiencies of the hybrid plant

hyb
woom

are to be compared.

* G.P. Beretta, P. lora, and A.F. Ghoniem, Energy, Vol. 60, pp. 344-360 (2013)
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https://dx.doi.org/10.1016/j.energy.2013.07.047

Allocation Example in Hybrid Facilities: d COmpariSOH between allocation methods

Parameters of the local area

W, Local A
vb o ocal Area
W Wsep Wsep 45 A)
hyb + F + R E o= Fossil Wi
se |-o_nly
Wliep W production WP 4 B W
0 . =F =38% loc F F 7" hyb
W rwepwee | 0% e L =
d Fy  ME"  Hybrid sep ' L hyb
Reference values for SPR 501ar&fossil sy
- ) R_> y  production WEeP W
nF 40.8 % e loc __ R +BR hyb
; ® B Solar-only nR B R 4+ Rh .
1 0 g roduction > sep y
'rl R 1 6 2 A) W;:p gp Wsep
e Ng = 15.3% R
Average local [area efficiencies e
N 40.8 %
N 162 %
FC Exergy SPR (38%,15.3%) STALRP
%0
hyb hyb hyb hyb hyb hyb hyb hyb hyb hyb hyb hyb
Ne Mg R | e Mg R | NF MR R | N LI R
38 | 204 | 252 | 42 [ 355 (174|462 | 18.6 | 9.11 | 46.1 | 18.7 | 9.19
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Part Il: chemical potentials and multicomponent equilibria
Contents:

Modeling ideal and nonideal gas mixtures and solutions
Mutual equilibrium across semi-permeable membranes
Minimum work of separation, maximum work of mixing
Osmotic pressure

Liquid-vapor and liquid-liquid phase equilibria
Metastable states and spinodal decomposition
Modeling chemically reacting mixtures

Chemical equilibrium

Chemical kinetics standard model

Electrochemical potentials

of
3

3
g
N
)
S
3
S
(Y
%
S
2
a
3
3

SJIWNVNAGOWYIHL

o SUOEs,

=)
-
<
=

Z
3
B

THERMODYNAMICS

fFoundations
and

Applications

Elias P. Gyftopoulas
Gian Paola Beretta
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Stable-equilibrium properties of
MIXTURES
(within the simple-system model)

Partial properties
Gibbs-Dalton ideal mixtures
Mixing and separation
Osmotic pressure and blue energy
Stratification
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Summary of SES relations: (Small SYStemS) (MiXtureS)
Specific properties in general depend on 7 ...

Fu=E-TS+pV —p-n=F+pV-—p-n=G—pup-n=H-TS—p-n
dFu=—-SdT'+Vdp—mn-dpg = Fu= FEu(T,p,p)

B
eu=7“=e—Ts+pv—u-y=g—u'y=f+pv—u~y=h—Ts—,u-y
d d
dw——dEu—Eu—n:—sdT+vdp y - du — eu—n =  a=ea(T,p pn) = LT, p,um no)
n
IE
dE=TdS —pdV +p-dn = E=E(S,Viny) = “i:<an.)sv12”i<5’v’")
dn dn
de :ZdE E——Tds—pvarp. dy — e = e=c¢(s,v,y,n)
F—E—TS IF
AF = -$AT—paV +p-dn = _ oo uiz(%)wn{:m(ﬂ‘/,n)
d d
df = 1aF — F—n:—sdT+pdv+y-dy—eu—n =  f=f(T,v,y,n)
n n
G=FE-TS5+pV oG
G = —SdT +Vdp+p-dn = :G(Tpny)p - ui:<8n')Tpn:yji(T,p,n)
d d
dg——dG G—n:—SdT+vdp+u dy — eu—n = g=9((T,p,y,n)
H=E+pV OH
dH =TdS+Vdp+pu-dn = —H(Spiy) = ,uz-:(an.)spn:,ui(S,p,n)

d d
dh = “dH — H—n—Tds+vdp+u dy — ™" = h=h(spyn)
n T
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Summary of SES relations: (lal‘ge n limit: simple-system approximation) (MithlreS)
... but that dependence vanishes for large n

Fu=0 = FE-TS+pV —-—p-n=0 Euler relation

= pu-n=G=H-TS=F+pV=FE-TS5+pV
dbu=—-SdT'+Vdp —n-du =0 Gibbs-Duhem relation
aw=0=e—-Ts+pv—p-y = p-y=g=h—-—-"Ts=f4+pv=e—Ts+pv

OF
dE=TdS —pdV+pu-dn = E=E(S,Viny) = “’:(anv)sw:“i(s’v’")

de:%dE—Ei—Z:Tds—pdiju-dy = e=¢€(s,0v,y)

dF = —SdT —pdV 4+ p-dn = f;(f‘_/gj) M:(g—z)mmzm(ﬂun)
df:%dF—Fi—Z:—sdT+pdv+u-dy = [f=f(T,v,y)

dG = -SdT'+Vdp+p-dn = ng&zfnz)pv = uz-:(g—i)Tpn,_—m(T,p,n)
dg:%dG—Gi—Z:—sdTJrvderu-dy = g=9((T,p,y)

dH =TdS+Vdp+pu-dn = f;g);;z;/) = uiz(gfi)S,p,n;:ui(S,p,n)

1 d
dh = —dH — H— = Tds+vdp+p-dy = h=h(s,py)
n n

© 2024 Gian Paolo Beretta ~@MIT 2.43 Advanced Thermodynamics Slide 11.32



Summary of SES relations: (Small SyStemS) (Pure S“bStanceS)
Specific properties in general depend on 7

FBu=E-TS+pV —un=F4+pV —un=G—un=H —TS — un
dFu =-SdT+Vdp —nduy = FEu= Eu(T,p,n)

B
eu:%ze—Ts+pv—,u=g—,u:f+pv—,u=h—Ts—,u
d d
deu——dEu—Eu—n:—sdT+vdp dp — a— = eu:eu(T,p,,u,n):@eu(T,p,,u,no)
n n n
oF
dE=TdS—pdV+pdn = E=EB(S,Vin) = p=(5-) =#s.Vin)
d d |
de :ng B =Tds—pdv—a— = ec=c(s,v,n)
F=FE-TS OF
dff = =SdT — pdV + pudn = — F(T,V,n) u—(%>TV (T, V,n)
d d
df:—dF F—n:—sdT+pdv—eu—n =  f=f(T,vn)
n
B G=EFE-TS+pV _(0G B
dG = -SdT'+Vdp+pudn = — G(T.p.n) = u—<%)T’p—u(T,p,n)
d d
dg——dG G—n:—sdT+vdp eu—n = g=g9(T,p,n)
B H = E+pV _ (OH B
dH =TdS+Vdp+pudn = — H(S,p.n) = <—an>s,p—,u(5,p,n)

d d
dh:—dH H—n—TdS—I—Udp w—n = h=nh(s,p,n)
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Summary of SES relations: (lal‘ge n limit: simple-system approximation) (Pure S“bStanceS)
... but that dependence vanishes for large n

Fu=0 = FE-TS+pV —un=0 Euler relation
= un=G=H-TS=F+pV=E-TS5+pV
dFu=-SdT'+Vdp—ndu=0 = duy=—sdl'+vdp Gibbs-Duhem relation

aw=0=e—Ts+pv—pu = pup=g=h—-Ts=f+pv=e—Ts+pv=pu(T,p)
oF
d dS —pdV 4+ pudn = (S,Vin) = u (8n)5,v (S, V.n)
1 d
de:—dE—E—Z:Tds—pdv = e=-¢e(s,0)
n n
F=FE-TS OF
AF = =8dT —pdV +pdn = _ Lo 0 u—(%)T’V—u(T,V,n)
1 d
df = —dF — F— = —sdT+pdv = [ = f(T,0)
n n
_ G=E-TS+pV ~(0G B
dG = -SdT +Vdp+ pdn = — G(T,p.n) = u—(an)ﬂp—,u(T,p,n)
1 d
dg:;dG—Gﬂ—Z:—sdTvadp = g=9(T,p) = p=upT,Dp)
B H=E+pV T 0H\
dH =TdS+Vdp+pudn = — H(S,p.n) u-(an)&p—u(S,p,n)

1 d
dh = —dH—H—Z =Tds+vdp = h=~h(s,p)
n n
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Experimental measurement of SES properties of mixtures:

Partial pressures to measure chemical potentials

rigid membrane

_M _ _ 7 ] permeable
_ - - / - g only to
_ _ _ (s Z ”é constituent i
- Az 1 A A A - ‘
5 B BE
- 2 2| =E % -
- 7 7 7 |
_ % _ % 7 T
- System A é - Z System A Z i - System A
- 7 7 % i
7 7 7
g \ g g \">)
7 7 7
7 7 7
9 % %
% 7 7
LA A SIS IS AIIAY)
(a) Thermometer to measure (b) Manometer to (¢) Manometer t.o
measure the partial
temperature measure pressure

pressure of constituent i
Recall the definition of partial pressure of constituent 7 in the mixture

n large
pi(T,p,n) = p(T, pi, i) = pi = pu(T, p,n,ny;) — pii = pu(T, p,y)
For large n, within the SS model, recall that for the pure substance u = g, hence,

i = ,ui(T7p7y) — :uii(Ta pii) — gii(Ta pii)
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Experimental measurement of SES properties of mixtures:

Partial properties from the chemical potentials

G=E-TS+pV=GT,pn) dG=—-SdT+Vdp+p-dn

(Z—g)T,p,n = =) (g—i)Tpn =V(Tpn) pi= (gZ)T,pané = wlTopoy)

_\

a:ul Mz
d,-z( ) aT ( ) dp ( ) dn; = —s;dT + v;d T dns
s OT / pn * Op / Tn +Z 871] T.pn) " Sidd T+ ¥ p+zi_1,u,] )
— ——

—S; Vi Ii; = i dpsi|r
where we define
_ (g‘;)p — _(8212;%)19 = <§i>Tpn/ = s,(T,p,ny) Partial entropy of constituent i
(%’?) = (8(??28€L2)Tn = (g:;)TM = v;(T,p,ny) Partial volume of constituent i
(), = ), = (5 1, = 1 T00) = T

notice that, from dE =TdS —pdV +pu-dn and dH =TdS + Vdp + p - dn we also have

oF
( ) =e;(T,p,ny) =Ts; —pv; + ; Partial energy of constituent ¢
T,pn’

on;
<gnHi>T,p,n; = hi(Top,ny) =T si+ i = (%((ﬁi//g)»

All partial properties can be evaluated once we know the chemical potentials

Partial enthalpy of constituent

as functions of T, p, y and n, i.e., u; = (T, p, ny).

Of course, the dependence on n vanishes for large n and u; = p;(T, p,y).
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Experimental measurement of SES properties of mixtures:

Mixture properties from the partial properties

Fu=FE—-TS+pV—p-n=FuT, p,p)

OFu OFu OFu
dBu=—SdT+Vdp—n-dp = (=) =-s (57) =v (5-) —=-n,
b - OT" / pu op Op; / T,
Substituting p = (7T, p,n) we may view Fu as a function of T, p, n
Fu= Eu(T,p,u(T,p,n)) = EBu(T,p,n)

using the chain rule and the definitions of partial entropies and volumes, its partial derivatives are

(25), = (U)o () () s S

(2), (), 3, v S

(gii‘é)T,p,n - Z (?;ZL)T,IJM (g::)T”E - 7,:21 i

Therefore, in general (i.e., for small and large systems) we have

r

S = ;nl S; — (%?) n large S = erlznzsz
)

V:Zniv, (8;?

1=1

-

n large

J V: E n; v;
i=1

6E n large - .
g g (U5 = — (_u> li E n; iti ; = 0 Duhem-Margules relation
— ’ 8713' Tpn' — ’
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Experimental measurement of SES properties of mixtures:

Mixture properties from the partial properties

So, in general (i.e., for small and large systems) we proved

ansl (@> . n large S:inisi
i=1

V = anvz (ﬁEu) nlaje V = zr:nivi
i=1

OF n largs - :
E N Wi = _(_u) IJ E n; iti ; = 0 Duhem-Margules relation
— ’ 8nj T.pn i1 ’

Moreover, recalling the definitions of Fu and partial properties
FBu=FE-TS+pV—-—p-n=F+pV—-—pn=G—p-n=H-TS—p-n
i =€ —Tsi +pvi = fi+pvi =g =hi = T's;

we also find the following relations, which justify calling partial properties that way:

4 OF OF. n large .
E:ZniemtEu—T(—u) —p(—u) —lj E:Zniei
- pn Tmn -
1=1

oT op
8Eu n large d
F = memLEu— ((9]9) % F:Znifi
i=1
G:ngﬁEu:ZmumLEu = G:imgi:imm
=il i=1 ' i=1
H—in-h-+Eu—T(@) nlge o Zn
_Z:1 7 7 aT B 7
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