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Stable-equilibrium properties of
MIXTURES
(within the simple-system model)

Mixing and separation
Stratification
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Isothermobaric mixing of ideal gases

Entropy of spontaneous mixing
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Remove partitions allowing spontaneous mixing. Using energy, volume, and entropy addi-
tivity for A, and ideal G-D-mixture model for B,

nRT
Up = Z anu(T) Va = Z TliUiz‘(T, p) = 7 Sa = Z nisii(T7 p)

RT’
Up = Z ;U (T") Ve = Z nvu(T', p') = np/ Spr = Z nsu(T", py;)

Energy balance for the isolated system, Ugr — Uy = 0, recalling du;; = ¢, 4(T) dT,

UB’ - UA — Z TLZ[U“<T/ um Z n; /T Cy m =0

Since ¢, 4 (T) > 0 for any T, the integral can only be zero if 77 = T'. Therefore, the volume balance
Vi = Uy yields p' = p.

Entropy balance for the isolated system, Sgr — Sa = siy, recalling ds; = ¢, (1) dT/T — Rdp/p,
so that s; (1", p};) = su(T",p') — Rlny;, yields (for 7" =T and p’ = p)

Sipr = Spr—SA = an si(T', 0 ) — 84 (T, )] anAsmIX Zni[—Rln v = —nRZyi Iny; >0
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Isoentropic mixing of ideal gases

Extracting the adiabatic availability of mixing

Vfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁm @)
] T no ny 7 n1, N2,..., Ny %
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Do the mixing with a reversible weight process. Using energy, volume, and entropy additivity for A,
and ideal G-D-mixture model for B”,

nRT

Ur = Z nit; (1) Va = Z n;vi (T, p) = e SA = Z nisii (T, p)
Upr = Y naug(T") Vi = Z v (T, p) = n];,,T g Spr = Z nisiu (T, py;)

" assuming constant specific

The volume balance Vg = Vi imposes p” /T" = p/T. Thus, recalling p!, = y; p
heats, defining ¢, miz = Y, Yi Cvi, and using
/! /! /! /!

T T T
Sii <T”,p;'z- — szp) - Sii(Ta p) = Cpii In ? — Rln (yz?) = Cuii In ? — Rlny;

the entropy balance for the reversible weight process, Sg» — Sa = 0, becomes
/!

T T//
o . "o o .
0= Sgr — Sp = an[su(T D) — Su(L,p)] = Z 7 |Cy,ii 10 T~ Rlny;| = nfcymiz In T~ RZyi In y;]

and yields 7" = T exp( Y viln yz) (clearly T” < T). Therefore, the energy balance for the weight
process, Ugr — Uy = —W | yields

rev?’

W =Uxy—Ugr = Z nilug (T") — uy (T)] = n o mic(T —T") = ncymicT [1 — exp (

CU maix

Cv,]::m Z y; In ?Jz”

© 2024 Gian Paolo Beretta @MIT 2.43 Advanced Thermodynamics Slide 15.04



Isothermobaric demixing of ideal gas mixtures or ideal solutions:

Minimum work of complete separation

Thermal Mixture = Thermal | ™1 | N2 Ny
reservoir M1y oo MGy o o,y reservoir T T c e T O
T, p T, p Bl T.p | P| P p

Volume balance: (Vg — V) + (V& — Vf) =0
Energy balance: (Ep — Ea) + (Ef — EY) = W,
Entropy balance: (Sp — Sa) + (S& — S%) = Sgen

Fund.rel. for R:  EE — Ef = TR (SE — S —pr (VE - VE)

Eliminate (VA — VE), (EE — EY), and (SE — S%), and use Ty = T = Tk to yield:
W = Ep — Ea— T (S5 — Sa) + (Vs — Va) + T Sgen = W, ov + T Sien

sep,rev
1deal solution
W;e_p rev GB T GA — Z UZ ,un T p Z nz:uz T D, Y GD:gasmlx —nRT Z Yi In Yi

Assume dry air is just 1 N2, 2=02, 3= Ar 4=C02, with {M;} = {28.02, 32 39.95,44.01}

If we take y[%] = {78.08,20.95,0.93,0.04}, M = > _.y; M; = 28.97 we obtain (at T = 298 K)
Wiy /M = —(RT/M)Y i Iy, = 48 5k ke

But note that for y[%] = {78.84,21.16,0,0}, M = 28.86 we have W ., /nM = 44.3kJ/kg

Consider ideal liquid solutions of 1=H20 and 2=CH3CH20H, with {M,} = {18.015,46.07}

and {py[g/cm®]} = {1,0.789}: For example, wine with volume fraction ¢ = 14% (yo = 4.7%)

Wi, orey/ MM = —(RT/M)> .yiIny;, = 24.2kJ /kg
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Isothermobaric demixing of an ideal mixture of ideal gases:

Minimum work of complete separation

I A ny | ns Ny Mixture
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Isothermobaric demixing of an ideal mixture of ideal gases:

Minimum work of complete separation

Thermal Mixture
reservoir | < M — e voefPlgipe « « H
T, p QR = TR Smix T T, p

Step 1: change from state A to state C
We =0k i.e., cool from T to To (< T)

Step 2: use semipermable membranes to partially compress the components

from state C (mixed) into their separate compartments (state B)

W< =WUp
ny ny, N2 U
= "o ..
¢ — —
porous plug porous plug v
permeable permeable
only to 1 only to 2
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Stratification of ideal gas and liquid mixtures IN @ UNiform gravitational field
E, = U<SZ7 ‘/tz;nz) +m.gz m, = ZlnzzMz

tot __ ( OF,

zZ+ dZ, Tz-l—dz; Pztdzs Yz+dz
’ (97112 Sz, Vem!,

:,uz(Tzapzayz)_l'Mzgz 2, T27p27y2 \%
g

= total potential of constituent ¢

Assume (locally only) 7. 4. ~ T, and impose, z =0, To, po, Yo

for every constituent ¢, the equality of total potentials, ,uf‘;t g = ,LL';O; , between adjacent layers

/”Lg)zt-l—dz ~ ﬂi(T27pz+d27yz+dz> + Mzg<z + dZ) - Niz’(Tz;pz—l—dz) + RTZ In yz’,z—i—dz + Mzg(z + dZ)
5% = pi(Tey p2vyz) + Mgz = pi(Tz,p2) + RT. Iny, . + M;gz (we assumed ideal mixture behavior).
Therefore, /”Lg)zt—kdz — :u:,ozt implies i (Tzapz—l—dz) -+ RTZ ln(yi,z -+ dyz',z) -+ Mzg dz = Hii (T27pz) -+ RTZ In Yi,z

Finally, v;;(T%, p.) dp, + RT, dy; ./yi . + M;g dz = 0 where we used In(1+ dy;./vi.) = dvi./Vi..

For a pure substance this is v(T,p)dp = —Mgdz . Mg [*dz
; : , : ideal gas p, = pgexp < — — —>

and integration yields the barometric formula = R J, T,
and the Stevin static equation incompr.liquid p, = py — pgz p=M/v

For a mixture of ideal gases, instead, recalling that under ideal behavior v, .p, = pii . , it becomes

Mg [*d
RT. dpz/pz 4+ RT, dyi,z/yi,z = RT, dpiz’,z/pii,z = —M;gdz = pii = Piio €XP ( — Rg / ?Z)
0 z

so that, once we have the p;; .’s, we find p, = > .pii. and ;. = pii./D-.
For a binary mixture of incompressible liquids, setting y, = y11, = 1 — 422, it becomes
vi1dp, + RT, dy./y, = —Migdz and ves dp, — RT, dy,/(1 — y,) = —Msg dz which combined yield

1dy. 1 dy. gdz Y. (1 — yo\vm/ve (P22 — p11)Mag [* dz
-+ = — — — integrated —( ) = exp ( / —)
v ol | \Pm T pu)py integrated | {7 pi R o T.
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Example: Stratification in the atmosphere (f we neglect turbulent mixing)

Empirical correlations for 7, and p, are T, = Ty, — az and p, = po (1 — 0.02256 2)°>2°° with
To = 288 K, po = 1.01325 bar, a = 6.5 K/km, and z in km. Let us use our result, written as

Mgz Ty / 2 dz T az
Pis, P ’OeXp< RT, WHEEE z Jo To—az az "
We assume the atmosphere is a mixture of only four constituents, 1=N2, 2=02, 3=Ar, 4=C02,
with concentrations at Mauna Loa (z = 3400 m) in ppm, respectively: 780900, 209360, 9300,
425. The resulting calculation (see Excel file stratificationAtmosphere.xlsx) are plotted here. The
resulting pressure distribution is in excellent agreement with the empirical correlation for p,.

1 —pii_N2 1 , ‘ ‘
. —yi_N2 ==yi_02 ==yi_C0O2*1000
—pii_02
—pii_Ar*60 0.8 o —— -
—pii_C0O2*1000
—p 0.6
-&-p_meas

0.4

km km

10
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Temperature anomaly (Deg.C)

Relevance of mutual equilibrium between ocean and atmosphere

w o w o w o w0 [=) W (=] w o w o w
[ts) f7=] w0 =~ (g @D @D =2 =] (=] (=] P P o o
=24 =23 & El El =4 =4 2 =2 5] 5] 151 15 ] ] 2 8 32 B B E R £ EREBEZEBEE Y L 8 E 8 83888222 28 43
@ 3 @92 238 333 Fe e a9 2 aad 2 g g gL R RIRREAR AN
1o b b b b b e b b b b e B e A S O O A O P O S O S O S A O Y O Y P A
_| Global temperature estimates and atmospheric CO2 . 430 0] MaunaLoa COp, HadCRUTS and HadS5T4
Monthly and running 37 month average Atmospheric COg: Mauna Los. Havaii ﬁ L i J4CRUTS; last 12 months minus previous 12 months) DFFizCo; 3
1.2 — 121 a2 months minus previous 12 months) —
- Iz z
‘}* = g
1 ) I= 410 g ,E
- e - e S <E
08 — 5§ 400 £ g
5 g :
. ) I 390 s ZE =
© 06 L £ 52
g £ 3 I
= 7 30§ 5 e
g 04 Fg
s — 370 © sho
2 i o :
& 2
© r B *
5 02 — L 308
E 8
5 B = E 4 Climakdyou g
g = 0 ] omesigen )
© 0 - — 350 IR R N R N R R R R N R R N L e e
= O ™M w ®w ®m O ©N ¥ W O O N w W O O N w O O O N W O O O N w O O O N =
L FR T I - - - - - - - - O - - - - - - - - - - A
i 828 €885 505 558 888 88 28888 2888555353845 488
T s 2353253558555 53553853855 5585 8 58888888 8
0.2
4 A | 330
04 — " ;I'[ Iy - 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
i (1 — 320 clev b b b b b e b b by b b b by
0e il Lpsmsy L 5 %04 1 DIFF12 12-month change rate atmospheric specific humidity at 300 mb (ca. 8 km altitude); NOAA Earth System Research Laboratory [~ 004
06 — ] = g0z ] i | [ 002
ciss — 310 =2 i ; b
] nNcDc | £ 002 H i ooz
£ ] | [
Cimatadyau grah HRdCRUT 2 01 4 L o001
A8 AT T T T T T T T T T T T T [T T ey 300 5 o ko
o o o = o o @ 4 o o o o ° 2 ] gt
8 2 8 2 i 2 2 8 g 21 2 2 b & = 001 =k
8 5 & 5 5 3 3 3 3 g g =1 =1 =] ] 2 ] T
2 = = = = — b - - 3] & & & & &~ o -0.02 o e
@ ] [
1955 1960 1965 1970 19y5 1980 1985 1980 1995 2000 2005 2010 | 2015 2020 2025 ’UBUS_ g
—~ N =
s b b oo o o oo oo boco occc o b bbbl EH DIFF12 12-month change rate atmasy gL
=
0.7 — World Oceans, vertical mean temperatiire anomaly 0-100{ m depth; NODC, NOAA — 0.7 E:q 20 - Slop
3-month and running 39-month average, base period 1955-2010 - b =1 E
g B i ~l
0.6 — S0 e !
— = s 10 - ! - 10
) ;
05 — 05 5 1s | L
g 5 2 |
B Eag 0.0 - ! - 00
04— g 04 2.0 ‘ 20
_ L | NOAA CPC; ONI -
03 — — 03 g 12 =[
a L E 10-Z £ 10
) ] Z
02 — 02 £ q5---- Er
_ L s 008 o oo
= @ g
0.1 — — 0.1 g EEeRaeE TLL R F . SELEERSRR i LB SEEEEERE LB L 8L
2 5
- — o 0= E—-m
0 —| — 0 1= il
B - 300 — =~ 300
0.1 — — -0.1 ] Climste4you grsph L
- [ H SIDC-SunspotNumber
g 2
12 L 200 | I 200
02— 3 02 £ -
-5 - £ 18 +
03 % L 03 5 - A2
: : Z 100 g 100
4z L 3 =
q B R
04— Gimatstyou gaen [— 04 19 20 21 2 24 5 =
T [T T[T [T [T T [T T[T T[T T[T T[T T[T [T T[T T TT7T] L L . L I 2 e e e

1960 1965 1970 1975 1930 19385 1980 1995 2000 2005 2010 2015 2020 2025
1955 1860 1965 1970 1975 19880 1985 1990 1995 2000 2005 2010 2015 2020 2025

Figures taken from: https://www.climate4you.com/ on March 17, 2024
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Stratification ofideal gas and liquid mixtures at rest inside a Centrifuge

1
E.=U(S,,V,,n,) — §mrw27“2 m, = Y .nyM,

OFE
tot __ T
M oo (anw

= total potential of constituent i

r—+ d?", Tr—i—dr; Pradrs Yr+dr

T, T, Prs Yr

1
— iTra T Ir __Mi 2r?
)STVM . il Ty proyrz) — 5 Miw™r

r =0, To, po, Yo

Assume (locally only) T4 ~ T, and impose,

for every constituent ¢, the equality of total potentials, ,ufjt dr = ,ufort , between adjacent layers

tot

M dr = M%(Tr>pr+dr>yr+dr> - %Miwz(r + dT)Q = :uii(Traprerr) + R Iny; pyar — %Miwz(rz + 2r dT)
,ufoqf = w; (T}, pryYr) — l]\Iwzr2 = 1wy (T, pr) + RT Invy; . — l]\4 w?r? (assumed ideal solution).
Therefore, ,uJ:‘jf S = ,UJE‘;P implies i (1r, praar) + R In(y; » + dy;) — M;w?r dr = py(Tr, p,) + RT, In Yir

Finally, vy (1., pr) dpr + RT, dy; v/ Yir — M;w?*r dr = 0 where we used In(1 + AYir[Yir) = AYir/Yir

Mw* ["rd
For a pure substance this is v(T, p) dp = Mw?r dr ideal gas p, = pyexp < - / . 7‘)

: : e R T,
and yields the hydrostatic pressure distributions incompr Jiquid p, = po + pw?r2/2 o= M/u

For a mixture of ideal gases, instead, recalling that under ideal behavior v, ,p, = pi;» , it becomes

Mw? ["rd
RTr dpr/pr + RT?“ dyi,r/yi,r — RT?" dpz’i,r/pii,v" - Miwzr dr = Piir = Pis,0 ©XD ( Rw / TTT)
0 r

so that, once we have the p;;,’s, we find p, = > .pii, and yi, = piir/Dr.
For a binary mixture of incompressible liquids, setting y, = y11, = 1 — y22,, it becomes
v11 dp, + RT, dy, Jy, = Myw?r dr and vy, dp, — RT, dy, /(1 — y,) = Myw?r dr which combined yield

! dyr_|_ 1 _dyr ( )wzrdr yr(l—yo>”11/”22 (< )w2U11 /TT’dr>
= - s) = ex —
V11 Yr v 1 —y, 2= R T, Yo\ —y, Pz~ R o I»
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Fission reactors need enrichment in 235U from 0.71% to 3%. This is done with 235UF6 (uranium hexafluoride)

gas centrifuges on gaseous uranium hexafluoride (mixture of 2>5UF¢ and 28UF )

ooooooooooooooooo

FEED

—

= I
W\ )
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ROTATING BAFFLE
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WALL [l
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MOTOR

N L _——=

BOTTOM BEARING

TOP END CAP (COLD)

| ' | l
INNER BOUNDARY,~ | e
OF STEWARTSON v v =k
LAYER
pu ROTOR
CENTRAL CORE ~1
(NEAR VACUUM) ! | WALL
i
|
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< TO AXIS
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SLOWLY ROTATING DISK }
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Figures from: D.R. Olander, The Gas Centrifuge,
Scientific American, 239, 37 (1978).
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Stratification of charge carriers in a uniform electric field
E, = U(S:m ‘/.’1:7"’.’1:) + Gz Qﬁ(m) qz = ZznzzZzF

F=Nye e=1602176634"C R = Na/kp a?i;¢r77}+dx,za+dm,yx+¢,
r T )
Nay = 6.02214076 x 10% mol ™" € = =V ) Loy Das Ya Lg
kg = 1.380649 x 10°**J/K  F/R = e/kg
8Ex T ) Ta: ) oy JT
M:(?I;C - ( ) - :ui(T:t:pz;yz) + ZzFSO(m) 0 0 Pzo> Yao
7 anzx Sz ,Va fn;m

= electrochemical potential of constituent ¢

Assume (locally only) Tpi4e = T and impose, (1%, 4 = Hig Vi , between adjacent parcels.

/«LE;E+dx ~ Ni(Txapw—i—da:vyw—i-da:) + ZZFSO((L. + d(L‘) = Mii (Tm7pa:+dm) + RT, In Yigtde T ZZFS0<$ + d(L')
tot

i = ti(Tz, Py Yz) + 2:F'0(x) = p3i(Te, pz) + BRIz Iny;z + 2, Fp(x) (We assumed ideal mixture behavior).
Therefore, /”LE,(;?—kdw - M;B,?;:B implies fu;; (Tmap:t:—i-dm) + RT; hl(yi,m + dyz,m) + 2; 1 VSO - dT = py (Tzap:z:z) + R In Yizx
Finally, v;;(Ty, pz) dpe + Ry dYi 2 /Yiz + 2:F Vi - de = 0 where we used In(1 + dy; »/Yiz) = Wiz /Yix

, F [*Vy-dx
For a pure substance this is v(7T,p)dp = —2F V¢ - dx ideal gas p, = pyexp ( _ 2 / SOT )

: . . : R /s,
and integration yields Boltzmann (plasma) relations incompr liquid p. = po — 2F [0() — o (x0)]

For a mixture of ideal gases, instead, recalling that under ideal behavior y; zpy = piig , it becomes

F [*Vop-d
RT, dpm/pm + RI; dyi,m/yz’,z = R1; dpii,z/pii,z =—2FVp-dr = Piix = Pii,0 €XP ( - ZR / QOT x)
o T

so that, once we have the p;;,’s, we find py = ) .Diiz and y; o = piis/Ps. Notice the identity Vi - dx = do.

For a binary mixture of incompressible liquids, setting vy = ¥11.2 = 1 — Y224, it becomes
v11dpg + RTy dyg /ye = —21F dp and vy dp, — RTy dyy /(1 — yz) = —29F dp which combined yield

1 dy, . L dy, (22 21>Fd90 and U (1—ym0>1111/1122 . Kzg 21>FU11 /”” Vg&-dx]
— = = —— = ex
RTs  yo \1— 1, P R ). T,
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example: Charge carriers concentration in a charged capacitor

Higor = i +2iFo = pf+ RTIny,  ¢(z) —9(0) = Ex
Impose ;i 1o1(x) = p; + RT Iny; () + 2;Fp(z) = indep of x

BT %) _ L Flo@) — o(0)

yi(o)
2z FE x SO(L)
lo) = () exp | - 222 _ N
»(0)
> 1
0 L
y+(0) y_(0)
Z $)
X@ \})/\
> T
0 L
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Liquid-vapor equilibria
in pure substances

Lennard-Jones pure fluid model
van der Waals liquid-vapor model
stability
metastable states
liquid-vapor spinodal decomposition
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Lennard-Jones potential (model of intermolecular forces)

o=« ro-uE @ [E) -
[ T e N I e S M (S I

V(r)/e F(r)o/e

1.5 F 40 |

20 F

repulsive

10

ol | V — =
attractive
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Critical point
T.=1.321¢/kp

pe = 0.129¢/0°

v = 3.16 0

Notice: ngTc = 1.98¢

also: v, = 4.47 V¢ p spheres Where

3v2mod
Uc.p.spheres — T\/_% = 0.707 O'3
PcUc
Z. = = 0.309
kgT.,

Z, for real substances differ
0.23 for HyO, 0.275 for CO,
0.29 for Ar, 0.31 for *He
From given T, and p.:

e =kpT,/1.321

o = 0.46+/kgT,/p.

Triple point

3
ShaTip = 1.035 ¢

3

Utp,solid = 1.040° = 1.47 Uc.p.spheres
3

Utp,liquid = 1.180° = 1"YUC.p.spheres

3
Utp,vapor = 588 0° = 832 Uc.p.spheres

MD and MC modeling of non-ideal SES behavior: 015
Lennard-Jones pure substance (“Lennardjonesium”)
2 5 T T T T T T T 010
20} supercritical
w 1.5¢
~
&~ lgas T
ACBQ 10k 7 \ liquid
’ / gas+liquid -~
0.5+t
gas + solid
0'% 0 02 04 06,08
) : i -0‘3/1}-
1.4 F ‘ 7
1.2 ~v = surface tension :
1.0 + E o
w
~ 0.8 —
| 6
?\ 0.6 |- _ ©
~—
0.4} 1 &4}
=
0.2+ ~
0.0 1 ! L 2L
0.6 0.8 1.0 1.2 1.4
]'CBT/E .
Figures adapted from Wikipedia, TimeStep89, CC BY 4.0. 0.6

ptpvtp,vapor
Zi vanor = B PVEROT _ q (93
tp,vap kBﬂp
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Modeling non-ideal SES behavior:
van der Waals (PhD 1873, Nobel 1910) model ot liquid/vapor SES of pure substances

N A T
The expressions for xr and o, that follow, can be used to compute u, s, h
1 1—b/v 1 (1=0/v)(1+a/v?p) 1+ a/vp

T pl-— a/v?p + 2ab/v3p PTTI a/v?p + 2ab/v3p == R 1 —a/v?p+ 2ab/v3p
For vapor states, where generally v > b and v*p > a, the following approximations hold

pv ~ RT (prr —Tay) v = —a/RT ap/kr = p/T

cp—Cy = R (1-Tay)v~b—2a/RT pyr ~ (2a/RT —b)/c,
The critical isotherm (temperature 7T.) exhibits a horizontal tangent flex at the critical point. Im-
posing (Op/dv)r = 0 and (0*p/0v?)r = 0 yields the critical parameters

T.=8a/27TRb  p.= a/27b° (also v. = 3b, but using this leads to imprecisions)

KT

The chemical potential can be obtained by integrating by parts (Ou/0p)r = v,

RT 2
= C(T)—|—/vdp = C(T)—I—pv—/pdv =c(T)+f(T,v) where f(T,v)= Z—RTIH(U—Z))——G
— v
and ¢(T) is an integration constant, which can be evaluated at saturation, where liquid and vapor in

MSE have the same pressure, psai(717), and chemical potential, psa(T), i.e.,

Pf = pvdW(Tv Uf) = Dsat (T) — DPg = pvdW(T7 Ug) O Pvdaw (Tv vy (T)) = Pvdw (T7 Vg (T)) (1)
Hf = C(T) + f(T> Uf) — ,usat(T) = Hg = C(T) + f(T> Ug) or f(T7 Uf(T)) — f(T7 UQ(T)) (2)

Solving the system (1)-(2) yields the values of v¢(7") and v,(7"), which define the saturation curve,
and the value of p (1) — ¢(T') = f(T,v4(T)), so that we have 1 — gt (T) = f(T,v) — f(T,v,(T)).
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Modeling non-ideal SES behavior:
van der Waals isotherms, metastable and unstable states

400

300

100

v (m’/kg) (-1, )IRT

The critical isotherm (temperature 7,) exhibits a horizontal tangent flex at the critical pressure p..
For T' < T, each vdW isotherm has a minimum and a maximum. The spinodal curve (dashed), with
equation p = (v — 2b)a/v?, is the locus of these minima and maxima. Below it, for p < (v — 2b)a/v?,
the vdW model violates the stability condition (0p/dv)r < 0 (see LeChatelier Braun, kp > 0).
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Historical applications of subcooled vapor and superheated liquid metastable states:
Wilson 1911, Nobel 1927) cloud chamber and Glaser (1952, Nobel 1960) bubble chamber
Bubble chamber uses

superheated liquid
metastable

Cloud chamber uses
subcooled vapor
metastable

,..;W = ~V%~b % = ‘ ;
. W e sl R

188 e [N € ! '/ ©

e 4 © -7 L S ] ;

" ’ i /L\s"./ / \\

3 ol " X 25 /: \ (] ‘7 % > Vs ;

https://upload.wikimedia.org/wikipedia/commons/0/03/Cl G N SRR &

oudChamberRadium226.gif
Fig.1 from A. Aurisano, L.H. Whitehead, End-to-End Analyses
Using Image Classification, Artificial Intelligence For High
Energy Physics (Edited by P. Calafiura, D. Rousseau, K. Terao),
313 (2022).
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Modeling non-ideal SES behavior (diffuse interface numerical simulations):

liquid-vapor spinodal decomposition of a van der Waals fluid

Figures adapted from A.G. Lamorgese, R. Mauri, Diffuse-interface modeling of liquid-vapor phase
separation in a van der Waals fluid, Physics of Fluids 21, 044107 (2009).

For quench at the critical density, the phase-ordering process is characterized by the formation of
bicontinuous structures, which subsequently grow and coalesce.

For off-critical quenches, the phase separation pattern consists of a random collection of rapidly
coalescing pseudospherical nuclei of the minority phase, surrounded by the majority phase. As can
be seen, only after the first spinodal pattern is formed, i.e., a bicontinuous pattern for the critical
quench, or a random collection of nuclei for the off-critical quenches, do the single-phase domains
start to grow and coalesce.
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