Bowers-Helgeson

Bowers-Helgeson Equation of State

Mixing rules:

» = RT _ a
v->b v(v + b)ﬁ
rewrite: z = Y _ a
' v—b  (v+b)RTNT
VS—E-\/2+ a —bz—bRT-v— ab _ 0
p pNT p pNT
» n,RT _ nT2a
V-nb VIV + nTb)\/T
b parameter: b, = (xNaCl T Xn0 )bH20 + xcozbcoz + xcmbcar4 t...
nb = Nyebye + nHzoszo "'ncozbco2 "'nCH4bCH4 = Enibi
bua = byo = 146 — 004420283 w
where w = Macr - MMy -100

Nyo: MMH20 + Ny MMy

other gases: according to pseudo critical point definition

a parameter:

2 2 2
A = Xyo+Xye) Qoo + (Xeo,) Ao, co, + (Xey,) Gen, _cn,
+ 2(xH20 + xNaCl)xCOZGHZO—CQ + 2('xH20 + xNaCl)xCH4aH20—CH4

+ 2xc02xCH4aCOZ_CH4 + ...

amix = E E -x,'-xja[j Where: Cll:i = ai . aj
J

i

2 2 2 2 2
N, = (Mye) Avacivacs ¥ Muo) Apono + (oo ) coco, + (New,) ey, _cn,
+ 2nNaClnH20aNaCZ—H20 + 2”NaClncozaNaCl—co2 + 2nNaClnCH4aNaCl—CH4

+ 27’1L120’1002511120—Co2 + anZOnCH4aH20—CH4 + 2”C02nCH4aC02—CH4 ...

where: ay,, = A1,05 Anaci-11,0 = CH,05 and Anaci-gas = AH,0-gas

2
general rule: n,’a = EEn,n i
i



Bowers-Helgeson

if i =j (pure gases)
temperature/salinity dependent parameters:

HO: Ayo-n0o = A4 4; = Aupo

10°+(c, + ¢,w)-0.101325

A0
¢, = 1113057 + 50.70033-exp(-9.82646-107T;,)
¢, = -8.05658-exp(-9.82646-107T,.)

where w is the salinity in mass%

W= Nyact - MMy, 100

Nyo: MMH20 + Ny MMy,

COx dep, co, = a7 a; = dc

aco, = (73.03:10° - 00714-10°-T, + 21.57-T,%)-0.101325
CHa:  dey, oy, = @a; = agy,

ey, = 3.12444-10° - 24000-T,
No: Ay, = a4 a; = ay

ay, = 1.63425-10° - 5000.0- T,

other gases according to pseudo critical point definition (constant value)

if 1 #j then:
non polar - non polar a; = JJa;a,
non polar - polar (H,O or CO,) a; = la;-a;
polar - polar (H,O and CO») a, = ~ay,-ag, + SRT*-K
. 3 . 6
S 10, 39530 2746:10° 4646110
1.01325 T T



Bowers-Helgeson

H0: ay, = 106-exp(c8 + c'w + cow’ + c§w3)-0.101325
where
c) = 4.881243 + 1.823047-107°T, - 1.712269-10°T.> + 6.479419-10°T,°

¢) = 002636494 — 536994-10"T. + 2.687074-10°T." - 4.321741-10°T,°
¢) = 6.802827-107 - 9.48023-10°7. + 3.770339-1077.° - 5.075318-107°T.°
¢y = 5.235827-107 - 3.505272-107°T,

COyx:  aly, = 4.66095-10°

other gases: according to pseudo critical point definition



Bowers-Helgeson

Derivative Pseudo Critical Point

1. General rules

p _ -RT @ (2v+b)
v (v- b)2 viv+ b)zﬁ
2
rewrite: RTAT = a (2v2+ b) (vz_ b)
vi(v +b)
2 . 2
Ip _ 2RT  2a (2v + b) N 2a 0

: (v - b)3 v3(v + b)sﬁ vz(v + b)zﬁ

2 3 3
rewrite: RTAT = a(2v+D) (‘; -b) _a (v- b)2
vi(v+Db) vi(v+Db)
2
combination: (2v+b) = (2v+5)(v-D) - (v-b)
v(v +b)

v =3 -3y - b = 0
Solution of cubic equation
replace: v = x+b

x> —6b*x -6 = 0

3 6 6\
solution: A = X/&; +(3Zb —21267[9) = V4p® = 2%p
3 6 6\
B - X/6129 _(3319 _2126719) _ A - 2%
v=A+B+b=(2%+2%+1)-b= b ~ 3.8473-b

P

2. Calculation T (pseudo critical point)

RINT - a-(2v+b)-(v2—b)2
vi(v +Db)



Bowers-Helgeson

b

b)z

replace v:

b
a'(2% +b)-(% -
RTAT = 27 -1 27 -1

b Y[ b
2% -1n) \@"-1

+b)
)

a-(2%-1)- (2" +1)-(2-2")

N
RTAT o)

no- e ()

3. Calculation P (pseudo critical point)

_ RT a,
P Ty T Vv bWT

substitution of previously obtained formulas

R'(ZA‘l)/'(MC;) a-(2/-1)"

p. = b,(z_z%) b2.2%.(3a)%
bR

7 %
pe = (2%‘1)A'(§;§)

4. Calculation Z (pseudo critical point)

z. = He oL 03333
RT, 3

5. Calculation of b of pure gases

RT,

b = (2%-1)% ~ 0.08664

C C

6. Calculation of a of pure gases

5,

2 % 2 %
R gapas e
9(2" - 1)P. P.

a =
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Thermodynamics

1. Equation of state

2
n,RT n; a

V-nb - VIV + nTb)\/T

p=

2
2 n
where n,’a = ( L ]EEninjalj
i

n

gases

nb = nnT Enib[

gases |
Splitting of equation
p = p ideal + Ap

n;RT n’a n;RT

n,RT N _ _
V-nb V(V+nbANT Vv

Vv

2. Partial derivative to temperature

g _  mR 1

+ .
oT V-nb  VV+nbAT

on’a da;;
i) - 33

2 2
nga (dnga
2%

da,; .
ifigj S o %%
o T

a
H0. 2o _ 106-(%+ w%)-O.lOlBZS

T T
% = -9.82646:107-50.70033 exp(-9.82646- 107, |
% = 9.82646-107 -8.05658 - exp(—9.82646 10 T;.)
a

COy: % (-0.0714-10° + 2-21.57-7.)-0.101325



Bowers-Helgeson

if i non polar - non polar 4 - ————la—L + a %,

or — 2Jaya, \"'or ~ Vor

: : da,; 1 da. da’
non polar (i) - polar (j) — = Ja0

- a'_’ + a —=~
or 21’ai-a(j? ! oT ' or

day, 1 o da’ &a(;.
- = g . — + a —=
aT 2 fa-a0 \ " ar T ar
T”"-K
or

polar (H,O) - polar (CO,)

&(T% -K)

- 3.TVT-K + T 2K
Jr ar

JT 101325

3

oK 10 5953.0 _2746-10° _464.6-10°
o - T? +2 T3 - T x

. 3 106
exp|-11.071+ 5953.0 2746-10 N 464.6-10
T? T3

da’(H,0)

= = 106-exp(08 + c'w + cow’ + c§w3)-0.101325

0 0 0 0
dc, dc, dac, dcy
X|— + —w+ —w + —w

w
ar JaT JT JaT

1.823047-107° - 2:1.712269-10°T. + 3-6.479419-10°T.°

~5.36994-10" + 2-2.687074-10°T. - 3-4.321741-10°T.>

~9.48023-107 + 2-3.770339-1077, - 3-5.075318-107°7.*



Bowers-Helgeson

0
dc,

Jor

= -3.505272-107°

other gases: —= =

3. Entropy

principle equation:  dS = (a_p) dv
Vinp

JaT

i (M_Mm) 4V
ar Vo
s, v, 2 2
de _ f n;R N nR 1 dn,"a) n; a) nR qv
S |V Venb VVa4+nbNT\ T 2T ) V

n,R-InV + n,R-In(V -n,b) - n,R-InV

1 . z?(nTZa) _nTza o ((V +n.b)
K * (nTbﬁ)( ar 2T) ln( 7 )

~—
&
]

V= n;b)-V,
(Vo - nrb) : Vl

V,(V, + n,b)
V,(V, + n,b)

Sy + nTR-ln(é) + nTR'ln(

0

) &(nTza) _ nTza n
or 2T

1
+
(nTbﬁ
E n:Sio

i

nTR-ln(g) = EniR-ln(pOT}/lT)
0 : n;

where S, =

lim =0

VO —00

In Yo
V,+n.b

Enis,.,o + Enl.R-ln(’fORV]lw

l

)'(&(nTza) _ nTza n

g - V—nTb)

l

) + nTR-ln(

(V+ nTb)
\%

JaT 2T

1
+
(nTbﬁ

vi

Yo



Bowers-Helgeson

4. Internal energy

principle equation: dU = T(&—p) -pldV
')y,
“ 3n,’ d(n,’a) 1
fav - f|2e - 7. dea)
0. 1 2ﬁ JdT | V(V + n,b)

3n,’a _ T d(n,’a) ]

WT oT

m(V + nTb)
\%4

U = U, + (__1)
n.b

where U, = E”'”m

1

i

5. Enthalpy

principle equation: H = U + p-V

-1 3n,’ d(n.’a) (V +n b)
H = + = T2 L
2"’”‘0 ( ) 24_ or v
n,RTV ny ‘a
+ -_
V-nb VvV + nTb)ﬁ
6. Helmholtz energy
principle equation: A = U - TS
A = Eni(”i,o _Tsi,O)
2 2
N =1} (3n;7a ﬁ'&(nT a) 'ln(v+nTb)
nb| | 24T aTr v
2
_ nTRTln(V ny ) ﬁ(nT a) n,’a _ln(V+nTb)
aT 2T v
- ¥ |nRTn (01 V)

n.’a V+nb V-nb
A = Eni(ui,O_Tsi,O) n[;'\/_ ( VT ) - ”TRTI( VT)
i T

B E O.I-V)

n.RT

1

niRTln(




Bowers-Helgeson

7. Gibbs energy

principle equation: G = A + pV

2
n.a V+nb V-nb
G = nu,-Ts..,) - ———In " | - n . RTIn| ———
2 1( i,0 1,0) }’lTb’\/T ( 1% ) T ( 1% )
2
_ E nRTIn 0.1-v N nRTV n, a
- n,RT V-nb  (V+nbNT

8. Chemical potential

.. . 0A
principle equation: u, = |—
&ni)T,V,n-
2 2
P 1 (dn,a) nTza (on,b 1n(V+nTb)
’ O NT \ ony ) (ngb)*NT \ dn, v
_ n, a . 1 [ onb) RTln(v_nTb) N n,RT ([ dn;b
nbNT (V4 1) \ on, 14 (V -n,b) \ on,
- RTln(O'I'V) + RT
n,RT

b derivative:

onb)  _ E(é’&b i %) ab) gy E(n &)

an, “\on, " " n, an, >\ 7 on,
ob
H,0: onib) - _ szo T Nyo- 2y NaCl Prac
My o Ny o My o
ob
where: 210 _ Puar _ _ 04420283 -
on H,0 on H,0 on H,0
-MM .,  -n - MM
where: ow _ 1,0 " vaci NaCl 100
M0 (”Hzo ) MMH20 *+ Nyacr” MMNaCl)
dn.b ob
NaCl: (,5) = Dy + Nyt Nl 5 Rao: e
Myycy N naci Myacy
ob
where: Pver o _ (04420083~
Myycy My N naci
MM ‘n, - MM
where w = Nocl —HO0 20 -100

2
on . .
NaCl Nyo MM 1,0 T Myaci MM,

10



Bowers-Helgeson

COy: = b

? MNeo €0

cHe Dy,
oncy

a derivative:

| n, "

on, on
P q ! P q !
on, on
where EE —n, + n,|-a, = ZEnpalp
<\ on; on, >
where: a,, = 4la,-a,
da 1 da da
where —* = ———|—Fa, + —ta,
on, 2,a,a, \ on, on,

for example:

2
d(n,"a)
T = . . . .
= 2nH20 Ay.0-mo0 T 2R, Ay.0-Nnact Tt 2nc02 Ay.0-co, T 2nCH4 Ay,0-cu, T
ony o
2 9Oyuci-naci 294y 010
+ (Nyuer) J + (Ny0) 3
N y,0 N0
2 Iy o naci 2 Jy,c1_co, 2 day o_co,
t 2Ny T 2nyielco, J + 2ny olco, P
N0 0 N0
2 NaCl-CH, ) Ay,0-cH,
+ 2Nyelen, T 2Ny olcn, P +
H,0 N0
da ow
H,0-H,0 6
where: ———— = 10"-0.101325- ¢, ——
My o N0
Iyac1_nact _ Ianaci- 1,0 _ ﬁaHzO—HzO
ony , ony , ony o
0 0
day o_co, B Aco day o
0
Mo 2\/“110 aco, Muo
Jy,ci-co, day o-co,
ony o on H,0

11



Bowers-Helgeson

0 0
day o_cu, B Acy day o
0 0
Mo 2\/ Ap,0 " Acn Mo
Jy,cr-cn, _ day o-cu,
ony o ony,
where
0
da H,0

= 10°-exp(cy + cjw + cw® + ciw?)-0.101325

ow
x[clo + 2:chw + 3-c2-w2]-—
o"nHZO

for example:

d(n,’a)

an = 2Ny Ayacionae 2nH20 “Anaci-m0 T 2”002 "Anaci-co, T 2”c114 “Anaci-cu, T
NaCl

2 Wy naci aaHZO_HZO

2
+ (M)

+ (Myuer) P
N vac N nac

2 Inucr-,0
T 2Ny u,0

Nnact NaCl Myycy

Jy,cr-c,

+ 2Ny,ailtcn, + 21y oNey,

Nnac

P
where: “SH0-H0  _106.0.101325 ¢, -~

Myuct N naci

Iyac1_nact _ Jancr-,0 _ day o-n0

Myycy Myacy Myycy

day o_co,

0 0
anNaCl 2‘\/aH o . ac02 &nNaC[

Jy,ci-co, day o_co,

Myycy Myucy

day o_cu,

0 0
Myycy 2\/ Ao " Aep, Myyey

Jy,cr_cn, _ day o-cu,

Myycy Myycy

12



Bowers-Helgeson

where:
da)
—H0 = 10 exp(cy + ¢/w + cIw® + ¢w?)-0.101325
Myacr
ow
><|:c,O + 2:c)w + 3-c2-w2]-
Myyer

for example:

2nco, " Aco,co, + 2Myuer Ayacieco,  2Myo Apo-co, T 2Ncy, " Aco,-cu, + ---

d(n, a)
07nT = 2Ncy, Aoy, cu, + 2Ny Avucieen, ¥ 2o Ayoocu, t 2Mco, Ao, o, t oo
CH
9. Fugacity
principle equation: RTln(%) = - u
P o= xp fugacity coefficient ¢, = S
X.P

RTin(p;) = -

1 .&nTza _ nla [ dnb ln(V+nTb)
nTb\/T on, (nTb)zw/T on, Vv

2
_n;a 1 [ n b} RTln(V_nTb) N nRT  (dnb) RTIn Vv
nTb\/? (V +nb) \ on, % (V-n,b) \ on, n,RT

l

13



Bowers-Helgeson

Derivatives of the Helmholtz energy function

Bowers-Helgeson - Helmholtz Energy

n,RT In
n.RT

1

1

2
A(TV,n) = A, - —12 m(V +V”Tb ) - nTRTln(V_VnTb) -3

B nwa/T

o.1-v)

where: A, = Eni(u? —Ts?)

i

Molar Helmholtz energy:
ATV.n) A (TV, .x,)
nT
A = A0 - —S o YutP) _ prig Yuzb] RTY|x,In 0.1V,
bﬁ ‘/m Vm i xiRT

A0 = Yx(u-Ts))

i

1. volume

(%) _ n’a _ mRT - )
' N)wu  V(VerbNT  V-nb

Molar expression:
( JA ) _ a _RT

av V,(V, +bWNT  V, -b

m

2. volume - volume

A - (072A) . n.la|l 2V +n,b nRT
" Vi), . NT VAV +n,b) | (V- nyb)
Molar expression:
(&ZA) 1| af 2v,+b RT
2 I 2 7 2
av il nT T Vm (Vm + b) (‘/m - b)

Molar partial derivative:

J*A

m

v, ).

RT
+ 2
(V.. = b)

a

\T

2V +b
v,’ (v, +b)’

m

14



Bowers-Helgeson

3. amount i - amount j

2
A - Jd°A
Y on,on ;
14
9°A _
an,on ;
14

_&znT2a N 1 &nTb.énTza_'_&nTb.c?nTza N n al d*n,b 2 dngb ongb
onon ; nb\ on, on, on, on nb\dnén, nb dn, dn

i j
N 1n(V + nTb)
nTb\/? 14

_ 1 ' on,’a _onb 1

i J

~ ' on’a _ongb
nNT(V +nb) o, on,  nbT(V+nb) dn, on,
N n,’a |2 .dnb onb n,b
nNT(V +n,b) |nb dn, dn,  dnon,
N n’a _ongb onb
2
nwa/T(V + nTb) (?ni anj
RT -z?nTb on;b

+ : +
(V - n,b) | dn, on;

N nRT [ *n.b N 1 _ongb onib
(V - n,b) | dn,dn, (V-n,b) on, on;
RT on,

+ — —+
n, on;

b derivatives:

2 , on, ob 9°b ~ 0b; 9°b
é)(nTb) = ﬂbl_'_E P._p+np. p = &_b’+_]+2 np~ P
onon on; “\dn; on, on,on dn; on, on,on

for example:

2 db a’b 2
0 (I’LTb)2 _ o Puo Mo H202 ¥ gy J bNaC12

(on Hzo) on H,0 (on H20) (on Hzo)
9*b 2 2
where L i bN“C’Z = -0.04420283- a_wz
(9n4,0) (91 4,0) (9ny,0)
I’ w 2-(MM ;)" * Ry MMy
where ———— = :

5 -100
(ngy o)

3
(nH20 ) MMHzo T Nyoer MMNaCZ)

15



for example:

Bowers-Helgeson

52(’17[9) _ 01sz0 + abNaCl . azbzvaa
- NaCl
My 0My,cr Myycy My o My oM yucr My 0My,c
’b 52

where o —0.04420283- i

My oMyuci My oM yuci Ny 0Myact
2 MM “\n - MM -n, , MM

where dw _ NaCl ( NaCl Nacl ~ "Hy0 3 HZO) 100

My oMy,

for example:

(”H20 ' MMH2O + Nyaer” MMNaCl)

I(n;b) 3 (nb)
MMy o My oM yuci
for example:
2
ﬁz(nTb) _ 2 deaCl . 01 bH_20 + n y -
= H,0 NaC
(Myacr) ? My, (INyuci )? (INyuci )?
b 2 2
where - = i bN“C’z _ 004420283 :
(MNyacr) (Iyacr) My
2 -2-(MM,,.)* - n, ., MM
where Iw - = ( vact) " Mityo ;0 =100
Myacr) (”H20 TMM o + Pyae MMNaCl)
for example
(nb)  9(nb) 0
M1 o, My oMo,
3*(n,b)
(dnco, )’

16
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a derivatives:

2
9*(n, a) dn da. an an da
g\hr 4 _ zz_l’aip + zznp_lp+ EE pnq+ qnp . g
an,on ; on on on on on,
. p O P j P q j j i
2
d-a,,
£ 22 mm
on.on
P q
2, 2 2
d°(n, a) aa, oa . d°a
—L = = 2q; + ZEnp Lo+ ZEnp Lo+ EEnpnq'—M
on.on . on . on, on.on .
97 P j P i P q 97
where:
2
dJd-a,, -1 da, da da, da
= . a,+—a,||—a,+—"a,
an,on 4apaﬂ/apaq on; on, on; on;
2 2
1 d-a, da, da, da, da, d-a,
+ . a,+ 4+ —L+ L L+ —1q
2\/apaq on,on ; dn; on; on, dn, dndn;
for example:
2, 2
d°(n, a)
—TI = = 2a +
P 2 H,0- H,0
(0 0)
o da
H,0-H,0 H,0-NaCl H,0-CO, H,0-CH,
2”1120 2Ny, 2nc, 2ney 3
Nh,0 H,0 N y,0 H,0
2 HO-H0 H,0-NaCl Ay,0-co, day o-cy,
Nyo NaCl 0,4 Ry 7
N0 Ny.0 Ny.0 N0
2 2
(n, ) 9" Anuci_naci +(n, ) AH,0-H,0
NaCl J 2 H,0 J 2
(9ny0) (9n4,0)
2 2 2
e n I Anuci-n0 e n I Ayuci-co, " d"ay o_co,
NaciTl 1,0 2 NactPlco, 2 u,0"co, 2
(Ony,0) (9n4,0) (9n4,0)
2 2
e n I yucicn, 0o d"ay o_cn,
NaciPlen, 2 mollcn, 2
(9n,0) (9n4,0)
072(1 é)zw
H,0-H,0
where: 1.—222 = 10°-0.101325¢, - 5
(&nHZO) (07”1120)
2 2 2
I Ayucinact J AH,0-Nacl J AH,0-1,0
2 - 2 - 2
(9ny,0) (9ny,0) (9ny,0)

17



Bowers-Helgeson

2.
2 2 0
d"ay o_co, _ 1 o0 day o
n, ) = N acoz(an )2
H,0 aH20 aC02 H,0
2
0
_ 1 0 &aHZO
co
0 0 0 0 2
4ay o aCOZ\/aHO Aco Mo
2 2
" Ayuci-co, B Ay o_co,
2 - 2
(ny,0) (Ony,0)
where
d*a’
H,0 6 0, .0 0.2, 0 3
= =10 '0.101325'6XP(C0 +CWHCW + oW )
(o)
: '(cl +2c,w + 3cyw )
ﬁnHZO ‘?”Hzo
3w 0 0 )
x| + —2~(c1 +2c,w + 3cyw )
(ny o)
ow ow 0 0
: -(202 + 6c3w)
é’nHZO c?nHZO |
3.
2 2 0
day o_cn, _ 1 L0 day o
(on )2 - 2 [ acm(é,n )2
H,0 Ay.0 " 9cn, H,0
2
0
_ ! |0 %o
CH
0 0 0 0 4
4ay,o acy, \/ Ay, " Gen, Mo
2 2
I yucicn, _ d"ay o_cn,
2 - 2
(9n4,0) (9ny,0)

18



Bowers-Helgeson

for example:

&*(n, a)
My oMyuci

) a1 _nact 2 Jy,ci—co, Jy,ci-cn,
+ nNaCl—+ nCOZ —_— 4+ nCH4 — 4 4

My o Ny.0 N0 Ny o

day o110 2 Ay o naci 2
3 Nyaci Reo,
nact M yac M yac
2 2

2 9 Ayaci_nact 2 9 A,0-n,0

(Myact) + (N 0) +

on, ,on > on, ,on
H,0M Nact 1,0 Nact
2

d°ay o_co,

2
9 Ayuci-co, )
T 21y oMo, an

2
I Ayuci-n0 2
+ 2Nyl co,

2n, N
NaCl""H,0
on HZO&nNaCl on Hzoanw,

Hzo&nNaCl

2 2
" Ayuci_cn, d°ay o cu, N

+2n,

2n,, N n
Naci"lcH, ,olcn,
My 0Myucr My 0Myuci

2

d°a 2
where: 1. — 22210 10°.0.101325¢, - oW
My 0Myuco My oMy,cr

2 2 2
O Anacinact _ 9"y 0-nac 9 an0-n0

My oMyuci My oM yuci My 0Myucr

2.
da a
_ TH0-CO,  _ co,

0 0
Ny oMy ) JaHZO caly, MMy

where

= 106-0.101325-exp(08 +ow+cow’ + c?wS)

2 ow
-(clo + 20w + 3cgw2) C—
Myaci

on H,0

3w 0 0 0,2
x| + —-(c1 +2c,w + 3cyw )
My 0Myacy

w . _ow

My o My

(203 + 6c§)w)
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for example:

(92(nT2a)

a . +
(&nNaCZ)Z NaCl-NaCl

Iyc1-nact
NaCl Neo,
NaCl

A1,0-NaCl )
nNaC 1

&aNaCl—NaCl

aaHZO—NaCl 2
NaCl

+ 2nc0Z
N nact
2 2
2 9" Ayucrnact J AH,0-1,0
2 2
(Nyacr) (MNyacr)

2 2
Anuci-H,0

2
&nNaCl)

Rnac

(Myucr) + (”H20)2

Anaci-co,
2
(0’)’1 NaCl )

2
d°ay o_cu,

(e )2

2”Nacan20 ( + 21y ciMco,

2
" Ayucr_cn,

(e’
al

2nNaCZnCH4

2
Ay o_n0

2
Myacr)

2
. 10°-0.101325- ¢, —2 "

where: 1. i
(N yuer)

2
"y o_no

(e )2

2
I Anuci-n0

(e )2

2
0’, aNaCl—NaCl
2
(Iyacr)

2.
2
d°ay o_co,

(o')nNaCl )2

0 20
Ao, ) d ay
0 0 2

2\/611_120 ClCO2 (&nNaCl)

0

0 0 0
4‘1H20 \/aHzo Ao,

2 2
" Ayuci-co, Ay o_co,

0 )2 (e )2

where:
2.0
Jda H,0

wnzvflcz)2

[(ow__aw
Myucr Myycy
*w
o
(Iyacr)
w w

(20(2) + 6c§w)
on on ;
NaCl NaCl

0 0 0
(c1 +2c,w + 3¢,

Ry.0Mco,

2
2
w)

0 0 0,2
-(c1 +2c,w + 3cyw )

da
NaCl-CH
a 4 +
anNaCl

Iaycr-cn, +
CH,
(7” NaCl

2
Ay.,0-co,
2
(&nNaCl)

10°-0.101325- exp(cy + ¢/w + cyw’ + ciw’)
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for example:

2p. 2 da
7 @) = 2aNaCZ—C02 + 2Ny, e 2”H20 Ta0-0n
M1 cor NaCl Miyacy
for example:
&2(nT2a) _ 24
(o, )2 €0,-C0,
4. volume - amount i
A 7*A .\
A, = J and =
’ dVon, aVon, ) ndv )
.\ 3 1 ) on’a _ n.’a _onb
Van, ), V(V+mbNT  on,  V(V+n,b)’NT dn,
__RT n RT 1 . on.b
V-nb (V=nb) om,
5. volume - volume - volume
J’A 2n,RT 2n,%a (2V + n,b)’
Apy = 3 = - 3t 2 ) -1
wv?) (V=nb) VXV +nb)'NT |V(V+n,b)
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6. amount i - amount j - amount k

3
A= _dA | _ EdA
e an,dn ;on, ?

p=1--10

dA]:

1 3 (n,’a)
nTb\/T an,on ;on,,

é’nTb.&z(nfa) N o7nTb'é'2(nT2a) N é’nTb.ﬂZ(nTza)
dn;  dnn, dn;  onon an,on ;
N 1 Ay o7(nT2a)_ *n,b N &(nTza)_ n,b N &(nrza). n,b
(nTb)zw/T dn;  dn;dn, on an,on
3
]n V+ l’lTb . + nTZa a nTb
Vv dn,on ;,on,,
d(n,’a) _on;b onb N d(n,’a) _onyb dnb N d(n,’a) _on;b dn b
2 on, on; dn, on; on, on; dn;
T : : :
(n;b) + nla- ngb  d"nb n’a- ngb I "nib n’a- onb J’n.b
dn; on;on, dn, dnon;
6 n2g- on;b dnb dn.b

+
(nTb)4\/T "7 on, on, onm,

L J
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dAgZ
82(nT2a).o"nTb N ﬁz(nTza)_o"nTb N 32(nT2a).8nTb
ndn;  dn, non,  dn, onon,  on,
I N é’(nTza). n,b N a(nTza). an,b N (9(nT2a). *n,b
nTb\/T on;  dnon, on;  dnon, on,  ongdn,
2 (?SI’ZTb
+ nya—————
dn;on ;on,
d(n,’a) _ongb dnb N d(n,’a) _ongb dn b N d(n,’a) _ongb on b
1 2 on,; dn; dn, on; on, Jn, on, dn; on;
|+ . ; ; ;
Vb | (nb)’NT .l ongb Ingb . nl dngb b . nlq. anyb I’nb
! dn; dnon, ! dn; dndn, ! dn, onon;
2 <9nTb onb on;b
(nTb) \/_ on; dn,
dA3: )
d(n,’a) _on;b dn.b N d(n,’a) _on;b dn,b N d(n,’a) _on;b dn.b
1 on; on; dn, on; on, on, on, dn; on;
n b\/? 2 2 2
1 |7 + nla onb d°'n;b + nla onb d°'n;b + nla on;b J'n;b
(V + n;b)’ dn; dn;on, on; dnon, dn, dnon;
2 o7nTb onb on.b
(nTb) \/_ on; dn,
dd, - 1 2 &nTb onyb on.b
(V + n,b)’ nwa/_ on; dn,
2 2 2
dds— RT .&nTb+&nTb+o7nTb
V—n;b |dnon, onon, on ;on,
dds = RT  |dnb dn;b N onb on.b N dn.b on;b
(V - n,b)’ on; on, on, on; dn,
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3
ddr = n,RT | d'nb
V —n;b | dnon on,
o= n,RT .-&nTb' n,b N ongb n,b N on.b n,b
(V -=n,b)* | on, on ;dn, on; dngdn, on,  ongdn;
)= n.RT -2 onb on.b dnb
(V - n,b)’ on;, dn; dn,
2
= RL.|ZL. o on o Im,
n, |n; on; dn, on ;on,
e RT
ifi=j=k: dA, — else d4;0=0
n

b derivatives

(nb) I,
on;on ;on, ﬂnj&nk on ﬁnk

3 (n,b) _ &b, N azbj

E o"n 2b 3b
+ +n, - ——L
>\ on, o7n on; a2 anon on,

on;on ;on, dn ;on, onon,

for example:

+ Y|n
&n&n 2( " dnon (?nk)

3> (n,b) J 2bhrzo b 20 Byacy
o 3 P . 2 Mo 73 Anecr " 70— 3
(‘9"1120) ((?nHZO) (07”1120) (an,,zo)
9°b 3 3
where: —2- = i bN“Cg = -0.04420283- a_w3
(071’11_120) (anH20)> nHZO
3 —6- (MM, )’ - ny,c MM
where: Jw - - ( HZO) NaCl NaCl4 100
é’nHzo) (nHZOMMHZO + nNaCZMMNaCl)
for example:
3 2 2 3
d”(n;b) d bHZO J bHZO by o
Q. = st Mo . T e
(‘9"1120 ) Ny My 0Myac (07”1120) (07”1120 ) Iy

3
bNaCl

(anHZO)zanNaCl
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b 3 3
where: ——% = L@M = -0.04420283- ‘9—?
(‘9"1120) Myacr (07”1120) Myacy (‘9”1120) Myucy
where: Fw _ (MMH20)2 “MM e, (2nH20MMH20 - 4nNaClMMNaCl) .100
(0111,0)* My (oMM + 1y MMy,

for example:

3 (n,b) _ 3> (n,b) _ 3> (n,b)

2 2
Myucr (‘9”1120) My oMMy o (anHZO) Myucy

for example:

d’ (n;b) aszZO aszZO ‘93bH20 aSbNaCl
— Q> = + 2 l’lH20 : P nNaCl ) 2
My o () My 0Myac (Iyocr) My o (o) My o (Iyacr)

(93 b 3 3
where: ——%— = % = -0.04420283- a—wz
My o () My o (Iyacr) My o (Iyocr)
*w MM, ,- (MM ¢ ) (4”1120 MM, , - 21,6, MM )
where: ———— = 3 -100
M 11,0(Miacr) (nHZOMMHZO + nNaCZMMNaCl)

for example:

In,b In,b In,b

2 2
(M yucr) My o M1 O g oMy My o (Myacr)

for example:

Pnb) by o Thuy o Pbyy
H,0 NaCl
(é’nNaCl)S (Omzvacz)2 (§nNaCl)3 (é,nNaCl)S
9°b 3 3
where: 210 TPua__ 04420083 Y
(Myacr) (Iyacr) (Iyacr)
3 6-(MM, ) -n, MM
where: oW T = ( vact) Mo ;0 - 100
(Myoc) (nHZOMMHZO + nNaClMMNaCl)
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a derivatives

3 2
Iy a) _ 5. | %, day Py
on;on ;on, dn, dn; on,
»a > a P a
+2¥n v 2¥n L i
E " on on, E " on.on, E " on.on .
p J P i i J
+ 22” J-a,,
& " ondn on,
where:
d’a -% da da
T 3 g ) Ty 4 D0,
anon on, 8( g q) ng(é’nz  on, ”)
[ 2 2
&&-a +&& &apa+&ap§&+dap&aq+(9aqa
on, ' on;, ") |onion, " dn;dn, dn dn; onon, "
-% da da [ 3a da, da, da, da da
_%(a[gaq)l- +|—La,+—a,l —a, + -+ L+ —"q
on; on; | ondn, on, dn dny dn;  dngon, |
da da [ #a da, da, da, da Pa
+_p.aq _q.ap. paq+ P ‘1+ P_‘I+ (Iap
on, on, an;on ; on; dn; dn; dn; dnon;
Pa P a
—r q + ——"—qa
dn;on ;on, dn,on ;on,
2 2 2
+L(a a)% da, .%4_ d'a, da, Ja, .%
2\r e ondn; dn,  ondn, dn,  non, dn,
2 2 2
. é’aq.o?ap_'_ é’aq.&ap_'_ da, Jda,
dnon; on, onon, on; dn ;on, on,
and (93(nT2a) B 073(nT2a) B (93(nT2a)
dn;on ;on, dn ;onon, dn ;on,on;

26




Bowers-Helgeson

for example:

3,02
d'(n;"a) day o_11,0
— T = = 66—
(on HZO) My o
2 2 2 2
+ 6-n Ay 0-no0 n " Ayaci-n0 Ay 0_co, Ay o-cn,
H,0 2 NaCl 2 co, 2 cH, 2
’ (a”Hzo) (&nHZO) (‘9”1120) (&nHZO)
3 3
+ ( )2 e + (n, ) 9 Ay0-n0
naci J 3 H,0 J )
( nyzo) ( Ny,0
3 3 3
2 I Ayuci-n0 " Ayuci-co, 2 I Ayuci-cn,
t 2NNy, J 3 T 2hyalico, J 3 T “Nyaallen, n, )
( nHZO) ( ”Hzo) H,0
3 3
2 day o_co, 2 Ay o-cn,
T 2Ny oNco, J 3 T 4y olcy, 3 )
( nHZO) ( Ny.0
073(1 0’)3w
0-H,0
where: 1. H2—§ = 106'0.101325'6‘1‘—3
(&nHZO) (07”1120)
3 3 3
and 9" Anucinact J Anaci-H0 J AH,0-1,0
3 - 3 - 3
(9ny,0) (9ny,0) (9ny,0)
2.
3 0 3
dayo-co, 3 [ dano &
3 - A0 L 0 \% co,
(ny o) 8- (ay,o aco,)” \ Ny,
0 2 0
3 dadyo Tayo
- 0 . 0 % Cco, 2 “co,
4-(aypaco,)” Inye (anyzo)
3 0
4 1 day o 0
o o 5 Aeo,
2'\/‘1110 ato, (M)
3 3
and " Ayuci-co, B Ay o_co,
(Iny0)° (Iny.0)°
H,0 H,0
where
J'd, 2, 0.3
1O = 10°-0.101325-exp(cy + cjw + 3w’ + cw’)
(Iny o)
3 3 ]
0 0 0.2 0 0
ow (clo +2cow + 3c2w2) +3: (c1 +2c,w + 3cyw )'(2c2 + 6c3w)
071’le0 + 60_2
2
ow aw 2
X : >3 (clo +2cw + 3cgw2) +3: (2cg + 6cgw)
My o (ﬂnHzo)
Iw 2
+ (CIO +2c3w + 3cw )
(ny0)
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for example:

3, 2
d°(n; a) _ day o_n0 z&aNaCl—HZO
— T -
(é’nHZO) Miyacr Miyacr My o
[ 2 2 2 2
4. I Ayci-mo 9"y o0_n0 "y o_co, d°ay o_cu,
¥ P ac on, ,on 9 on . on % on. on s on, on
] H,09Nac H,09Nac H,09Nac H,09Nac
[ > 2 2 2
+ 2 " Anucrnact I Apuci-mo " y,ci—co, " Ayci_cn,
NaCl 2 H,0 2 co, 2 CcH, 2
" ) N1y ) N1y o) (M1y0)
3 3
+ (n, ) e ( )? 1,0~ 1,0
Nact) o 25 n0) 2
(N 0)" My (N 0)" My
3 3 3
9 Ayaci_m0 9 yaci—co, 9y co,
+ 2ny, Ny, ————2— + 20, N, ———————2— + 21
Nactt 0 P Naci'lco, | 25 mo'tco, o 2
(N 0)" My (N 0) My (N 0) IMNyuc
3 3
2 " Ayocr-cn, day o cu,
+ 2Nyelen, P P T 2l olcy, P P
(N 0)" My (N 0)" Myuer
3,2 3,2 3,2
and: d°(n;"a) B d°(n;"a) d°(n;"a)
: : = = 2
(&”Hzo) Myacy My oMy g o anNaCl(é)nHZO)
3 3
a a°w
H,0-H,0
where: 1. ———+— = 10° 0.101325- ¢, ———F5——
(IM11,0)" Myacy (91 ,0)" IMiyycy
3 3 3
9" Ayuci-naci _ I Ayaci-0 _ 9 Ay o010
2 - 2 - 2
(‘9"1120) Myacr (07”1120) Myacy (‘9”1120) Myucy
2.
3 0 0
Ay o_co, B 3 day o & day o
2 = % co, co,
(Ony 6) Ny 8- (a(l)hO . agoz) My o Myacy
0 2 0 0 2 0
1 ) 2‘9“1120 0 day 0o . day o dIayo
- 3 co co co 2 “co
A0 L0V on > on, ,on * on > (on :
4 (ayzo acoz) H,0 H,0M Naci NaCl ( H20)
3 0
+ 1 ) d"ay o 0
0 0O (dn, ) dn e
2-4]a H,0 " Yco, H,0 NaCl
3 3
and " Ayuci-co, d Ay o-co,
2 - 2
(‘9”1120) Myacy (anHZO) Myaer
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where
9*a’

+ = 10° -0.101325-exp(c§ +cw+cow’ + cgw3)

((9nH20) Myacr
] ; -
5’—:"(610 +2cw + 3c2w2)
(é,nHZO) Myacy

I*w ow

+ >
(Ony )" Ny

[(clO +2cIw + 3c§)w2)2 + (2(:3 + 6c§w)]

2
aw ow 2
x| +2 : (clo + 20w + 3cgw2) + (203 + 6cgw)
My oMyucr My o
3
0 0 0. 2
) (c1 +2c,w + 3cyw )
ow ow
+ +3: (clo +2cw + 3cgw2)-(2cg + 6c§)w)
Myol My o
+ 6c,
for example:
3,2
J”(n;"a) - 9. 9ayyci-act + 2aaNaCl—HzO
2
(‘9”1120 )(nyycr) My o Myacy
[ 2 2 2 2
4. 9" Anucr-nact I Ayuci-n0 " Ayuci-co, I Ayuci-cn,
+ Nnaci P J Th40 P J co, J cHy J +
] N y,0MNact N y,09MNaci N y,09MNact 1 11,09 Naci
2 2 2 2
+ 25 I Ayuci-m0 9"y o0_n0 d°ay o_co, 9"y o_cu,
NaCl 2 H,0 2 co, 2 CcH, 2
i (Iny,cr) (N ycr) (Ony,cr) (Mycr)
3 3
+ (l’l )2 J ANaCi-Nacl + (l’l )2 J aHzO-HZO
NaCl 2 H,0 2
My o (N y,cr) My o (M yucr)
3 3 3
+ 2 n I Ayuci-n0 + 2 n " Ayuci-co, + o n Ay o_co,
NaciT 1,0 2 ~aci"co, 2 moco, 2
My o (INyucr) My o (Myucr) My o (nyucr)
3 3
+ 2 n I Ayuci-cn, + 20 n day o-cn,
NaciTlcH, 2 mollcn, 2
My o (M yucr) My o (N yucr)
2 2 2
and: 53(”7 a) 33(”7 a) c93(nT a)
: 2 - 2
anHZO(anNaCl) M1 gy 0O ey (N yucr) IMNy o
3 3
a a°w
H,0-H,0
where: 1. 27 = 10°-0.101325- ¢, -

My o (‘5’nzvclc1)2

3
9" Anucinact

My o (01”1\15101)2

3 3
I Ayacim o Ay o-n0

and 5
My o ()

My o (MNyuci )? Ny o (INyuci )?

29



Bowers-Helgeson

2.
da 3 da’ da’ ?
H,0-CO, _ 190 o H0 0
7 = 5 co, co,
My o (Inyucr) 8- (GZZO agoz) MNy o Myacy
0 2 0 0 2 0
1 s o o  Quo dapyo o  ayo
B 0 o V2 | an “co, on, ,on co, ¥ on #eo, (Ony,e) o,
4- (a Ho' acoz) NaCl H,09M Naci H,0 NaCl
30
+ 1 ) day, &
o o 2 Aco,
2- \/aHZO “dco, M y,0(Myycy)
3 3
and " Ayuci-co, _ d Ay o-co,
2 2
IMNy o (Iyacr) IMNy o (MNyucr)
where
30
J Ay 0

MNy o (anNaCl)2

My o (e )?

= 10° -0.101325-exp(08 +ow+cow’ + c?wS)

Fw
(clo + 20w + 3c2w2)

2
AL = w [(clo + 20w + 3c;’wz)2 + (2c3 + 6cgw)]
(nyc)” Oy
I’w w

+2

2
: (clo +2cw + 3c§w2) + (202 + 6c§w)]
My 0Myucr Myacr

3
(clo + 20w + 3c§w2)

ow ow
+ +3: (clo + 205w + 3cgw2)-(2cg + 6c(3)w)
Myacr) My o
+ 6c,
for example:
3,2
0 (nya) 0y
3
(&nNaCl ) anaCl
2 2 2 2
+ 6-n 9" Anuci-nac n "y o_naci " yaci—co, " Ayucr_cn,
NaCl 2 H,0 2 o, 2 CcH, 2
(INyacr) (Iyacr) (INyacr) (o)
3 3
+ (ny ) " Ayaci-nac + (n, ) 9 Ay0-n,0
NaCl J 3 H,0 P 3
(Ony,e)) (N ey
3 3 3
2 I Ayaci-n0 " Ayaci-co, 2 I Ayaci-cn,
T 2Ny u,0 P 3 Nyaci®lco, P 3 Pnacillen, P 3
(M) (M) (M)
3 3
+ 2n, n —07 91,0-co, + 2n, n —07 Du,0-cti,
#o'tco, ™ 4 3 noter, ~ 3
( nNaCl) ( nNaCl)

30




Bowers-Helgeson

3

da Fw
H,0-H,0
where: 1. ————~ = 106'0.101325'61'—2
Mnucr) (Ony.er)
3 3 3
and O Ayaci-nact  _ 9 Anaci- 11,0 _ 9 h0-11,0
3 3 3
(N yuer) (M yuer) (M yuer)
2.
7 Ja ’
An,0-co, 3 | PCuy0 a°
3 - 00 0 % COo,
(M yuer) 8 (aH20 acoz) P\ INyac
0 2 0
3 _é’ayzo_o _aaHZO_O
- 0 . 0 \% co, 2 “co,
4 (aH20 acoz) RO (IMNyucr)
30
1 day o 0
+ = S . (0,1 )3 . aCOZ
2 \/aHZO “dco, NaCl
3 3
" Ayucr-co Ay o_co
2 2 2
and = 3
(M yucr) (M yucr)
where
7*a’
H,0 3
= = 10° -0.101325'exp(c8 +cw+cyw’ + ciw )
(anNaCZ)
] . s )
( ow ) (clo +2cow + Sngz) +3- (clo +2cow + 3c§w2)-(2c3 + 6c§w)
My + 6c§)
ow J*w 2
x : = 3'(c1° +2cow + 3c(3)w2) + 3'(203 + 6c§)w)
Myecr (M)
Iw
+ (clo +2cw + 3cgw2)
(o’)nNaCl)
for example:
3,2 2 2
d*(n;"a) 4 Jy,ci-co, I Ayci-co, Ay o_co,
P P = P Nacl ™ 2 Nyo P 2
(Myacr) Neo, M naci (o) (o)
for example:
3, 2 2 2
d’(n;"a) _ 4‘9"1L120—c0z 2 9" Ayaci-co, d"ay o_co,
P 2 = P Rnaci P > 1t 2o P 2
( nHZO) Reo, Ny.0 ( nHZO) ( nHZO)
for example:
3,2 2 2
d'(n;"a) _ 9 Pay,ci-co, 2‘9611120402 2 I Ayuci-co, J°ay 0_co,
Nyei0y oMoy, O T et G o 0 G on
Nac19 H,09Mco, H,0 NaCl NaC1M 0 NaC19M 0
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7. amount i - volume - volume

PR A
v ndv>

oA ) 1
on.av* NT

2V+nb | d(n,’a) . 1 (3V +nb) nTza. dn.b
ViVanb)' | dn, AT VE(Vanb) o on,

1 N 2n,  ongb

*RT
(V- nTb)2 (V- nTb)3 on,

+

8. amount i - amount j - volume

A _ 7°A
v dn,on gV

_TA |
dn;on ;0V
[_ 0"2(;1T2a) N 1 (o"nrb ) 07nT261 N on;b ) o"nTza) + nT2a(o"2(nTb) _ 2 ) on;b ) anrb)]
onn nb\ dn;  n, on; dn; nb\ dnon;, nb dn; n,
S
V(V + nbNT
1 ona ongb 1 ona ongb
+ 2 . . + 2 . .
nNT(V +n,b)"  n, oy nbT(V+nb)’ on, o
_ n, a | 2 dnb dnb 3*(n,b)
nTb\/?(V + nTb)2 nb dn; dn;  Inon,
2n,’a _ongb onb

o bNT(V+nb) on, o,

J

J

RT .(&nTb . o”nTb)

(V - nTb)2 on, on
n.RT 3*(n,b) 2n,RT  dn;b on b

- (V _nTb)2 onon - (V - nTb)3 dn, n

J
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