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2RT 6n 1 Vv
_C3_405():>():>m S

(ve—m)® VT, (2) 3
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P, - RT, _9RTzc 2V5C P, :(3/8)RTC
(2/3), 8v,S T~ v,
RT
ve =(3/8 ¢
c =( )PC
; =3
° 8
27 R RT,
=>N=— , m=
64 P, 8P,
3
for CO, :T, =304.2K ,P, =738 bar ,R = 83.1439 22 "
mol K
8 3
= n=6.378E7 bar(—)?K®®, m=42.8394 ——
mol mol
p_.RT . n . _ v n . _ 1 _n
_V_m V2T0.5 _V—m VRT1.5 _l—m/V VRTl‘S
z=1+(m/v)+(m/v)*+(m/v)’..... —#

n 1 m m
Sz=l+(M-—% )+t +—

+..
RT® )v v Ve

3

3
V=vx102xM =6.948x 10" x 10~ x 44 = 3.05712E — 4 % ~305.712 "

mol

=17=1+(42.8394 -

6.3378E7 1 (42.8394

2
—)x + j = 7-0.811656
83.1439x373.15"5 * 305.712 | 305.712

oy 5l OT am pSt oy s s S b 525 gles 51 bar JLis sl Sd ol Jpdoe =)
(7 = 1) JTost) J ghoms Sl il o Los @ datly 5 o5 BB A O3 &8 S o 65 ,m Iy, = A(1-X,,)?
58| o D)y sl el (X, 1) s LSS el O 5l ke ol Jgloes S el Sl

S el G oy S e e ) e Xy S0 O s oS s (S

:r':'.’bu‘ (Jn <

o(nG" a(nG”
_(nTAT) ,Inysz(l—xW)2:>A(1—x1)2=(nTAT @)

L J
T.P.nj T.,Pnj

2 E E
Ao oSy an| 2 ln =onEo)
n RT (n +ny) RT
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n, +n, RT n,+n RT
0 1 2
E E
An, x(—M )=nG—:>G—=Axlx2

n, +n, RT RT

.1.:1&:,*».1.’ |n7/2 Uw}f&lﬁ.’.&nzwja GE LS‘J" onTg:ﬁw.bcL}a.ab)\‘yl?-

E
a(nG
( AT ) — = i|:—Anln2 i| = In }/2

on, on, | ng+n,

oS ol Yl 5 (g sb lslas
if X, >1=Iny, >0 or y,—>1

Al et 5Vl S 5 ) gy Lol slhe 4S5 50 0

An2 G*
75—)1 when XS—>0:>n—226n1=6(nﬁ)
1 G*
= An} —— |on, =9(n—
2£(n1+n2)2j sl RT)
GF  -An]
n__
RT n,+n,
anG /) 2n,(n, +n, )—n? 2n,n, +n? +n? —n?
= RT —_A AN+ )—ny | WMy +N; +0y — Ny
on, (n,+n, )’ (n+n, )’
T,P.ng
P { Q7D el 1) VPRV VO R
2 (ny+n, ) B

ool sy Ly Ll o vﬁjb—wmf aaly aS vﬁ’."’d‘ SS J s s oy M Al cpl Olg5 o
Dasd o Ol s
2xdIny; =0
=xdIny, +xdIny,=0=x,dIny, +xdIny, =0
dlIn
:O:>xw(—2Axs)+xsdT7/S=0

w dXW W

diny. diny
Xy de+XS :

=dIny, =2Ax,dx, = Iny, = Ax. +C
)y, —>1 when x,—>1=0=0+C=Inys = A(1-x,)’

1)y, >1 when x, >1=0=A+C=C=-A=Iny,=A(X;-1)
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LS o S m Sl 056 5l 1-a<x, <1
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o= Sl Gl g 0P8 Y s ol
If 1, = +RTIna, (aisactivityzk—)?caizﬂi)
P; Pi
= u, = 4, +RT Ink—x*l: dey =ﬂdx1
P1 X

> xdu =0 = du, =—%dyl = d, =—Ff(—To|xl dx, = —dx,
2 2

=du, =|?(—de2 =RTdInXx, = u, =RT Inx, +const.=

2

. . P P o
Ly =ty =RTINX, 41, — 41, =RTIN—2- = X, =—2 = P, = p,X,
P, P,

S ales T0DAr 5320C (los 5 1y O b a8 55 by J s (glaesls 5l aslazal L)Y

dGzRTdInf:G—G*zRTIn%
* (refrence state): p*=1kPa & T*=320C

H* = 3117.08k—J

kg
= kJ
S*=10.41232 ki/kgK =G" =H"-T"S"* = —3058.987608@

48 3,551 Sy Ol 5 o sl J s
H =2916.92 kJ/kg

§$=6.0651 kJ/kgK

f _(-680.5941+3058.987602)x18 _  f oo

f* 8.3144 x (320 + 273.15) p*
— f =5888.8761 kPa= f =58.89 bar

atP=7000 kPa & T =320°C = {

G=H-TS =-680.5941=In

Sles 4 das Ol (S o S ullg il dslas 31 a8 (638 (6l dms o e s L s £33 o

AL e b sles ol 53 Sl
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v—b V2 v—-b VRT
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=7= —7= =G
1— V vR Z“(v) vRT VAR VRT
2
:>z—l+(b—i)1+b—+ =Tg=— a
RT v2 bR

-(3)
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T N -V
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py= =——F
n

e e Cwdle oas ;jjj‘j sles s
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:ﬁ;@wbbgMWJ\‘QUJWJJeMeJ\J&bdzw;\
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:{ﬂj: Ijv(v b) AW 21
ol Jo RTv’—-2a(v-hb) Rve(v-b)

RTv® —2a(v-b)?
— RTV?(v—b)=RTv? —2av2(1—%)2 = RTv?b = 2av?

:m;SL;a,)a';éfpb/vJ'\ ) ke 3 bNOs s b w a5 L

=T =221,
bR
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m

frne = | | fires (1)
i1
(ds <
S on Ol s 4S8 058
‘;i =Yifourei
s i SleieS T bl s b Sl
Gt —R

Gi - a(ning)
In¢:> In¢ In(/ﬁ,:{ }
RT p.T,nj,j=i

b S b s Ing el gl (partial) S ColS Ing, Ol 5 oo > 3
m:inMi:Iw:Zyiln&,

= In(h): ylln(L)Jr Y, In(L)-i-...
Yi Y. P

pure i

i In(—) y, In( purel)+y In( P“p'“)+ .

= In( fm )_In P=¥ In( fpure,l )_ Y1 In( p)+ Y2 In( fpure2 )_ Y2 In( p)+ Y3 In( fpure3 )_ Y3 In( p)
N

In( f ) In p= ylln( fpurel)+ Y2 In( fpurez )+ y3|n( fpure3) In( p) (y1+ Yo+ y3 = f H( pum)

i=1

100C (sles ;350 bar |S ,Lis 5 a il wB s J35075% 5A 5 J5025% Jolid (o35 b shse Y
Ly 6ilS by lee an wl€ 98 U 30 0090 5065 L ol p s 5w bgswe ol 3B 5 A ¢ annlS 5 U315

0.25%A 75%B ,é, = 0.65 ,¢5 =0.9
we know:Ing=Xy;Ing = Ing=0.25In0.65 +0.75In0.9

=1Ing = In(f—F,”‘) =-0.18672 = f, =41.484bar

ol oy QU1 J3ls Jye oS el 0 Sl T 3 061 S o bar S L2335 25C (sles 55 Y
VS“J_’ &.»-’J—& 250(: L;LAJ L Sl )J\_ED; 35 bar gj_ijp. )L.:J 9 250C DL QU‘ C,..:jj} 'XCZHG 2033><10_4 L:
33 Sl bar e 2 P OT 3 48 W1 o s 2=1-7.63x107°P ~7.22x10°P? 5 by 31 061 5 20

Al » 0.0316 bar ol (gl 542.07 Ul glsl ,Les 25C (sles
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ng =% b= ng = ["(-7.63x10° 72210 p)cp

-5
—ind = 763x10°p-2210 7 2 @ ~1bar = f =0.99236 bar
p

2
153 0L = O sl s Ol oo 1y anwlS g Sliie GLid 5 CM>= slis 05 pobre & x5 L
Pl e m ol 8 6 e Ol oSl
f =k x = 0.99236 =k, x0.33x10™ = k, = 30071.61241 bar
23550 Cowdy HLES pl 3 | I Ol g o dodr [Lid 3 Fliie aulous 5l i

= If p, =35 bar = f, = 25.638 bar = x, =8.53x10™

Clom 5 alaly 5l 48 Jse 5 sala (650 ekl oK s 152 51 sl Jels b s byl =8
S5 i AB 5 Aoy S5 a s 5 bl Gl b b Jse e v 0T 3 &S 350
4 (@bar JLid s ol byl 5 Lallt 5) syltlkul clle oS ol ledes dyl b 6l Jse 55 pela

'**'“Jd‘vuj)”r?"'
da v

\'
=In———y;In———y,In
RT 'v—b “'UyRT V2T yRT

Jbls.‘}}.- MK}.‘) wt>r.¢ LS‘)" Lg‘ib"b Jj.&& &_,Q.."Jx.‘; b=y1b1+y2b2 C)J}aﬂ_: M)J g,\:SJ_?mbv_{:.m.»\j
oS g b gl o]

(LJA o
A8 Jgo 3 gekn (551 Sl S dS Salt s a3 5 S e Tl 3 B s llesl Sl 51 Jpe e S

Aa/N= A" s onle 4l

= AR= A - A’ =RTIng = Ing { -
n.

8(nAR | RT )}
T,Pn;,j=i

23 o 13 L VIN OT (sl v (sl Il

AR Vv Vv Vv
—=N;1In -nyIn —n,In——
RT V —Nb n,RT n,RT
b=yb, +y,b, = Nb=nb, +n,b,
R
a(A “nb —
( AT) i % N Vb, : LV —nib —npb,
on, V —nb, —n,b, (V-nb, —nb,) \
T,P.n,
V -V, 1, nRT
v IN—— =, x (=) ) x L 0
n,RT v )(nf)x v
= Ing, =In v + Nb, Y1
V-nb, -nb, V-nb, —n,b, n,RT
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(el (D %
GR =RTIng

GR=G-G"Y and from 3..51:G:r°( CIRT v
\4 \

el :—nRTIn£+( pv)® =G" =nRTInp+nRT
P

:GR:Iw(p—ﬂ)dV RT(nIn—) NRT In p—nRT + pV

:>— j(p RT)dV RTI(—) RTINP - RT + PV

NAJL;G )b.; ZRT YL AJG.:‘J DL PV 6\>u

R

:>Gn j(p RT)o|v RTIn(—) RT InP—RT + ZRT
R

Nl —j(p RT)dv RTIN(Z)+RT InP—RT InP —RT +ZR
n

I(———)dv RTINZ +RT(Z-1)

Since we know  GR =RTIn¢g=RTIn(— )pure

s 5 olim Slhee b BLII 3 s uled 3 iad s el bW s s 55 28 O)le
410 bar 5140°C Loyl 5 ool S T e o3 O3l Jal 13 3 oS S 3 |y Of S oS ol axal y
Lol ol o 53 Of o > oS das s Olas Lbar 5 1400C 3 Slislesl dipd o 035 peesi
SSBHM O o a8 K b s fi=HT)X Spsa |y g0 056 (Cl Jgo 08 X)) X, =35x107*
ool gl il 038 o LB 140C (gles 3 e e Lis il e HO anwlS 55 fr 5 Los 4 azels

S ealital [l g glaesls

(L)A <
23S acalowe 1) F L 1l ol esls > s H(T) 03,51 ey (51

We know: |nfi*=1{Hi_Hi —(S,-S; )}%page 329 van-Ness
p R T

*indicate reference state and we assume: p*=1kpa, T*=140"C
|y aelS g5 ol S5 adaly Sl ollls |y s 5l 5 Ikl superheat J i S oo olids Loy Ll 5 )

:("i)ﬁ‘;f Con o
= H =2764.62 k%g .S =9.70622 k%g K

'ViJﬁTu" Sy |y a8 55 VU adasly 5l ol g |, &)J:ﬂ B L;JLJ superheat J s> 3l (100 kpa ,Lié s

And at P=1bar=100 kpa, T=140"C: H=2756.38 kJ/kg,5=7.56514 kd/kg K
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f, 1 { 2756.38 — 2764.62

1 140 + 273.15

n-t= - —7.5614+9.6365)kj/kg°k}><18.09kgr/kgmo|
1 8.314kj/ kgmolk

\

= f, =87.50590554 kPa = H(T ) =2.50016873E4 kPa
At T=140°C: p™ =361.38kPa=S = 6.9284k—‘], H= 2733.1k—J
kgK kg

sat _ * .
Lt LHH
P R T
sat _
=In i _ - 1 [ 2733.1-2764.62 —6.9284 +9.6365 )kj / kg“k}x18.09kgr/ kgmol
1  8.314kj/ kgmol°k 140+273.15

f° =306.8669553kPa & f'=f"=f™
s <0352 S (41000 kpa) dkiews o sllas [LES 31 a8 AL # 363.77 kpa Ltl SLis (s 51140°C slos o
.55;& g)‘.’.j'<i“> aasly 55 5 el ol g Les ReLBL (v! =1.08e—3m* /kg ) GL« >
(g exp{ (p-p )} N
RT

f, = 306.8669553kPax exp[L.08x 10 *(m° / kg)x -\ +10x100=36138) 0 45 hokg / kgmol]
8.314( kpa.m® / kgmolk )x 413"k

= f; =386.6974863kpa

fi=H(T)x =X :w: X =0.0159
24.34515%3

Ol ol S el iy b ol (ilulas gl wol3 B J5a50% 5A S50 50% ot (38 b e -V
1 )l_u);u;,,:&uuw;,gaﬂcﬁgwwus@u .;ﬁ&\ﬁk;ﬁmlﬁé&é—f&a)\,\i\
Glos S1 3,8 o oo Bl il b 3 b 5 (00 IS O) 058 St ad gl Sldas 1S s SIS bar

5 _
,_RT 50_% AL e em3MOl-L e 5 5 bghs Jge >V Ol ys &S 558 0 yasin i alslas s
p

)‘M)L""J".Pu—i‘é‘jJTU‘&‘)K%“:’JL;’")‘;"C«")E

C2(Imol™K™)

A 29.3
B 33.7

(ds =
g o T Ol s (KU 1l s bl e 4 shailes
H =Lp[v —T(%)p}dp+2nih: = hzip{v—T(%)p}dp+inhf

RT 105 R 105
V=—+50-"- (—)p =
p p T
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5 5 5
vot(y BT 5o 10°_RT_120° gy 2x10
oT p T p T
2x10°

= h=(50- )p+xACp’AT+xBCPYBT

Around throttling valves h;=h,

5 5
= (50— 22200 ) 5 0.140.5xT, x(Cop +Crg ) = (50 =220 Yo %0.1+0.5xT, x(Cpp +Cpg )
1 2
5 5
:(50—2X10 )p, x0.1+0.5% 300 x 67 = (50—2X10 )x1x0.1+0.5x 200 x 67

=P = 5585bar

AL o 5 D el plail Al oS
= (cm*®/ mol )xbar x107°(m?® / cm®)x10°( pa/ 1bar )x 1j /(1pa.m? )+ j/(mol°k )x° k =
(cm® / mol )xbar x107®(m?/ cm® )x 10°( pa/ lbar )x1j/(1pam®)+ j/(mol°k)x° k
s .n[ij:_cp_dpz adaly 51050 bar o3 gdoes 3 L@l 58 arwlS 45 oS dias o OLES o2 (slaesls —

P

33 opl e oS sl Ol Slislesl b e bos @ azesly Sl d 5 C s bar cos P oadal, ool 55l
S Sl 30bar Lis 580C Les 3 .ys] v o5 alaly 3160-100C _oles 63 5dos L3 015 o 1y bl

C=-0.067+ 32—7 d= oomz-of‘ri16 T(K) Sl iz Los Olan 55 Jlo) 58 Jge Il 4 s 58

RT oT

“HR G(GAT _ [alnq
P,X

p
Ing = 0067p—30_|_7p ~0.0012p? +

[amﬂ _307p 0.416p
aT oy T? T?
30. 7p 0416 p?

0.416 p?
T

=-H" =

)
Al e E L.ﬁ\ﬁ 30.7 sde A>3 33 S A 0L B il (Wbar’) b d >l 5 (Lbar) b ¢ d s

= —H® =8.31439 % (30.7 x 30 — 0.416 x 30%)
R_ _ 3 J
= HR = 4544645574 x 10 A]ol

Dales 51 et ol (8l ol S5 3550 e bslse cpl Lol BT 51 et 3l diyl 3 10
ASQJ?{.;JJ@)) amixt=Zinxjaij )bmm be O g b Loy - \ijesw\ u"“‘j\j)"u} Il
i J

Slaesls ¢ 4 U =4 H sl 30 LS O Vit = 2 XY, LS o =(aa )y(l ki) )\.3 ol s

S Hlke 5L s se
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V@1l10K a b

(cm®mot ) (barcmsmol ‘2) (cm3mol‘1)
Argon 32.2 1.04x10° 23.0
Ethan 48.5 4.12%10° 49.3'

KlJ(|¢ 1)201 4\5 J\.\AJ‘_;G QL:«J L}J&:ﬁ L)'i‘ Ls‘j" dL.’.J’ij r‘)_} u_ijﬂp LSKAQ)‘J
(LJA <
Aol e HE donle AH iing 5l sk dlee -l s

AH g = H =2 xH; " HE = 4H
=UFf=4H
aU

mixing mixing

mixing
_ E
mixing — U

I :
=U —JV |:p_T(aT n :ldV +zniui

)g dl?'@.]ﬁ‘yf Zniuio ‘J’.’.) r.i‘objs wbg,o ‘J UR V_ij._; L;)L,ng-;_ejbmb Zniuio jf‘ 4.]9.:‘_) Lfi‘ BE)
5 oS e Il 51U AL UF sl (gl S 3

U =4U,, =U - ZxU;™"*

mixing

e_[” P» SR )
—u —J-VM{p—T(aT )v'nT}dV+Zniui nle1[P W }dv...

. o 0 o
...—nlul—nzLip—T(m?)}dv—nzu2
o0 0 e oP
= U = Alying = | [p—T(%)}dv—xle[p—T(ﬁ)}dv...

...—xzj:[p—T(g_?)}dv

P:ﬂ_%j(a_pj :l:) p_T(@j :__Za
v-b v or), v-b or ), v

8y, =X ay +28,,X, X, + X358, = X[ ay; + 2X X 4[ay,8, (1-k; )+ X3y,

bar.cm®
mol?

=0.5% x10°(1.04 + 2 x+/1.04 x 4.17 x (1-0.1)+ 4.17 ) = 2.239624325 x 10°

vV, = L%V, =0.5(32.2 +48.5) = 40.35cm® / mol

S pl Wbt A e pilie O] il slee DIV ol sl 3 O 5 ol sel s Gl sl e:\:jlb;’_ﬂ\

a3 gl )3 50 o |y s ol > 305
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SIS I L bS5l i Oloe o8 Ao OU1 5 05501 (s ps 5 33 IS AL o
AL e

:>uE:I

_ E  T2.239624325 % 10°
\'

—osj eto| osj arc|v

0 6
05 &17x10

40.35 v

0 6 0
o5, 1:04x10

485 \Y 32.2

6
uE:—2.239624325><1O +0.5x 106(417 104)

40.35 485 322

bar cm® 10° pax10~°m?

= uf =3633.819151 =3633.819151 x |
mo

Pam?

=363.4 =363.4 J/mol
mo
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wils KT ool glos j3 8 B b -yl 'r'.’-J‘JV‘:'“.’UV'?"'L.’u'éJL S0 ks sy 5 esle u.f...,.k»ﬂ—\
(,.350,« oMLiﬂjGL.b‘ g_ej.b U‘i‘d"\‘)gdﬁ" n; u:&@‘ﬁjbdb w‘\JKJ‘ dj,cnl 6}\} ‘J)":@
L) Jb s dales Jou 5 LT Llsen 5 W3l e ol st 45 aiS (55 b oo il 5l Ap o3l 4 jLis oS

(Jo
Zmix:1+%jmzl+ijw:1+ﬁ
v, RT v, nRT \
(Ap+ p )><V2 (Ap+p )\/2
= #‘V =nB DT'I{)_V =n( Y12E’11 +2Y,Y,B1, + ¥22B5)
(AD+ p )XV2 n? n? 2n,n
(AP+ pl))XVz nv o n n,
=By, = > - -——By——=By
n,n,RT 2nn, 2n, 2n,

Coopar byl JLid S Hy J0 99% 5 CO; Jse 1% Jol ol 38 bl Jse S -100C los 53 =Y

(L300 27.6 cm’mol” Jsl>- €O, J 50 = 5 01392 L2l 5 Al €O, (Gl L

""’J”‘J”V’“L’L‘b)b 4.'1..?»[5‘}2 U'Lé): JJLQJ (51{1.&!)3 .C,;.»‘C?wo.u wjf)]m
v P Vo
fczz = fco2 = Pcf)z¢cso2 eXp Ipsﬂdp :¢c02 yc02P @

ng=[7 % ap =g, = [ 2ap= g, =enp(Z4P)

(S o Om b b ps il S OS]

osls ol P. (bar) T. (K) Ve (cm’/mol) 1) z=Pv/RT,
Co, 73.8 304.2 94 0.225 0.2742802987
H, 13 33.2 65 -0.22 0.3061175532

Terr =(Te1Te, )2 = (304.2x33.2)%% = 100.4959701 K

@y, =£(a)l +w,) =£(O.225—0.22)=0.0025
Ve 1 :—(vV +v3 ) = (94V +657 ) =78.610171303 Cm/

Ze1p = E( 2, +12,)= E(0.2742802987 +0.3061175532 ) = 0.2901988926
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Zc 1, RT
P, =—2—CI2 = 30.84559159 bar
C12
F{ =-0.9834555654
F() —0.1445 - 233 0'1?;85 - 0'01321 - 0'00%607 = F};) =7.604817213x10°
Tg Tg Tr Tq 2
F) =-9.606040335x 10"
F{" =-1.934503774
F 20,0637 + 220k 0423 0008 _ a1y _7 288724608 x 10~
TR TR TR 1 2
FY =+9.239584425x 10
3
- cm
B,, =-486.21 /nol
BRe _ F<°>(l)+ af ‘”(l) = {B,, =—25.95759154 Cm7 |
RT, Te Te i

3
> cm
B, =12.74236173 S/

5 oS oslinal €19 alaly 51 AL pd el mbe 6l b el oIS 5K pss s i S Sl !

4
- 109.83 3
_ (2i-1)/4 _ _ cm
B=> bx &x="—""= B, =8.839421418 /OI

-1
Ing, =| 23" y,B, ~ By, |
i = i Pij mix | 'RT

2 2 P

Ing, = [2( Y1Bi1 +Y2B1, ) = (Vi By +2Y1Y,By, + Y5 By )]ﬁ

(Y,=1-y;)=Ing, :[y1(2811_4812 +2By, )+ Y7 (2By, =By, — By )+ 2By, _Bzz] d

RT
oS oo sl Vb dslas 3 15 Bo 5 By By pslie I
Ing, = |- 850.910791y, +425.4553955y2 — 60.7546045 | 60
83.1439x173.15

DS o il (Vadslee 53 1) sdel oty Jail s, V-

—486.21><O.1392)Xex 27.6(60-0.1392) _
83.1439x173.15 83.1439x173.15

=0.1392 x exp[

60
83.1439x173.15

exp{( 425.4553955Yy2 — 850.91079y, —60.7546045) }x y, x60

= by trial &error :y, =0.00335902735
9
S S _ 099, _ 333664496 x10°°
0.99 +n,° 1-y,

nd +n? =0,01= n™ =0.01-n? = n{*"* =0.00666335504

Y1

V.;LML;G WL‘>-.A b JL.'.].‘.) J‘chL-JJ.“wuLQ 65;:\ CU)‘ o)L&w‘L&)J LJ'l‘)J Zr)) L)'ij‘)
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o (A) % (K) b,(cm®/ mol) k% B(Cm%o,)

Table(5-1): CO, 4.416 192.25 108.5781153 0.9 -325.89
Appendix C:H, 2.928 37 31.67 4.679729 9.04
CO,- H, 3.357 84.34 47.72 2.05 -28.63

1 2 / 3b,
012=5(0'1+02)&512 (5152) & b =§7zNA0' =0=3 2N,

Lfkﬁgg_ﬁg'j QLAA “ o9 ViJ}TLf C,M.Ju.yl )\ u.ulj Q)M b 4.23,«@}5 g_,u"fp <J_1.>L5.a U’l‘ )‘ o:L&»\Ldl}-

S a0, 58 byl w8 o se (Ko LS LSS5I CHY 70% 5 COp Js0 30% ol 358 b slses =Y

b b €5 5d o S €Oy LT .ol Thar jLis gl)ls O 5 5 5 Sl 40°C o> 5 70 bar a5 (<l

2=CO, ; 1=CH, Ll oo 25t Sl s e glaesls S 58 L 5l Jae 1) Sl
B, =42.5-16.75x10°T * - 24.05x 10°T

B,, =40.4—25.39x10°T * —68.7 x10°T

B, =41.4-19.5x10°T ' -37.3x10°T 2

c,”=35.8 Imol 'k 3l wile Jles) 38 glac, il o K e o T 5 cmPmol ™ o= o B OF 55 oS
Dl Cedle el S ST g b jLid dsles .c)” =37.2 Jmol kT

1980.24 P= 70 bar

(243K (T (303K) T—a0c — I Fsz_.E' .

In p®(bar)=10.807 —

H =f{v —T(Z\T/jm }dp+2nih;’
h= j{ (a—\T/]deerinh;’

PV 1 B pveRrT+BPoyv=-Rl g X _R B

RT ~ RT P oT P dT

NC NC NC NC

B=Y"> vy By = =Y > yy J(

i=1 j=1 dT i=1 j=1

dB

B= Y1 11+ZY1Y2812+Y2822:>d
dB >

:>dT—O7 (16.75%x10°T 2 +25.05x10°T ® ) +...

dB dB
2+ Yz ()

dB,;
= 2
Y1( T )+2Y1Y,( T

..2x0.3x0.7(19.5x10°T 2 +37.3x2x10°T *)+0.3%(25.39x10°T % + 25.05x 2x 10°T )

= 3—_? =18.6826 E3T 2 +6.8247E6T °

V- T(—)_RT B R 8B _ ¥y 7%
P p dT oT dT
B=0.7%(42.5-16.75x10°T * - 25.05x10°T ) +0.3%(40.4 — 25.39x 10°T * —68.7 x10°T ?)

+2x0.3x0.7(41.4-19.5x10°T 1 —37.3x10°T ?)
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— B=41.849-18.6826 E3T * —34.123E6T 2
=B- T(:_?) 41.829 —37.3652E3T 1 —10.23705E6T 2

=h _j (41.849-37.3652E3T " —10.23705E6T % )dp+ Y x,C
37.3652E3 10.23705E6
T, T
37.3652E3 10.23705E6
313.15 (313.15)?

sl ol eJ)jTY’J.,a_:BV IR 0D Jo—\j JJJ...:) el sl a3L5] Pa pbar}\)h.i.é)m34{cm3 .,\9-“5 J.:.,\.J

|p||

= h, =(41.849 - )Py +(xlcplT1 + xchval )

Gl 01 5= h, =(41.849 - )x70x107" +(0.7x35.8 +0.3x37.2)x 313.15

= h, =10.06924416 k)7
37.3652E3 10. 23705 E6 Z e
i pl

2

37.3652E3 10.23705 E6
T, T,

h, = [ (41.849 -

=h, =(41.849 - )x10x107* + (0.7 x35.8 +0.3x 37.2)T,

:V‘Ub cubijd.)bi&\ﬂx Q.i,.ijl.i.éﬁ.i): Sl a5 L
h, =h, = by trial &error =T, =278.62113K
(WS W £33 557 &L..;\ Lo b J-

In p* =10.807 - 1980.2¢

T =278.62113 = P, =40.43574629 bar
Syl sl 4 Al ey Blae V- (g4 sk Slge (sl g stockmayer |l 2t sl -t

LS yasia | T dies 5L 3 se Sl e

(Js <

P 12 o 6 ’u2

(5] (o] e
P 12 o 6 uz

I =4¢ (r] —[r) +I’73F€(01,92,93)

B=2aN, [ [1 exp( F(r))} r2dr

524{@ _[Ej }“—ZF@(@,@,HS)
& r r &

2

—F(—)+ 3 F0(6,,0,,0,)
£

. . . ) . . T
B Sl ol 3 sl gs o Al T 2 o’ Jsl b s O e S bas gdu.B dsbes j3 17
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. (L)
2;zNBAa3:L 1-ep(-— 20 ()

Al s 6,5 GlIssn by e b a5 S dlal

1S dlee (Lee-Kesler ) pitzer a3l wand Ll 5l eslanal L (0

0C 53 Sl s 5551 (a

- el opl oo ) 61K 3 O35 S50 20% 5 0 S50 80% Lol ble L s pss o (b
(el 172 em’mol!

O5ashen e S 5 055,50 Jae G Olin 30 G (100 bar 5200 K 53) LYl L) (e

a)u:jf[P—T(%x}dwu;

ﬂ=1+E: Pv=RT +E3Vdp=RdT+
RT Vv v

BRAT + RTdB

_(®)_R,BR RT B, RT BRT
oT vV v v dT v Vv
op RT? dB = RT,d = RT, d
P-T| =| =————=U,-U; =| ——(—=)dv—| ——-(—)dv
= [GT } v2odr e I N (dT) I V2 (dT)
RT , d I RT , d I RT , d

:>Ug —Uf =J.Vg—v—2(d—_|_)dv+ OO —V—z(d—T)dV:>Ug —Uf = vg—v—z(d—T)dV

B, 1 1
= AU =RT? (= )(———
(OIT )(VL g)

() (1)
BFe _per( )+a)F“)(l):>d—B= RTe | dF — , ,9F
RT. Te T dT  pco | dT dT

033 0.1385 0.0121 0.000607

T T T TS

dFt)  dF) dT,  dF®) dF) 1
X =

F(*)=0.1445-

dT  dT, dT  dT  dT, T,

dF ) dF®) 0.33 0.277 0.0363 4.856E-3
= =T. =——+—5+ Tt 5
dT dT TR TR TR TR

r

dF ™ dFY 0.662 1.269 0.064
=Tc =TTz tToa T
dT dT TS T TS

r

&
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0.662 1.269 0.064

dB R |0.33 0.277 0.0363 4.856E-3
= + 3 T T
T Tq Tr

— = + + +
dT  P.| T? TS Ta T

3
_, 9B _ 1 531209268 ™
dT mol K

0.1214398E -1
T -0.1920953E3
...+0.15316 E —3T? = p° = 26.64718123 bar

OB 93 s s Ll e dslae pl 5 ‘V':S salaal JL g aslas v.“.j\j.?d@vgjv, donls (Gl 5 &S S 4
V?S& oxlaru! J"J‘ﬁ"b‘,ﬁ ;JL?— ‘dbl;u‘)‘ ui‘fl'" Jj)&)&.:)gjb LS‘)’ br’ﬁ*“sw:‘w:ﬁ b

2 g A ORI o LRTe
v-b V? 64 P, 8 P.

o - )

In p°® =-0.1463445E3 + —0.1888808T +0.3588317E2InT ...

cm® cm?
= a=45.14641322E5 bar(—— )" &b =52.18498446 (—)
mol mol

3

3
=V, =671886 - & v, =90.2138 -
mol mol
aB) 1 1
A=RT} = (=-—)=au=9.12 K
(dT j( ViV, ) /nol
b) n—butane : 1& Nitrogen : 2 (k, =0.12)
material Tc,(K) Pc (bar) ve, Cm%] ol w Ze Tr
1 425.2 38 255 0.193 0.274 1.084195673
2 126.2 33.9 89.5 0.04 0.29 3.652931854
1-2 203.8491841 30.23074579 158.095404 0.1165 0.282 2.261475816

Tear = (Ter Tep YVi(1 -k ) = (425.2x126.2)%(1-0.12) = 203.8491841 K

F{) =-0.2875094983

033 01385 00121 0000607 _ |¢) _ 4 asas0n664E -2

F(*)=0.1445 -

T T 2 T F D T 8
) y R " F{°) = —2.955055782E — 2
F(Y =9.189170298E -3
F(—0.0637 + 20t - 2525 - B08 o | F) 7 082714848 - 2
’ " " F(Y) =9.183580758E — 2
3 3 s
= By, =-265.7583044 " B, ~14.4198205 " B, = 1038847193
mol mol mol

3
B=y7B,, +2y,y,B,, + By, = B =-172.83283200Mm
tky, =0 V**S o2 J§|
Teao = (Ter ez V2(1—k; ) = (425.2x126.2) "
DS e g Fogpoldde Togp e a5 L

P. 1, = 34.35312021
= F°) = -5.782896938E -2
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)5 bolas ) Aw5es :@aiy Juad

3
F(1) — 9.357480463E — 2 = B,, = —26.12498118CM A o

3

— B=-177.8685158 S
mol

©) 4h,, - J.:O{P—T(ap)}dv+ Py

Pv_1+ . PV_RT + BRT R B_EQ RTdB
Rt v Y, v v2 dT

- 2 2
md v T v

dB

('1'56" u—l)iit" VU alasly 55 5 03551 ks Pitger-Curl | JU s S dolas 31 eslanal L1, PrRAL O ¢S|

el ool Ols i Jge 10% 5 055508 J 5o 50% O35 5 Jse 40% Joli 25C s <38 oL > 1
Mo WL LES s Cder il b 3 b Sl b Sl Col AL S8 b g 1) b ol gs s 0Ly
S 5 Sl 0 bar S 5Lis S wnlos |y ol 45 e (955 OB (g35,55) Sl 2 sl 2 oS

s o8 S sL s i lis Py of 3 &S Wl e s Driving force=p,— pf alaly 3l s 52 45 e

J)a.%f.p JJ.LE S50 ol s inert L;Lmjlf I~ 3 g u.)o— LU 6350 QLUJ.; 95% 3 Cusl 5 ol (%)

fia=Hxs s 51 0855 03 Obsn Sl 5 030 095 (3505 S8 Gy o515 o Aib e 055

(25" € Glos ;3) H=53.3 bar O ;3 S L1 o Sl

Na= 0.4 mol Qil= 5 mol

H+= (0.5 mol
C;Hy= 5E-3 mol

N>= 0.4 mol
H,= 0.5 mol

C:Hg= 0.1 mol CaHg=

. «»  HaXx
P33 = HyXg = p; = ;3 & pi=Yip= pP3=Y3P
3
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0.4mol N,
G [0.5molH,

— y, =0.44198895,y, = 0.552486 , y, = 5.524861878E — 3

5E —3mol C,H,

5mol oil

0.095mol C;H,

— X, =0.018645731

Physical properties & second virial coeficent calculation:

substance Tc(K) Pc (bar) v, Cm%] ol ® Ze
Ny(1) 126.2 33.9 89.5 0.04 0.289
Hy(2) 33.2 13 65 0.22 0.305
C;Hy(3) 369.8 42.48 203 0.152 0.274
1-2 64.72897342 20.8663554 76.59820431 -0.09 0.297
2-3 110.803249 22.00278331 121.2086074 -0.034 0.2895
1-3 216.029535 36.4789775 138.598616 0.096 0.2815
groups F(O)(%c) F(l)(%c) B
1-1 -2.091372441E-2 9.091631782E-2 -5.347364794
2-2 0.106019348 6.722020648E-2 19.3707628
3-3 -0.5043574368 -0.2790199338 -395.7271788
1-3 -0.17196792 7.5959052E-2 -81.07938121
1-2 0.066204546 7.497263471E-2 15.33434382
2-3 2.11017328E-3 8.770089759E-2 -0.360493586
B.x =11.9469263 = ¢, =0.86707227
= p; = XaH _ 1 146176042 bar & P, =0.1x40 =4 bar = p, — p, =2.85 bar

3

Ll 5 55 15 QU1 el oy oSG S s 15 (2) 03555 Jse 98% 5 (1) OU1 J5e 2% Jold (38 byl -V
S8 dsles s i b 38 bglses ool S I 50 bar jLis 5 40°C slos 3 K s D> L ol

X - . . . . Z
azvlzzzyl Qw“)v\ﬁzdu‘@d}jﬁwq‘)‘jﬁcJJﬁsw
2J)1

(40°C slos 55 ) 5l A sle 5L 5,40 sla o3ls

1000 bar = C ;> 055 s (g pn b

100 bar = =5 53 061 (6 a o

By, =~44:B,, =—1.5;By =172 (em’mol”) Jl 5 053 g

60 OBl 525 055 50 lem’mol) S 53 i (Jse o2
i -
Ing =(2» y.B.-B.. )—
I = J-j mix RT

Brix = Y12811 +2Y,Y,B, + yngz = Y128112Y1(1— Y1)By, +(1-y,; )2 By,

= Bpix = Y12(Bll +By, — 2By, )+Y;(2By, —2By, )+ By,
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Ing =(2y,B,, +2B;, - Bmix)%T

)
=>¢ ZEXP{[Yf(ZBm =By, =By )+ Y1(2By +2By; 4B, )+ 2B, - B,, ﬁ}

&g, = eXp{[ylz (2 B, =By — By )+ B,
1: Ethane & 2: Nitrogen, P=50 bar, T=40C

sat

|
f_:f_sat Vi(p_pi ) ,f_sat:H_ .,f.: :
i i exp|: RT i iXir T ¢|y|p

vi(p-p™)
ip=H;x exp| —————
= ¢Yip=Hix p{ =~
p VOO P g“’
(151)/1p:Hlxle)(pj.pS Ril' dp & ¢2y2p=H2X26XpJ.psédp

o0l3 g 1L o o S (slgn Sk ) POl

2% =L 3 Zixﬁeij‘o’]%dp

X, 91 Hy ¢

(V2 —Vv1i )p
RT

H P
=0y, :H_ZeXp{ [Y1(2822 +2By; 4By, )+ 2By, _2822] }ﬁxeXp[
1
=X @x0.844x0.935, a,, =189
© 100 '
Sl e Gl aS o Cand g 056 1Y) d sl 55 (V) Ol M= 20 bar U ,Lis 5 0C slos 55 A
0C sbs ysem’mol’ = JL 5 033 Sl AL o 0.0401 bar ) 0C ;5 Jsln o JLis 51022 bar
Jsile (Jse ,8) P> dlas glanl js a5 L0585 s ;5 (B, =-4068,B,, =-166,B,, =-53.9 13| L3 le

Sl )J\.E}; QU.A BE)

YobhP=X0; & YihP=xH,

Y1 €Xp i [Yf(ZBlz =By =By )+ ¥1(2By, +2By; —4By; ) + 2By, - Bzz]%-r }X P
X, = H )
1

B S
(1= Jexp(~ 22 )3

(1
P
P exP{[Yf( B, — By +2B;, )+ By, ]F\’T}

1-y,=Y,=

L (1) U)w)bwjoJJ)T Sy 1 X1 Mo o oo 513 (1) dslas 5 g s el Y1 K Al
s oS ke Layr oo S &:.}L»)'Uo;;m._lunr_al{\)@lsjj e P I

= Dby trial & error : y, =2.5383097E -3
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U jous anlSsd aus 5 sasise Jolad bglsie 55 a8 das OLES 550 Ol jaus a0 biled Aol Sl by -4

NP NC
i f
G=> > n(4G;" +RTInf‘):>VG G’ +RTInf—

i=1 j=1 ij i

:>AGj*f+RTIn%=O :>2AGj’f+2RTIn%=O:> 24G;" +RTIn(f ) =0
1 1 1

AG;" +RTInf—20=O
f;

= (4G;" —24G;" )+ RTIn%—RT |n(%)2 =0 (f =1)

2 1

f,fe
AG,,, +RT In ;2

1

K:f;f fz_f[ j:>f o f2

=0 & 4G,,=-RTInK

2
1

LS 0 Ol anedls Sl labor dor Sole s a ) G ndi (SIS e 2 Jbny Walas 1Y

z=1+Bp+Cp® +... @
O s g Jbns ablae s IS8l Bl Jiiee ane Ol o LaS Sl eslinal 4l
) 2=1+BP+CP°+.. 55
Aoyl S Redlich-Kwong dslas 536 5a 1, C\B" L 5 p 53 1,500
LS 552 Wsbee 51 S0 03 1) Yo, =0.20 Jse S slols O350 5 DSl S ss 38 bks (B
S sdal oty bl 31 JL s 035 o Sl S dnnloes 50 bar JLi5 5 SOC glos 3 1) il 4l 5
S5kl i s a8 s ooa ez Slaesls il ) LS esliisl Redlich-Kwong dsles S\ (a)

(! 8.87 bar L 5 0l

)__ v a e 1 a

- o 15 - o

RT v-b RT™(v+b) 1-(®) RTEy(14 D)
Vv Vv

S z=Zij(9)“ —%2(—1)“(%)"

2 n
:»z—(1+b+b—+ b——%[l—h(g)z—(9)3+...+(—1)“(9)”]
v ooV v RT™v vV oV v Vv

1 a 2 ab 1 3 ab2
:>Z:1+V(b_RT1'5) Z(b RT15)+V3(b —W)‘F...

a , ab . . 3ab a’
=B b o= 4 B o ()& ~ i
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BP  Pv

b)z=1+BP=z=1+——=>—=1+(b-—F)—
RT RT RT "RT
RT a n RT (n;a)
:‘V:?”‘W:V:T—“”ﬂ”‘ﬁ

_RT 6(nTb) 1 Jd(n;a)
)T P79 " an,  RTH an

p 1 1
(oneb)

1

a=yra, +2Y;Y,a5, + Y58, = Vi +2Y1Y,\ad, — Y8,

nZa, +2n,n,./a,a, +n7a,

Ny

a n-a
( -1 =2Y,3; + 2,442, — Y1a 2Y1Y2\/alaz+Y2az

RT Iny-_;:’:-[ (\Z—T)dp I b, — T15 — 15 (258, +2Y, /a8, — Yia, —2Y:Y, ad, — Y3, )
1 P
=Ing =[bl—w(2ylal +2Y,1/248, — Y18 =2V Y, /a8, — Y3, )}ﬁ

V?S wa b (bz jb} [11%) cll]) CJL>- JJL&G C,..:‘js J\iL: dj,‘s‘

b=yb +y,b, =nb=nb +nb, = =D,

=na=

2125
SR gh R o _04323,0, =0420,0, =0.0876,0, =0.087

Pe P
cm®
substance T., K P.,bar V. A ol w 2 a b
C,H (1) 282.4 50.4 129 0.087 0.276 79.45778794E6 40.80827924
N,(2) 126.2 33.9 89.2 0.04 0.289 15.65042089E6 26.92705947
50

= Ing, =-0.169599542 = ¢, =0.839956549

=Ing, =(-93.71816256 ) x
83.1439x 323.15

= f, = y,p¢, =0.2x0.839956549 x50 = f, = 8.39956549 bar

S 5 5,8 el MLV»LS‘}_‘)JL‘)J40C‘)J djSJ 5 okl Jels 50 53 58 bl Jge G -VY

(LJA <
P 1B py=rT BRT p_RT BRI
RT Y Y s v
RT dB dB
)Tv_ )T,v:Oj(d_)T,v:O
Y1

B= Y1811+YZ822+2y1Y2B12:>( )Tv_zyl 11— 2Y,B,, +2Y,B;, —2y,B;, =0

By, — By,
By + B, — 2By,

=Y =
(S o el L b g g IS 055

(ki =3x107 for Ty =T TaTy (1-k;)
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S)eT g (JoTgs atdyinyy Sraliysge)s Jilms v
cm7
substance T.,K P.,bar V. mol Ze w
Ar(1) 150.8 48.7 74.9 0.29132 0
C,H,(2) 282.4 50.4 129 0.276 0.085
1-2 200.1726558 47.43905061 99.51232678 0.28776 0.0405
° 1
groups FO4,) FO4.) B
1-1 -4.788518838E-2 9.319772624E-2 -12.32774372
2-2 -0.274870227 1.916140342E-2 -127.2889897
1-2 -0.1262128065 8.824207543E-2 -43.02366385

=y, =1.573012146

=S oo Y1 e L P I

o _RT _ BRT
\' Vv

S o A 53 (@) S SL ol LY v laie VG el s = O3y Sl ar i L
P
jﬁ:(H— BCZ,B:y12811+y22822+2y1y2812
B=Y12311+(1_Y1)2822+ZY1(1_Y1)312:>BZle(Bn"‘Bzz_2812)"'3/1(2812_2822)"'522

P P
ﬁzc"' Bc? :>ﬁzc+[y12(811+822 — 2By, )+ Y,(2By, —2B,, ) + Bzz]c2 1)

Py
= (o) =Cl2Yi(By; +By ~ 2B, )+ 2B, ~ 2By ]

By, — By
B, + By, — 2B,

s (SlIs Y] wmé(\)w)ﬁ.;;@w&ﬁswmw#ﬁfuﬁsmﬁé\ﬁbcu%wt}
P aalie s YT s e Codle il Yy 5l S S slie gl s Cdle e s 3 S L

Py
(ﬁ) ZO:>y1= :>yl:155

C,.w‘ on.AT (C=1)V=1 C,JL>- BL. ylbd.lbw J.LJLS.A LSb; %)‘Jjﬁ .L::b s ylZ ;a.lﬂ CMW L;'g‘j" yl)‘

vi -0 1.25 1.55 1.85 00

(P/RTY - 0

P/RT
oc/ 0 /'4.95 \o \-ao

BE 4.3)_,\.’:':0.0 sdalie @WMJ)J&)J 45‘)_5% QL«A Mbw&iujw)\yI g_)\‘]xx.? o)jbwdsv.:l‘sda

u_l;LL g.l.j:b'y1=1 S .l.';ﬁ\L;o Q_BLOJ‘ u.sLn) )L;lé V.QJ"JSLG 4.'>=:.’1.s DL .LS:LL;G S22 9%? e)“}o.sh CU ck.i.: U J.w wb

J..:uLa u..ajl:-jb.vb)j.a e.)l.a
Al J 90 2000 L S SL G 5 Sobbal o 20.7 bar ,Lid 5302.6 K 4Jsl sles 53 059, Jae 100 -\ ¢
O P ORI R Y b 252 o 29SS U3 oo Oy

Sl JJJ.Q.- L‘}l}w uﬁL@J LSL"’ J},J:L;o ‘bjbua 20.7 bar 9 259.5 K A:Jﬂ .]a.ib.& BE
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Yo (2)(5 bolds )> AAunl5ed ey Jund

AN =nchoe - iy (adiabatic = Ah™ ~0)
= N Mre = D MMy = 21000, =100, +2000hc .

h :J‘op[v—T(gﬂT)p,nT }dPJerihf

V'-‘-"SLSA oslaral JL).J_:) d[}- Jslro )‘

Pv —=1+B'P= 1+£:>Pv RT +BP = (6v) E+d—B
T RT o1 ° AFEN
P RT RT
=h= ) (? B——_T_)dP+ZX =h= (B T_)P+leh|
(°) (1)
P.B CEC) 4 oW o P.dB A dF +Tca)dF
RT RdT dT dT

X —

dT ~ dT, ~dT ~ dT  dT, T,
dF ) dF) 0.33 0.277 0.0363 4.856E-3
T = + +

dFt _dF dT; - drFt) drF®) 1

dT, aT TR TS To Ty
dF ) dFY  0.662 1.269 0.064
=Tc =T 13 i o
dT, dT T3 T TS
P, dB 033 . (0.277 0. 662a)) (0.0363+1. 269(0) (4.856E —3+0.0640)
R dT T T2 To T2

;.)L"Sgu.?-\fp‘u:puia_b{b).uswj_rﬁj_g&uﬁcﬁg)ﬁgﬁwﬁus&g\g@-}:l{
e pr o 03 Sl pe
:Cp,, =2714E1+9.274E -3T —1381E 5T +7.645E -0T" )/

. =3.806 +1.566E —1T —8.348E —5T % +1.755E —8T°*J

ML mol K
SYPRCNT 055158 sl Ll 5l Gosden Gl 2B s
Substance F© F® B d_B
dT
H,:1 0.1066106051 6.712577052E-2 14.43833755 2.8749712E-2
CH,:2 -0.3954326288 -0.1051975583 -188.3769897 1.48385387
3
groups T.,K P.,bar V. cm /n ol w Ze
1-1 33.2 13 65 -0.22 0.305
2-2 2824 50.4 129 0.085 0.276
1-2 96.8280951 25.04511245 93.375848 -0.0675 0.2905
dB
h=(B- T—)p+2xh =h, =(By-T, d“)p+c T
dB22

CH4 (BZZ_T )p+Cp2T & hmlxture (B T_)p+le p,i
Hz =( 14.43833755 - 302.6 x 2.8749712E —2)20.7 + 28.89360388 x 10 x 302.6

bar.cm®

= h,, =87550.83591
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he,n, =(-188.3858262—259.5x1.48385387)20.7 + 39.1288185x 259.5x 10

bar.cm®
mol

= he i, =89668.95376

100 x 87550.83591 + 2000 x 89668.95376 = 2100h . =>h __ —89568.091
dB dB dB
Npiture = ylz(Bll -T d'lfl)P + yg(Bzz =T d'FZ) P+2Yy,Y,p(B, =T d‘FZ)

et (Y1Cpn T +Y,C, T )x10
100 2000

- = —_— -
V1= %100 Y2= %100
= by trial &error:T =258 K

) el oS el slgniy DS (nl sl peps S A T el 51 SSU Gl VL 1) (lasio oal o -V 0
(o JK3) 358 IS amin cpl (55, 4550 déjlé);)‘.ﬁql:m.a;ej\z-\jm;)?gj

QPrusum P

Voporized

Soli
Organic
Solid n'g@ I l ——————— Sheet

i 1 il 5 e el DL ples Bl 51 4Gt 1l A S5 5L 4wl s 04 IS £

Y W JM QM w}‘./\ﬁs Cf w‘f‘ LS‘J” Qmﬂ‘lTOi’I‘ JJ‘JJA )l>u JLW.Q L¢> L)'i‘ ‘))45('.:.&) g_J‘)|J.>350K)‘
10 Torr iz A Sy jLis o A3l jain b aaises JS 5L25 1S o VU 5LES S ASTss L 1 abaioes oS

Sl VZ%JFB daly 514 =CO; o> o155 5 3515 13 350K gles ;3 adhima |S S 5 8 €355

ﬁ\ﬁ350K).>A Lol Lﬁ.)yv}&.)\.wb‘_;a Lﬁu Lfb"("}-‘}vjdliﬁj £3° — > B cdafb Q‘i‘)" J\;j@

Ba_co, (cm°mol ) =-430,B., =-85,B, =-500 (00l> 5 03 32 200 cm’mol”!

p

PV
VAP = igiex [ —A-dP O

Py, =10torr,p; = 1torr =1.33E — 3bar

S
45 = exp(%), By =500, By, , =—85, B, ., =430, T =350K

10x1.33E -3
P = eXp{[yf\(ZBlz =By =By )+ Ya(2By, + 2By —4B;, )+ 2B, - Bzz]X—}

83.1439y,T

Bas x1.33E -3 )x exp 200 ( 10x1.33E-3 _133E-3)
RT RT Ya

=> By trial & error=y, =1.939542542E -5 = p =68.73908002 bar

10(torr )x ¢, = 1(torr ) x exp(—
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YV (2)(5 bolds )> AAunl5ed ey Jund

ool s 1 s cMs sl e 1145 gem™ O axeils 5 2.8x107 el Il Hlse SLa3 35°C (gles 53 -\
1S aculs 30 bar JS Lis 535°C 45 L LS

Jlesl 58 056 51 eslizul L (a

B=b—% 33 ol 35005 31 edel ety las 31 0T 3 s o5 Ul g alskes 51 o3tz L (5
S ab sa S (55 58 ble sl e s Gl ol bl sl dalee ol

MQ}AA)‘&')})O‘)J&\}J

(Js <

_S

y _
a)ideal gas: Py, = p3 expj —dp:> Ya= Pa EXPJ:S;_-T-

_28E-4 [ 128.174(30 - 2.8E - 4)

Ya= =y, =1.06404948E —5
30 1.145x83.1439x 308.15

D) .gap = ik exp [, 2Edp

V?SL;‘ oslatu! u*"j‘ﬁj“)‘j‘ﬁ aJslae )\

v=ﬂ+B:>v—ﬂ+b—i V= I R1 +(nTb)—ﬁ
P P RT P RT

Vi —(—)— RT ,Amb) 1 o(mwa) [(use resultof problem 12)
on, on, RT on,

P
=Ing, :I:bl - (2Y1a1 +2Y,4 a3, — yiey - 21,213 — Y2az} 21
|
@ =ex

192.052148——(2><40.3326828E6y1 +2y,+/40.332682BE6x4.61469948E6 30
83.14x30815

—40.332682BE6y2 — 2y, y,740.3326828x 10° x4.61469948x 10° —4.61469948x 10° y2
m«S 4L:.wl.’>r.0 ‘J (szb] (/%) cal) C,.“?- ‘d)L’.A C"’"jj .«\.:’L: O‘}S

substance T.,K P.,bar a=27R’T’c/64Pc b=RTc/8Pc
Nap. 748.4 40.5 40.33268258E6 192.0521443
Ethy. 282.4 50.4 4.614699463E6 58.23372361

VP = i e —dp

B, =b, _ﬁ =192.0521443 - 4;3'313;683%28556 = ~1382.238506
. X .

S
45 = exp(BlRl—Tpl) — exp[~1382.238506 x 2.8 x 10 /(83.14 x 308.15)] = 0.999984893

128.174  (30-28E-4), 140060024
1145  83.14x308.15

P Vi
exp J.pf T dp =exp[
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)T g (JoTlgs aidyibiy Groliysgs)s Jilws YA

pS exp(B,,p; / RT )xexp[Vi( p-pi)/ RT}

=Y =

¢.P
y, = 2.8x107* x0.999984893 x 1.140060024
! @ x30
ZJJS‘.L:.;Ua:'-j u.x.._uu.lj))\ Q\j.?da ‘)yl )U.E.o
:>y1=3E'5

Cosby il phelas &Sl Gl p s e 2 e S10C B ool L Lol i 45 30 bar 53 b e glas -V
LS 55 SO Sl w O Jsn 8) Sl i 1ga 55 Cusby Sbme Ol S 58 e uilS
2 Sllos sl T Sy (ps3 s B) U s aalas 5130 bar JLiS s Vs Cusby e ol
Sk 10T 55 J s pss CSls el O3St (50 20% 5 03555 e 80% Joli Sa glga S

(em’mol’ = )
ol 3 5 0581 2 Ois, 1 WGl 3 & By =-53,B, =—63,B,, =-15,B,, =-1500,B,, =-12,B,, =25

.JuZQL;a0.92gcm'3 @ L;K.z-jl.95torr @)bu LLEs -10°C sy s Al e

-
P v
VP =pigsexp[ o 2dp (1)
=S
P, = pSasexp [ —d
YsPds = ps s pJ.pg RT p

s B Py ~1500x1.95x1.33E -3

= exp(—2=2-) = ex =0.999822202
# =y )= 2es s
18 (30-1.95x133E —3)] 1027188997

0.92 83.14x 263.15

—S
P V3 _
expjpgﬁdp =exp[

:&L;ad}filz(\)dsw):bo.b:wbmﬁ;w
5

Yath; x30 =1.95x1.33x 10 % x0.999822202 x 1.027188997 = y.¢, = 8.878470023 x 10

Brix = ylz B+ )’2;Z By, + Y§ Bas +2Y,Y,B1, +2Y,Y3Bi3 +2Y,Y3B,;
=)

Ing; = [2( YiBis + ¥2Bos + Y3Bgs ) — Bmix]ﬁ

B, =—25y? —12y3 —1500y2 + 600y, y, +75000Y, Y, +36000Y,Y,

30

83.14x 263.15
s |y A Yy 505,80 Sl (1) Wslas sy o3l o 1 @5 Bl e 033 o 15 Y5 1

¢, = exp[2(~63y, — 53y, —1500y, )~ B, ]

:("TUJTLSG
= by trial &error = y, =1.0329E -4

Mail: ma_Goharrokhi@yahoo.com Tel:+982177616703



Yq (2)(5 bolds )> AAunl5ed ey Jund

03 Jeedly gla mal b S Ty 150°C &30atm s 1) 4 ST e a8 55 square-well GU 3l eslanal L =YY

ol Gl S aule | 335 5B s WIS e Osenl i peus 250 5 (WL omes Aled esls 5
S eslizad Jloyl 38 5 lusleal Sl 51 el 32 00

(Jb

2 mjda oslazwl T =150°C, P =30atm, ¢/k =469K, o =0.429nm, R=0.337 slacsls ;I dliws J}- g
2 33 R®-1 &

B:§7r N,o°R*|1- =3 exp(ﬁ) (1) b g Ol g5 oo Square Well alal; L]

feols db s il )

el

R=1.44573e-10m

3 —_—
— B =2 7x6.02214e23x(0.429 9’ xR%| 1-° - Lexp| - 289
3 R 273.15+150

3 3
— B=3.0167087e—4-"_ —301.67087 ™
mol mol

301.67087 x 30x1.01325
83.1451x423.15

=>¢ = exp( j =1.297758

= f, = P = 38.9328 bar
RTK

<B:b—?> 0—\\\" @b w‘f‘.u ‘J}a:.'b;d WL>=A Ca.it@.n?: C»-;) dl?- DL dﬁ”"ﬁj‘“‘i" 4.{,..3.\ 4 4?-)3\.:
Aol 0) il oS IS8 w0 L 55 LS dme 5 o35 IS0 o b cnlite b 4SSl 51l 13

234l ST b 8 oo el e (WAl oS 8 L dolas 45 s sl oS 53 S e 4 S e

4 (o) 4 (0429e-9Y m?
b=—7x] = | N,=—7z| ——=———"| x6.02214e23 = 2.489553¢ - 5——
3 \2 3 2 mol
ad] G 30kl Lid o S B 3 b os sl cds (V el ) B e ciliis glales 3 015 0 Jl>

Ah° - As®

(-InK =
RT R

) 0VE aaly O gl S5 L aslsl 535 S dcslone K SC (0L ol 51T 2 1) @

Pl o 0313 O 5 s gad 5 s L3 il w355l oy 1y O gl oes (W 5 s 50

T(C) B(m3/mol) K -InK 1T/
90 0.0003623 0.011322409 4.480971 0.002754
100 0.00034997 0.010616478 4.545348 0.00268
110 0.00033868 0.009980174 4.607155 0.00261
120 0.00032829 0.009404505 4.666566 0.002544
130 0.00031872 0.008881885 4.723741 0.00248
140 0.00030987 0.00840588 4.778824 0.00242
150 0.00030167 0.007971003 4.831945 0.002363
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160 0.00029405 0.007572557 4.883225 0.002309
170 0.00028695 0.007206495 4.932773 0.002257
180 0.00028033 0.006869322 4.98069 0.002207
190 0.00027413 0.006558004 5.027069 0.002159
200 0.00026833 0.006269896 5.071996 0.002113
210 0.00026288 0.006002686 5.115548 0.00207
220 0.00025776 0.005754344 5.1578 0.002028
230 0.00025293 0.005523085 5.198819 0.001987
240 0.00024838 0.005307329 5.238667 0.001949
250 0.00024407 0.005105677 5.277402 0.001911
260 0.00024001 0.004916886 5.31508 0.001876
270 0.00023615 0.00473985 5.35175 0.001841
6
58 -
56 4
54 -
52 4
£ 5.
4.8 |
4.6
4.4 4
4.2 4
4 T T T
0.001 0.0015 0.002 0.0025 0.003
1/T

:Jujdc Cowds 0=V E alslas Tl 31 2 0 9 o ol V.m\j.e slaosls 6o, O el S50

4h =-955.8 = 4h°=-955.8 x 8.31451 = —7947.0087 ﬁ

A5 7008 = As® = 7.098x8.31451 = — —59.016392 >
R mol K

5 &/k=14106K (sla b b squarewell Jily oG 51 oSls e OS5 Gl S s YT
03ls La ‘) J—ﬂl;— 9 Ml?u! 273.15 K P b Q;)T JL.’.J’.’.) r}.} ;,\.‘:‘J..p P.:..S oaleisl R=1.55 E) o =0.2989nm

S awlis B=-22.08 cm’®mol ™t _al&isbesl

(LJA <

Pl S e eslinal T=27815K, &/k=14106K, 6=0.2989nm, R=155 slaesls 5l dlos | g
3 —

B zéﬂ NA0'3R3{1— R 1EXD(K—6:|_)} (1) g Ol oo Square Well abay)
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3 p—
B =2 7x6.02214623x (0.2089% — 9) x 1.55%| 1 =2 - Lexp| 24106
3 1.55 273.15

3 3

M 1e6 =-28.33877 M
| mol

mo

— B%"° = _2 833877e -5

—22.08 (- 28.33877)
~22.08

Brererted — _22.08 = Yerror = %100 = —28.34%

6\.&03\3 J\ odlanal L J"S@ g_,cz?.p}; b J‘J‘)‘)J".b AJJWJJ o J‘)\) 4_7.3‘&- u,:ou Sutherland JaM\.:L\.i CU -Y¢
S gl AL LT lie L1y il L sl s Olig=n 5 Ole 51 |y B(T) < o5
methane: &/k=434.8K, o =0.3294nm, B(373K)=-20cm’mol™*

n—pentane: ¢/k=1096.8K, o =0.4755nm, B(373K)=-621cm’mol*

Sutherland : I'={ K

walie sl 1y IS g oSl Dlite 0 5 5 g 2SS alie gl VL alasl s T olde eSSl @ a5 L
oS o 1 plS a b g el a5 Lo S S0 S

B=27 NAU‘[l— exp(—oo)Jr?dr + I{l— exp( r6|I<<T ﬂrzdr}

0

3 0
B=2r NA(%+ I{l—exp( rslI<<T ﬂrzdr)

o

V?SL;‘ oslaiu! 5S) 42_:\) J\ (sjb d‘)id‘ wbu LS\J"

27 s 27, 1 K 27 s 27 o0 K
B=N, o +EN, — 2 BN, +LEN,
3 A7 T AT 3 A7 T AT o
K
D e S el msly Ll o) a4 a5 L
o Sl by ol (551 alaily 4 ar 5
~B- N0 1-L
3 KT
&
2 =4348K 3 - :
CH, : 1k :>B°"’"°=—7.4452ﬂ|:>%error=20%04452x100=62.77%
o =0.3294nm mo B
&
£ _1096.8K
n-Cs:qk
o =0.4755nm
3 —
— B = _262.8765 ™ — gperror = —021+ 2628765 100 57 6706
mol -621
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LY :308) @lg3 ~Orlayles bolas )y alun(5es :euiub Jod

lie ol ol plonil U A bl sl 5 Db —mle bl sl (s ARl Sldlas -
P S LS Yo Yo Yy b b do s S X X, Xy mle 5B do s Sl ke el (5,8l
53 sl pled 3 s o drlone (1) s 3 4 581 o 1o 3lie cpl 5l 015 oo 58 45 deas DL T Gllas gl
o3ls 0LV, L (V) sy =l Js e s PULO) e gl Sl s 13 sl S s T e
Bij) 5L 2550 b s Sl d plad S ol Z=1+% o= b s el Sl e 5B gl p K e

Sl o Rl 5B s e anslS 8 b 5 mle Dol 4 a5 L
L
L gv S S PV _
fi =1 =>Xpid eijpf RT dp=vy,4P

s _ f S S
ing; = [" 2 Fap= [ Stdp = PP < g —ep( P

RT
Im..abda
Z‘*: P
Ingy ={2> y;By —Brix | ==
~ 171 m RT
Buix = y12 By + yzszz + ye%Bsa +2Y1Y,B1, +2Y1Y3B15 +2Y,Y5By;
—Ing= 2(Y,Byy + ¥,B1y + Y3Big )= Vi By — Y3 By, — V3 By _}i
| 2Y1Y2B1, —2Y,Y3Bi3 —2Y,Y3B5 RT
—Ing-= 2(Y1Byy + Y5Byy + YB3 )= Y3 Byy = Y5 By — Y3 Bag = :Ii
1201y, —Y3)YoB1, =2(1-Y, = Y3 )Y3Bis —2Y,Y;5By3 RT
S PR

=)
=>¢ = eXp{ﬁ( Y:1(2-y,)By; +(2B;, — By, )3’22 +(2B3 — By, ))/32 +2(By, + B3 =By )Y, Vs )}

yi(2-y;)B;; +(2B;, =B, )y22 +(2By3 — By )yg +2(By, + Bz =By )Y,¥3 =0y

. B,.ps vi(p-ps PS
= Xy71 Py exp( gf L )exp[ i( FF:T Py )} =y,P exp{R—T“}

y, = y,P exp vi(p;—p)—Bup; +Psy
toxp; RT

L s
—1ny, =In y,P +V1(p1_p)_Bllpl+P511

X, Py RT RT
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)T § (JoTlgs aidyibiy Greliysgs) Jilue §s

:V;( DZ—p)—Bzzp§+ p522+|n y.P

Iny,

RT RT X, P,°
Iny, =In Y3PS + Vs(P5 = P)Bssps 4 Py
X3 P3 RT RT

SOASG 3 Les 5l s (slosgdizms 53 5 Lo pled 3 &8 0,0 5 3 1) wlie mlo 53 51 b slous =Y
@aﬁbkbjgﬁAoﬂps¢¢f¢M@gEzmwzmuguiﬁhgu“ﬁjébﬂwﬂgdfd
0350w pl 53 3L 0 1649 Ll n 5 ol el sl b L and Los Sl mens 0330 53 L AEL e Lo
o s il 53 1y 55T s pde bs s el o3 S (58 dlell 1 Sl 56 015 e Lo

Wl San 5551 SIS O 3 S S Ty A sl 51 (sles sdome . 0S

(le <
oS o S5 55 Gl (Sealusgn 5 ol b2 Sl
flofY&fl=t)
ools A3l 13 s 5T S s 3 S
X710 = V1P &Xoyy P53 =Y,P=71Pr = P &y,P5 =P
az s
:{ﬁ} {p—il —1.649
71 P,
9% = Axx, = Iny, =%xf & Iny, =%X§

:Inﬁ:i(xf—xg)
v, RT

= exp[%(xl2 - X5 )} =1.649 = %( X; — X, )(% +X,)=In1.649 =0.5

B OB X =1oX Gl ey hdle X+ Xy =148 0l
0.5RT
2%, -1

:i(le—l):O.S: A=
RT

C"“"")‘j;j’ LS)“’\'.’.Ll .bj..:: ‘J"’J'.’.J‘:’. C\fﬁ\ﬁ.&iﬁ LAJ)‘ s, 63 gd>we 2 Qla.ilﬁ w‘ASL;t:uTJ

A= 9% no v 0625
RT 2%, —1
05 A
0.625(x, <1=>1< <4=05< <2=05<—(4
2%, —1 2%, —1 RT

. .. .. A
Jﬁ@t}‘g‘h%-ﬁf}’)‘ﬁ)‘ 63 gloes Q‘.’.‘JD

Xi=a aadl 53 L5 g g Clale 65 sl elad 53 5 ol gles 5o HUso Jsle G sl IS Lis slaesls —¢

o Sl ) L e 5T Gl e el ) s dms DL el JS5LES ey ST (1l
S o os dleyl 1 Sl 50 (el Sl
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X 7101 = Y1P &Xo7,P5 =Y, P

é}b@)uﬁwdiﬂ.}gbuw&;u QJJjTCM»J;LS‘f‘)aJATCﬁwJu L}SJL&J ‘da“)})tj“"")‘
:V.:.w)\féju

P = X105 +X,72 P;

= dP =y, prdx, + X, p;dy; + 7, P3dX, + X, p3dy,

dP s s d}fl s s dj/z
— = + X 1 _ + X —e =0 1
Xm 7 pl lpl Xm 72 p2 2p2 Xm ( )

13 @853 = S 423 )
X, dIny; +x,dIny, =0

X, + X, =1=dx, =—dx, :>x1d|n}/1 =X, diny, =—x2M
dx, dx, ax,
oS o sl (1) alaily 3 1 edel oy el

drs _ %4y, _drnn =% 7147,

X
' 710X 7, dx dx Xp ¥, dxg

s s s,— %\ 71 97, s dy,
- F(x P (—2) =2 4 x,ps—22)=0
(7101 =720z )+ (X ps( X, ))/2 dx, 2P Xm)

d72(_ Piyit P32 )=0

(71P; —72P3 )+ X,

dx V2
:>( S_ S 1_&% _O S __ S
7101 =720, )( )=0=7.p;=7,P; azeotrope
7, dXg
]__ﬁ%:O:dﬂ:%:_dﬁ:myZ:_lnx2+c3
72 dx V2 Xy X5

X, >1,7, >1=¢c=0
X, > 1% —>0)>y, >y =

s o sl KA e S e sl |y el 5y el (i a3 IN0 O 5

daly 5l SUss slaa S eled 1 SLA oS S5 LS s 15 458324 1l el zb b s -0
o o2 daslen gl gl il i &;pbﬁfqulj'&“ QT;;«SJ\;.J‘J» RIWRY gijE:Ainin

sl Cds 64 Jles cpl 53 (1) 552 4z 5]

E
gijzijixj & np=n+n,+n;+n,

S 2
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NC NC NC NC

0" =30 205 =50, > A

i=1 j=1 i=1 j=1
= 95 = (AXG +2A5% X, +2AX Xg + 2A1, Xy X, + AppX5 + 2 AgsXoXg + 2 A0 Xo Xy ..
1
ot A33x32+2A34X3X4+A44x§)><E
A2l e K el ks bde oS el Sl opls 35300 0 95 = sluie (sl Jlet! Y
When: x;=1&x,=X3=x,=0=>g"=0=>A;;=0
N et
X, =1& X =X =%=0=9"=0=>A,=0&A,;=0&A,, =0

o(ng*)
RT In71 :(aT—nl)T,p,nj,j:tl

n,n n,n n,n n,n n,n 1
Q% = (2, T + A TR 4 0 T 1 9 py, TRy g, T o, TN )

T T T T T

n,ny —nn NNy — ;N n,n: —n,n

. 2AL (TS )+ 2A (1) 4 2A ()
j(a(nTg ))_ nT nT nT Xl
on -n,n n,n -n,n 2

! + 2R (—52 )+ 2 (— 51 ) + 2A5 (—52)
T T T

= . r:;ng ))= Aua( Xy = XX )+ Aig(Xg = X1 Xg )+ Arg (X = XX ) = AgaXo Xg = Agy X Xy ..

= AgyXgXy = ApXo(L=X; )+ ApgXa(Xy + Xg + X, )+ Ay Xg (Xy + X3 + X, ).
= PgXoXs — Agy Xy Xy — gy XXy

RTIny; =(1—%; )(ApXy + AgXs + AgXy ) = Xo(AgsXs + ApsXy ) — AgyXaXy
V_Mj.é B s A Jlo S 5 Jsloe gl (g35d0me b _Glﬁ Sl slresls 20-100C sles o5 gdes 53 =1
4\2.:).:25\ ‘-"‘.’.J"” Q‘Mﬁaﬁwuobb U'i\J\ .ij)\b Q)Lﬁﬁ&b&b}bUB}AS@\ ol

:JJ@ Cowds 13 2,20 adaly 5l Ly 4 s (Symmetric Culgs <3, Jb> o
10.0

Inyy =lny; =0.15+
7a 78 m
LB A Sl ldse b b glee bolestl Il ool ol &3y Sl an 58T o, 77 0l o oS
S 4uls 60C gles

(Jn <

A A 5 A

C=y=>Iny, =—x5 & Iny, =—x7 & Iny=Iny, =—

_ Y1 =72 71 RT 2 72 RT 71 72 RT

Since
Iny, =(0. 15+~(—))x2 JIny, =(0. 15+~(—))xl

8|n7/ _hi E NC —E
We know ! = & h® =) xhj
(551 e =72 Zl: o

Mail: ma_Goharrokhi@yahoo.com Tel:+982177616703



A% :308) @lg3 ~Orlayles bolas )y alun(5es :euiub Jod

_hE o -h P 1o 106 20x°
RT2 "'RT2 "2RT? t2 t2 t2
J

_ 20R1’2x3 _ 20x8.31439(60 +2273.15 )? x0.5° o hE —640.8369357

t 60 mol
g e SIS 5L b g 3 w5 SLSSL s el ST Slale sl pslie o6 KTl e 4y )Y
ol o t3 OB 5 sl slge A5 )8 G s a8 K s s | 0B 5 01Kan 51 b gl
K s b s 1SCE5 el Ol o 53 15 Al 50 ST s Ll SB35 okl 0 53 3l s
eyl -viJJT Sy |y sllas 5 sl Aoy S 5 U oS byl DLl Isdome il b1 55 L 51 eslinad
A s b bslse ol e LT3 55 g0 035 (rasis 48%C 35 Sas Loz o 28 ailaie (glpm 5 O
55 . AcS e3latwl UNIQUAC dslas 3 Jls ol a5 051> Gl sl s 50 o L5 L ol 53 esle g3 ol 5l

= hE

31 A5 ,Le UNIQUAC (sla el ,L .S eslanal il 5 so 58 pamw 5 sledis, 5l 30 &y 50

r q
n-Hexane (1) 4.5 3.86
Nitroethane (2) 2.68 241

a;,=231 K an=-5.86 K

E E E 2 E 2 E 2 E
g_zg_c+g_R:>692 :892c+892R
RT RT RT =~ ax! ox ox

E * *
9 _ X Ing+ X, In&+£(qlx1 Inil*+q2x2 Ine—i):>
RT X, X, 2 2 D,
E
9c = x,In n +%,1n I +£(Q1X1|n Gu(XaFy + %15 ) g%, In Qo (X4 + X0 )
RT X +6LX, Xih+Xrn 2 (%0, +X,0,) (X,d; +X,0; )
—-(rn-n)n (-
iagf —In n X, X (X, +6,%, ) _In I X, (X, + 6%, ) +£q1|n A (X + X0, )
RT 0%, X, +6LX, h X+ X0 L 2 (%0, + X, )
rlxl + I’2X2 I’lxl + rZXZ
A (r = )R (X0, + X0, ) = 1d; (g — gy )X + X1 )
2 2
+EQ1X1 (%0 + %0, ) _qu In Ao (XiF + X1, ) +
2 Ay (X4 +X,05) 2 r(X,0; + %0, )
N (X,0; +X,0; )
o (1 =1 )( X0y + Xp0, ) = Qo1 ( 0y — 0, )( Xy + X, )
Z 1y (X0 + X,0, )°
..... —(J,X =
2 42%2 Ao (Xy1 + X,15 )

(X0 + %20, )

E
1 09, —In n +Xl(l’2—l’1)_|n r +X2(|’2—|’1)

RT ox, NX + X0 X0+ X0 X+ X0 X+ X0
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¢A

; Zq; 1, Gu(X +X%0) PARACASLD B
2 (X0 +%0;) 20X + X6 )(X0y + X, )
E
R o M e Bt
Zq, In (XN +Xrn) 249, In Ao (X4 + X1 )
2 n(X0+%0) 2  n(X0+X0,)
iazch _ (p—n )? +£XOX(Xlrl+>(2r2)_(r1_r2 )(qzrl_rzq1)+

RT ox*  (xh+%r) 2 (X,F, + X1, )?
g (=1, )(X 0y + X0, ) =gy 1 (0 — 0y (X1 + X,15)
A r12( X101 + X0, )
— 0 X
2 A (X +X,15)
r(X,0y +X,0; )
Qorp (1 =1, )(Xg Gy + X505 ) = ol (Gg — 0y )( Xyl + X, )

Z 1y (X0 + X,0, )
e— (), X

2 A (X1 +X,05)

(X, 0y + X0, )
iézch _ (r,-n) +Z(Q2r1_r2Q1)(r1_r2)+ 20, (a1, — 1,0 )
RT ox{ (X5 +%0, )’ 2(X,1, + X, )? 2( X1y + X1 )( X1y + %0, )
29,(9,1, — 19, )
2(Xy1 + X1 )(%,Gy + %0, )

0°gs
= (9, s =0.9324102756 RT
oxg o
gt
_R$ =0 %, IN( 6] + 6375 ) — A%, IN( 65 + O17,, )
E X, 0y + Ty X X,0, + 7;,X
- 9r _ —q,%, In( 101 + 71 X:05 )—q,%, In( 20 + 7o X0y
RT X101 + X300, X0 + X530,
(05 =710, )( X4y + X0, ) = (G = Gy )( X0y + X075, )
E 2
- 1 dgg = —q, In( X101 + 721%505 )= gy, X (%05 +X,0,)
RT ox, X,0; + X,0, X101 + X507

(X0; +X,0,)
(71201 — 0z )( Xy + X205 ) — (0 — 0y )(X,0, +73,%,0; )

et q In(—X2q2+712X1q1 )=, X, X (X0; + %0, )*
’ X103 + X505 2 (X0, +715%,0 )
(X,0; +%,0, )

i@gg __ X0y +750%05 \ qlquxl(l—Tgl)
= q; In(

RT ox, X101 + X500, (X403 + X0y )( X0y +721%,0 )
.ty In( X0y + 71 %0y y 053X, (71, — 1)

X0z + X500, (X,0; + X,0, )( X0, + 715%0; )
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(O =710 ) (%G +%0 ) —(G) =G ) (X0 +72 %0 )

10k, (X +%% )’
TRT o¢ (X + 205 )
(%G +%0)

_qlqle(l Top )X(X G +X,0p ) (X,Gy +751%0 ) — qlqle(l Ty ) [(0h — 0 ) (X0 +Xo0p7og ) +( X0y +X%, 0 ) (G — %le)]
(%% +%% ) (4 +7%G )’

Y4
(G =712 ) (%40 %% )—(th —Cp ) (%% +712%Ch )
0 x (X +% )’
(%% +712%0 )
(40 +X,% )

QZOa(le 1)x(% G + X0 ) (4T + X0 )+ 0 X (1750 )@ — G ) (%G +%0 %0 ) +(X 0 +Xo0p ) (G —Cp7r)]
(X0 +X,0p ) (X715 +Xo0p )

i@zgg _ — 0 0p(1—75) + 0 Gp%o (72, —1)
RT 0} (X0 + 7o X0, )(XyOy + X0, ) (Xl + 735X 0y )(Xy0y +%,0,)
_q 1, (1-7y )[qz( X101 + 721 Xp0p ) = X1 (X401 + X, )(Gy — 75102 )] B
(XyGy + X,05 )7 (X0 + 1%, )2
qz 20y (7yp — 1)["‘ 01 (Xa0a + 71 X101 ) + %o (X4 Gy + X0, )(—0p + 7450y )]
(X1Q1 + XzQz )2(Xo0y + 7150 )

a,
=exp(——22)= = 0.3712875427
f12 P( T )=l 233 15 ) =

Ty = exp(_%) —exp(—23% ) 7, —1.025452557

233 15

azgR

(— o )ox,05 = —2.922381673 RT

ang

= (—5 ), _x, 05 = —1.989971397 RT

ox; vt
ang
(6 )+ RT(—+—)>0 ol b o

X

l X

= —1.989971397RT +4RT =2.01RT >0

S35 Sl s 2 51 sl 5l mle G35 Gl sl AT 63ls (s3lAa 300 K (sles 53 -
ot Sl 3352 5 31 gl a0l Hip=2 bar L ol ol 5 (o ol 385 (1) 25> 5l Jsl=a
A 215 Gledse 5o mle bslsa Ldslad o a5 1) (b 5B dm s oS 5 Hpp=) Tbar Ll ol (6 e

Sl e le el sl b SLa3 300 K s S (55 Jledul | 5l 30 .0uS 1ug 300 K (gles s a)ls

Vapor pressure (bar)
| Purelig. 1 1.07
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| Purelig.2 | 1.33
(LJA <
:V":'."" w
limy, =—21
pure,2
(8,8 i OLag Ll SLEs b Gall el aalS 5 O g gn el Tyl by 56 05
» H »_H
=72 = pzs’l 1 z_psléf
2 1
=0 003007519 & 4= 2 = ,* —1.869158879
7270337 1o 2™

S 2
RTIny, =(A+3B)x; —4Bx; & RTIny, =(A-3B)x} +4Bx’
Z e Z oo . 0 0 A . Nt
v.iﬁg.' J.L.b DL C,JL?— L)'i‘ BE) b nglcbl.: 93 JJjSJLd Jsleo v.u‘j.’dw Y1 FYo ¢eXp(ﬁ) 4.<.:.sl>u| )‘ \J'.’.J

sl e b ol <8, I o el ] Sl o b s mell 9 ISl dsles 3155
A—
RT
A+B
RT

= A=0.4051566096RT & B =-0.2203319225RT

= Iny, =—0.2558391579x2 — 0.88132769x; —2=25 5 5, = 1.04729031

RTIny, =(A+3B)x5 —4Bx; = y;° =exp( £ )=1.869158879

RTIny, =(A-3B)x? +4Bx3 = 5 =exp( )=1.203007519

Iny, =1.66152377 x2 —0.88132769x% —%=2° 54, =1.169261243
P=Xy,p; + X005 =X(7,P; +7,P; )= P =1.337859043 bar
X7, Ps = Py; = 0.5x1.04729031x 1.07 = 1.337859043 x y, = y, = 0.418803699

300 K s Lalls sl jlin lis .ol 4 ﬁ\ﬁL@;TL;yﬂsswusjzjl;ﬁmjtcuy#u—\i
oS L mle bl ol b dsles 5o b 5l ds s S 5 P =53.3,P7 =40,P =53.3 :(kPa) 3| i le
s g g 52U gs e esls gy

g7 =13 320K 12 4,5 ¢l

s e sl WKE33 51 sl sl s sl b bsls B0KPa [Lis 5 300K L3 :1-3 &S (gl

AL e (upper consolute) VLTS shyls 270K 53 e 3 53 cpl 51 ol sl se b bglos 2-3 58 (5l 5

(Js
S o PP
. 1de e
g =E;;Aﬁjxixj & Aj=A;=0
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s Sl &
9% =05, + 053 + 055 = AXyXo + AigX Xg + AggXoXs
a)l-2binary : y;°(infinite dilution)=1.3 at T =320 K
— AXX, = RT Iy, = Axe = Iny? =2 = jn1.3= e
12 = ApXX, 71 = ApX; 7 RT 320R
= A, =320RIn1.3= A, =83.95656463R
b)1-3binary : has an azeotrope at T =300 K & P =60 kPa & x, =x;=0.5
X 7P =y, p=P=yp; =INP=Iny, +Inp} = In60—|n53.3=%x§
60 2
= 3OORIn?= 3 x0.5° = A, =142.0898772R
¢) 2-3 binary: has an upper consulate temperature =270 K at x3=x,=0.5
A
TP =—> =540R
R P
r.:.s\JLic
E
RT Iny, =( on.g )= RTIny, :i( AN, + A3y Ny + AysNyNg )=
n; on, n n n
RT N7, = A (P20 7200 ) 4 A (00 )+ A (— 200 ) =

RT Iny; = Ap(x; — X1X2 )+ A(X3 — X1X3 )= AgXo X
el el B X = 1% =X Sl S
RTInyy = ApX; + Apxs +( Ay + Ay — A )Xo X
RTIny, = ApXp + ApsXs +( Ay + Ay — Ay o Xg
RT INys = ApX + ApXS +( A + Ay — A X%,
In 7, =0.2798552155x2 +0.473632924x2 — 1.046511861x,X,

=<Iny, =0.2798552155x7 + 1.8x; —1.606222292X, X,
Iny, =0.473632924 X3 +1.8x% —1.993777709X,X,

o 36 03 JTel 35 L
= p7i% =YP
Pyy1Xy = V1P = P =Xy, P + X7, P5 + X373 03
~P :§(53.3}/1 140y, +53.3y, ) = P = 65.82465203 kPa
7, =0.9679661211 & y, =1.506161208 & 3, =1.60665879

s S
y, = 7/1X|; PL y, =0.2612627775 & y, = L;pz =Yy, =0.350855389
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.bji};ﬂ w‘ C,\.il-é—«-:-! g;_;) Li-‘j.a LS‘}" Lﬁo.}‘.} J..ﬁ'ﬂiJjb_b)J ‘)Zjld"wﬂ'&‘ ;\J}‘)‘@LA LANZSOC)J—\O
L L C\J';.a\ clale o gdoes <=L<.5 325C bes ;32 51 GL.: s LT yy =4.7,77 =93 s Las o 0L

e
(LJA <
Z .. Z e . © 0 A . el
(".’.J:‘g"JJ"’ J) dl?— L)'»’~‘ ‘)J b LS)':A‘)L. )J )}SJKA ‘d)lxﬂ m)‘yw.: c]/l ij/z iexp(ﬁ)&?’bu‘ )‘
RTIny, =(A+3B)X; —4BX: = 7" =exp( AR_TB):9.3
RTIny, =(A-3B)x2 +4Bx = 77 =exp( AR+TB):4.7

= A=1.888788455RT & B =-0.341225945RT

9% = X X,( A+ Bx, — Bx, )= g% = Ax;X, + Bx;X? — BX,X]

E
- % = AX, — AX, + 2BX X, — Bx? — BX3 + 2BX, X,
Xy
ang
= P =—-A-A+2Bx, —2Bx, —2Bx, +2Bx, + 2Bx, —2Bx;
Xy
ang
=22 — 2A-6Bx, +6Bx, =6B-2A-12Bx,
Xy
(S o o b ol b
0°g" 1.1
—— )%, +RT(—+—)=0
(G o +RTG+00)
= —-5.82493258 +4.09471134 + . >0
X (1-%;)

At x;=0.36 = -1.055871984E-2<0=>
13 S oslanal 4y 581 51l o S Cde |y ple ol aS 510 s g x @AC,J\:- ol s

Ina —ﬂx2—£x3+lnx
Tt RT " ORT P L

(08, = (238, 2B 2 o
0%, RT RT Xy

2

0 (2 Inzal)Tp:2(A+3B)_24Bx2_i2:0
a2 RT RT X

(1) _ ~2(A+3B)+12Bx, _—x _ (A+3B)-6B(1-%) _ X%

()~ 2(A-3B)-24Bx, X, (A-3B)-12B(1-%) 1-X

= (1-x%)[(A+3B)-6B(1-x,)]=x[(A+3B)-12B(1-x, )]
(A+3B)-x,(A+3B)—6B(1+x{ —2x,)=X,(A+3B)—12Bx, +12Bx;
= A+3B-2(A+3B)x, —6B—6Bx +12Bx, = -12Bx, +12Bx;

= 18Bx’ +(2A-18B)x, +3B-A=0
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wisy dolee ol STl LU 5 oe oS dms o OLES Iyxg 3l (s palie SR SE doles pl la als,
LT ed 3 5 (UL Sl s L 4zl
A=1.888788455RT & B =—-0.341225945RT = X, =0.404882023
.Jj.; T @J“;’ ng\.)%l.;l.}xl )‘J\.&A w‘ BE
:JJS oJ\AL.wG b LSJ“’\ile ﬂ" g_)LS (6'29) Jg.w w‘..w‘f Q‘};‘_;a Jiis w‘j) L
A
B/ __ - A
B/) =—0.181= max A, = 1.8( =188

WJU..{L: Loy %SJJ 03 g0 fl.w“)) .bj.lm u—i“”z‘:—’)-’

e )Gg—@kn Pl slaesls 5IB s A fels LU (e S Slol S (655 @U 6—|Ja 5=\
eslodd 1S 5 gl 4

@30°C: g%T =0.500X X5

@50°C : g%T =0.415X ,Xg

E
@70°Cc:9 AT =0.330X,,Xg
.ol bar > pS}KwﬁT L@.‘TJDSQT@W.MJ{J J@‘)))'\B)A LS‘JP-\Jt}UJuJ‘dGJ‘)
In pZ:ll.QZ—ﬂ & Inp§=12.12—@
T T
S el cenlie DLS 5 L
Gt Clgz Spso 53 et b s e s 5T LWSKES eds 5018 slales 31 e s bl LT (L

SiulS Agi;h =(1.020 +0.112x, JXg &5 5y BOC (sloos 53 @i gl DM N Sos por 555 (o

E -
e e Sy 3 L syl el QAT S odd &S glaesls L alslas -l LI sl ol

AeS &byl ol il pde 3| parls

(Jn
a) pi-J/A]aZ:pg?/B]aZ:p_?:y_B
P 7a

=Inpy-Inpi=Iny, —InyA:>11.92—40Tﬂ—12.12+40Tﬂ=A(xf\—xé)

= -0.2=A(X, — Xg )(xA+xB):>iA'2=2xA—1:> xA=0.5—0;A1
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atT=30"C,A=05=x,=0.3
atT =50"C,A=0.415= x, =0.2590361446 XA} =05 —0;:
atT =70"C,A=0.33= x, =0.196969697 &

b)yp=piya=Inp=In pZJrIn;/A:>In1=11.92—4(;—50+AxB2

= AX; =40T—5°—11.92 = X5 =%(40T—50—11.92)

oS o o3l ot el S5 50T S
A= -4.25E-3T+1.78839 (T[=]K )
0<x5<1=x3 31:%(4050/T ~-11.92)<1)

= M_)I_ﬂ—ll.QZ <-4.25E 3T +1.78839

4.25E —3T?2 -13.70839T +4050
= T <

0

MS& CM}’\PWAJ‘) C)‘)}-.a u'.’.‘fl"” e MAOJ‘}MJANSCJ?LA
= 4.25E —3T%-13.70839T +4050<0 (I)
=T <[328.997,2896.51]

A=-4.25E —3T +1.78839, T <[303.15,343.15]

2
J

2

420

-1p0 ] 100 200 300 400 \Uﬁ\6 0

H
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00 :308) @lg3 ~Orlayles bolas )y alun(5es :euiub Jod

2896.51

2300

1800

1300

T

uujjbsj_ug;mgjfjjﬂ:j}j r.,\.clibﬁ-j S50 08 e ol K5 s pla s L
V.;j_<4 J)‘ alj.;).EJJ‘J Q&A‘jﬁ&é“é}@b)) ol W—quﬁwﬁJWU|

!!!&5@5:%%@ r ;;\:;ﬂ;);jjﬂdius 03 gdowa pl 53

[JEER I W G 4(_)|_—50—11.92 Cole Ll e cl e A ‘psdi.i@o;jjb.djb; 03 gdwn pl )3
AxZ :4(;—50—11.92 ol
4050 4050

=T <339.7651

T 119220 T <

T 11.92
SAeMbl olos 03 gdoms (rad )3 adh L asls s 5551 T[328.997,330.7651] : jles o3 5dms 3 JS sl ey
Lot g ol Olisloes boools sl Ol g5 g0 1) A & by 10 c,...ub.la}rszsdbféjf\j;)\s Sy=9 A 348 5

j'?.’ 63 glows U'i‘ BEg .3).&;;4 JJ&?;}S \ )\ Xg j:-’ T£[289651,+OO] 63 gdwe 42 "y m.w)u.c 4".’.‘:" U‘i‘ @

'VJ")b g:)jjsjj)T
c)
—E —E _E

(aln%j __ h.z :__'”;:_4,25E_3x§ & _hz = —4.25E -3x4

oar ),. RT® RT RT
—E —E E No HRE
h_A:4,25E_3Tx§ &h—B=4.25E—3Txi & h_:zxih_l
RT RT RT = RT

hE h®

== 4.25E —3Tx3x, +4.25E — 3TXax; = T 4.25E —3TXXg
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o1

( 4h ] _( 4h j
RT RT At 3
% ERROR = exp cal %100 = 4.25E -3T -1.02 0112XA

4h 4.25E -3T

(&),

0.3533875-0.112x,
1.3733875

=at T =323.15= % error = =100

0< X, <1=%25.73108464 < %error <17.57606648

0<X, <1=%17.57606648 < %error < 25.73108464

Mail: ma_Goharrokhi@yahoo.com

=100

Tel:+982177616703



;0380 (J10d

L) :Olals bolas )y auw(5gd
Js le)eds
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055 508gem? Les opl 53 of axdls .ol 13.3 kPa plsl L3 (515 10°C slos 53 A mle op Sosda )
Sl sl b bl STails o AL el s oS Sl Sledbl plas 5,150 opl 3L 0 160 OF 5S35
3 Aoy S5 a8 s 8kPa A bl S i (S 4 10°C sl > o S A pwss 5 A

Ao e 3 glaesls leslanad bt Jolas 5 54085 5 A GLa Jslowa Lles cpl j3 a1, (g,

Carbon disulfide Toluene
Solubility parameter @ 25°C (Jcm )2 20.5 18.2
Liquid molar volume @ 25°C (cm®mol™) 61 107
Saturation pressure @ 10°C (kPa) 1.73 25.5

L
PYadp = X\7n on & f; — prure _ pi¢i expj:S ;—%_dp {":‘su'“ oslaisl CS, 9 A Jjbu ol _}‘ \.,\:.3\ 3

oS o 2 Sl p |y Poynting s s Jlel 15 Sl 56

¢Az¢/iz1
3PYA:XA7AP/S\
_ 2[ ]z 1 —
RTINyp=VaD, [0p —Ocs, [1 Xa=Xcs, = Pos, =———
VA+VCSZ
61 61 . 16
CDCSZ:—]_GOZZ_GJ_’ pyA:XA}/ApA:>8=0.5><7/A><13.32}/A=E
61+E

16 61 ., 2
8.31439x (10 + 273.15)In(-=—) = 200 x (— )* x[5, — 20.5
x( )In(-55)=200x(5 )" x[5, ~208]

=[5, —20.5] =39.82889767 = 5, = 26.811014( % s )

5, = 14.188986(%)%
cm
for assume C;H;(CH;):B

PYA:XAVApf\&PYB :XB7Bp§3P:X(7’Ap/§+ pB7§)

RTIny, =V, @[5, — 65 ] = 8.31439 % 283.15xIny, = 200 x ( ;8; )[6,-18.2f
If 5, = 26.811014 = y, = 2.149452513
If 5, =14.188986 = y, = 1.180606547

RT Iny, =v@2[5, — 5, F = 8.31439 x 283.15 x In -, = 107 x( % 1[5, —18.2F

If 65 =14.188986 = y, =1.363879655

P:X(}’Api"'}’spg)
If 6, =26.811014 = p =0.5(13.3x2.149452513 + 25.5x 4.179973806 )
= p=67.6 kPa
If 6, =14.188986 = p =0.5(13.3x1.180606547 + 25.5x1.36387655)
= p =25.24049914 kPa

— 5, =14.188986 (% s Y & p=25.24049914kPa

{If Sy = 26.811014 = y,, =4.179973806

Py, = X,7,PS = 25.24049914x y, =0.5x1.180606547x 13.3=> y, =0.311
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04 ds slg)oi5 g ldss —Olasls bolds ) Aunl5ed :pibs Jund

D188 Jlsi 5 G5 bl sl 1 bl ol S e oalizd Ki:% bk Sl kB g b sl T

b 5 b s I, Poynting co b 53 S 5 Jlesl 1, 58 Ol g oo S sl b (g U L8 1S aule
35 5L 3550 laesls il e 0.380 bar 5 0533 5 5 4 50°C (gles 53 Oy s OISan Ll b L

S5 le 25°C gles

v (cm®mol™) 5 (Jom )2

n-Hexane 132 14.9
Benzene 89 18.8

s s
PyA:XAVApizhz—yAPpA = KA:—}/ApA =

A
RTIny, =V @26, — 65| =y, =1.32222553; RTInyg =vg®;|[5, -6 ]|= 75 =1.079059513

P=XA7’Api+XB7Bpg

= P =0.3x1.322x0.533+0.7 x 1.079059513x0.38 = P = 0.4984536927 bar
_1:322x0333 _ 1 413864954

AT 0.49845
. 1.079059513x0.38 _ K, =0.8226293053
0.49845

Ly osle 53 opl (a=05) dias o s gl LSS 300K (sles 55 O b gl s ;5B 5 A b 55 -0
BB w4 15 C g o3le S o slgty g 55l 2SS sie 4 oS M hE G b Sl sl
Ao;LoZO%cCa.>l.a60%Jwbkﬁw&ébj@@buBOOK&b:pbBquWCﬁJlJ}.ﬁJS
L;LAoJ‘J MJLﬁ‘“ UJMSU ji-l"“ﬁ’ L: S Lo L;.la}j& J\y .,\.:..5 u..aj.e sl JTQJ\.;\ )lf .,\.J-L;w B o3l 20% 9

A B C
Liquid molar volume (cm®mol™) 100 100 100
Solubility parameter (Jcm®)¥2 14.3 16.4 18.4
(Jn
S s s .7 P&
PYa=Xa7aPa(@azeotrope:y=x)=P=y,pa=7sPs :>—A=p—§
B A

RTINy, =V @265~ &RTINyg =Vo@3 [, — 65
100
100 +100

100
100 +100

2
8.31439x300xIn y, = 100( ) x(16.4-14.3) = y, =1.04519187

2
8.31439x 300 x In y = 100( j x(16.4-14.3)° = y, =1.04519187

7A:78:>pf\:p|§
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=P
PYa = Xa¥aPA RTIn}/A:VA[aA_a]
PYg = X575 Ps 0= Dpop + Dgdg + P
PYyc = Xc7c P (Va =Vg =Vc )= 6 = Xp0p + X0 + Xc ¢

=06 =02x14.3+0.2x16.4+0.6 x18.4= 5 =17.18(J / cm®)"/2
RTIny, =100(14.3-17.18)? = y, =1.394494399
RT Iny, =100(14.3-17.18)* = y, = 1.024691351

O‘AB=£XXB
Y  Xa
X
PYA = Xa7a P & PYs = X5 P§ & P = p§ = T4 = 24 7a
Yo X 78
Ya X8 VA g = TA g, ~1.360892134

Y8 Xa 7B 7B

oSS Sl e gl 3 a5 1 sl ) sl gt e 32 51 a5k s 5 ol e b lse =
S asbe palls sl b JLis st s sl sy Sl o3 Al nl OISl (gl S
s 53 ol sl eI el L e 160 cmmol™ < 53 o Jse e . p; =53.3 & p; =80 kPa
Sopge 53 Sl 55T 613 300 K (sles 53 bgle LT L5, =143 & 6, =17.4 (Jem )2 3l ool ls

S 555 JTesl ) 5l 5B Sz O doys oS 5 e Ol g

@ Azeotrope: 7, /75 = Pg/ Pi

RTInyg =Vg@2[6, -5, F &RTIny, =v, @[5, 6, [ &V, =Vg

=@, =X, &Py =Xy

= 8.31439x300xIny, =160x x5 (14.3-17.4)* = Iny, =0.6164412944x;
= 8.31439x300xIn y5 =160 x X4(14.3-17.4)* = Iny, = 0.6164412944X4
7a _ €xp(0.6164412944x;
7s  exp(0.6164412944x2
= exp[0.6164412944( xg — X, )(Xg + X, )] = exp[0.6164412944( 2x, —1)]

= exp[0.6164412944( 2x, —1)]= % = x5 =0.82938 = X, = x, =0.171

JJ)‘JJJ‘}J J}Av»je.)j.a L;“L':’j‘:‘.'; J‘jﬂ U'i‘ .l 0.667 bar JSJL:J LS‘)‘JBJA GLA .bj.l?uﬂ300K‘).>—v

o bl sl O 53 a8 was Gl Slpw To 3l iwess Ll oo st mle SU 53 (oS s 1 el

— exp[0.6164412944(x2 — x2)]

deas b 5 1) s Sl gy 35 e p S

P vk p vt
PéaYa =XA}/Ap$¢SAeXpJ.psﬁdp & PigYp =Xgys P eXpJ.ps ﬁdp

oS o 2 A S | poynting o y5 5 gLl a8 By s s Jlel 1 58 56
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1) ds $le)ell § ldss -Orlasls bolds ) Alunl5ed :elda Jud

(¢Az¢sz¢izl)
L L
P Va4~ P VB 4p~
eXp-[pz RpoNeXp-[pé rr dP~1
:>PyA:7AXApSA&PyB:XBprSBjP:XAyApsA+XB7/Bp§

A A >
assume Iny,=—x; & Inyg=—x
7a RT B 7B RT A

X, =Xg =05 :V.:dea
=P=xx exp(% x X? )[p? +ps ]: 0.667 =0.5x exp(% x0.5%)(0.427 +0.493) — % =1.486254226
c A 1486254226 x380%xR
T =—= =

2R 2R

T¢=2824K

ngbarju}.é)SOOC LgLOJJJSJﬁL;c rbinb&iJ)‘j Qb‘y—njdf.’)‘f‘f LSLQ'S}AL’CLA Lj)?:ﬁ_/\
LS s

@La 5B (!, Schatard-Hildebrand Jde 4S5 3 .08 1y | (’b) gl 3l e O s do s S S

Dl Ao le 5L 55 e slaesls .ol Gols

Liquid density (gcm™®) SO'”bE'J%‘?%EZm‘”er Vapor pressure (torr)
Benzene 0.845 18.8 280
n-Butane 0.548 13.9 3620
(Jo %
Mc,u, =58 & Mc , =78g/mol A:Benzen& B :n-Butane
78 cm’ 3
Vpy=——————&Vp = cm®/mol
0.845 mol 0.548
RTIny, =v,@5[5, -5, [
2
(1-X,)x——
— 8.3144x (50 + 273.15) xIn y, = 10 0.548 (18.8-13.9)°
0.845 78
Xa X ——+(1-X, ) x——
0.845 0.548
96.12689732(1— X, ) ?
=Iny,=
—13.53172375x, +105.8394161
78 2
58 0.845 A
8.3144 x (50 +273.15) xIny, = : (18.8-13.9)°
0.548 78 58
XaX——+(1=Xpy )x——
0.845 0.548
80.77184566x,, ?
=Inyg =
—13.53172375x%, +105.8394161

280x1.33x10? { 96.12689732(1— X, ) T
X

s
Ka= &X 7a=Kpy= 3
p 1x10 —13.53172375x, +105.8394161
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ps 3620x1.33x 10 89.77184566 X , ’
Ke=""xrg=>Kg=—"7—5—
p 1x10 —13.53172375x, + 105.8394161

\ \ \ \Y,
FZA = yAV +XAI-:>ZA = yA(E)+XA(l_E)&ZB = yB(E)+XB(1_E)

V \Y; V \Y;
=>Z,= KAXA(E)+XA(1_E) & Zg szXB(E)+XB(1_E)

\Y \Y V. Z,—-X
Z, =KX ()X, — X (=) —=—~A "A
A A A(F) A A(F) E kAXA—l

Zy = Kyxgx 2258y |1 Za=%a
KaXa—1 KXy —1

~7, - KB(l—xA)x%Hl—xA ){KAXAK_l_Z/i”A}
AXa — AXa —

Z,=2,=05
3 ot iy sl Jd akaly 3 5s slie (IS L -VJA))T Sy Xa 31 oml 5 S50 YL 53 1, Ke 5 Ka

:('-iJJTu‘ oy Lot
= X4=0.9336626689 = K,=0.3741472323 = y»,=0.3493273035
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13.8 bar 5366 K L3 |, 03%a Jle 5 20% 5 5 L15kie 60% <05 20% Ao ys oS 55 by i S pked bshsve s =)
S eslaiad Shair abasly 51 .00S acls

(LJA o
LT e o (86) Jstr 5 (8-2) I 5l eslinad L 5 ledlbl
J 4 J v J
5=188(—)" §=149(— ) 5=17.6(— )"
benzene cm n-hexane cm m-xylene cm
v =289cm®/mol v=132cm*/mol v=125cm*/mol
5= 11.6($)% P. = 46bar
Methane .y =52 cm?®/mol w =0.008
T, =190.6°% Ve =99cm?®/mol
L
T .30 1ot 5605 f hre = 258.75 bar
. 1906 P,

43S s3lizul Pitzer-Curl-Tsonopols Jal s, 5 Jb ps cIl dsles 51 F,° acaloes (gl

BF — F(O)(l)+a)|:(l)(l)

RT. T T

FO) _g 1405038 01385 00121 0000607
r TI’ TI’ TI’

F) =0.0637 + Offl - 0':33 3 oggs

r

BFe _ 0.06587 = B = —22.69455049 (cm*/mol )
C
z:1+£:> z:l+£:>z—_1:£;ln¢:jpz—_ldp
RT RT  p RT - p
= Ini _BP f Pexp[g} = f° = 13.8xexp{_22'69455049“3'8}
p RT RT 83.1439 x 366

Yora ®1 oS 0 28 oA e 5l

f,> =13.65870204 bar

L 52x(13.8—-1.013) L
foure2 = 258-75xe><p[ 83 14397366 |~ frre2 = 264.4660274 bar

f L
= ‘}LG” = 19.36245674

2
= = XV;0; + XoVo Oy + XV Oa + X4V, 0,
5:z¢i5i:>5:lll 2Y202 T A3V303 T 24 V4Cy
X1Vy + XV, + XgVg + X4V,

0.2x18.8x89+0.6 x17.6 x125+0.2x14.9x132
0.2x18.8+0.6 x125+0.2x132

assume X, ~0= 5=

= 5=17.18120805 (J / cm® )"
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10 Olayls 1 )E OYls ey Jod

_ 2
= L _19.36245674x exp| 22X (LOATABI2LN |y 5 033x10-2
X, 8.31439 x 366
2 2 s
3X1=0-2—M X, :0_6_3.033;10 )~ 303810

= 5=17.1151784 = x, =3.07 x 102
= X, =3.032975757x 107> = K, =33

J.u\j 75 bar )Li.é 9 Lo Oed )2 9 X2 :1.0)(1074 J.s‘).s 25 bar 9 20°C BE) J.“S/)T bl BE rj,;.l.‘b C,:J>&.>- -y
¢L«5 Aoy mess 150 bar jLis 5 20°C sles j5 D ol s 1y v.:.bh S L o X, =2.86x107

S Ol 1 p3Y S 3

f L _ L _ 2
X f RT RT

f L _ L _ 2
[1] pure XeXl{vz(zs 1'013)}%{\/2(51 5,) @lﬂ
X2 )ps (132G )5 20 RT RT

1 f L _ L _ 2
(j e Xexp{vz(m 1.013)}63”0[\/2(5l 5,) @12%}
X2 J1s (fz )75,20 RT RT

(X2 s _ f 5 vy 2L 2 2
= = X eXp o —-(25-75) |xexp (5 -9, )? (Df 5 —Di15)

(X5 )os f2G s

oS o 03Ul Jb 5 I sl 51 G 56 anlS 5 alons 51 5 Do~ Dprg 1& (S 0 (55
_ (P, RT t /v ey _RT
For He: RT Ing = [ (v—T)dp:RTln(ﬁ)—L (v, ——5-)dp

RT RT BP
Pv/ _1,8P_,_RT _RT_ S _ pexp(2F.
AT_1+ =V P+B:>V s =B=f, _Pexp(RT)
["3'“56‘ oxlaul uL’.’SC dowand .14.")))‘ ‘)K U’«" QJ}.’ rjb\jsm 49-‘93 L cv.:.l.:a JL»’J'»’J r).} \-":’j‘*’ Ml;m 6‘]’
B =1.3436x10[15.8922 — InT F - 4.39exp(-2.4177x10°T

= B =12.14571716 cm*®/mol

= () =77.85605281bar & ( f,” ) =25.31339415 bar

2.86x10"  77.85605281 <ex —~50x V)
1x10*  25.31339415 83.1439 x 293.15

~50x vy
83.1439x 293.15

= 0.9298738461 = exp{ } = v} =35.44236038 cm®/mol

1
(72)25 (f8)e Xexp{vé(ZS—lSO)} (X hiso _ 134.776315
G

1 RT - 253133945
(7 )150 ( fz )25 1 x 10
2
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= X, =5.324308243x 10~
150x12.14371716
83.1433x293.15

f2 =150x exp{ } =161.6417322 bar

RELBL S Sesls .@ﬁMbQOK}; @LA Slea o (1 bar L;,}q-JL':..é);) ij),\:.a)'lf M- =Y
bCM.uJ.:\J.: ;A:JJSMGLA U"JS JCAMS\‘}J}A}G\A Ql.:,a).albar L;}’.')Li‘-é)-’ ij).)‘c.h C,.:.b)\?- ..bb}}_-j,e Los

leds &l 55 390K 3 L2l el | glaesls .0.263x107 5 0.0549x1072

Liquid molar volume Enthalpy of vaporization
(cm®mol™) (kJmol™)
CH,4 35.6 8.75
Cco 37.0 5563
N, 37.5 5.11
0, 27.9 6.55

i: prIJre‘Z exp
RT

G
Xy f,

vi(8, -6, )Zcbf}

S e 03lital b 5 Sl dolas 510550 anlS b asls 6l

RTIng= I [v _RT dp:fG_Pexp{BP}
] RT
Vy(Ocy, — 9,
(—)CH = pure2xexp 2 (Jen, ~00, )’ } ;assume @ ~ 1
¢ RT
V(5. =5, )
pure2 2 Co H,
o = ex
( )co X exp RT

1 1 vy
= |n(x_)CH4 _In(x_2)co Zé[(é‘cm — 8y, )? = (8o — Oy, )2]

ol (¥2) vy
= In| 2220 Yo [( Ocn, —On, —Oco * O, N(Scn, = O, +co — O, )]
(Xz e, RT

AuY RT vy
= T —)

z:é‘:( pV(Vg_V ))V:é‘ (

8750 —8.3144 x 90
Fen, = 356

5527 —8.3144 x90
500 = 37

%
J = Sy, =14.9922302(3 / cm? )%

%
J = 8c0 =11.36460128(J / cm* )%

-2 L
— |n(-2:263x10 _)=——2__(14.99+11.365-25,, )(14.99—11.365)
0.0549 x 10 8.3144 x 90 :

L_ 3231617629
® (2635683148 -25,, )

oS o3l Appendix © s e &yl ol g, 5115 b s s 1o L f} sl &)
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109.83
90

B =42.464x" —37.1172x7* —2.2982x" —3.0484" x & X =

= B =-5.731288 cm®/mol
1 . 323.1617629 x(14.9922302 - 5, ) }

= e
0.0549x 102 1xexp —5.731288x1 (26.35683148 - 25,,, )x8.3144 x 90
83.1439x90

—0.4318635445x (14.9922302 - 5,, )
= f e, =1820.099054 exp 2

26.35683148 -20,,

fr Vi(Sy -0 | =
(Xi)m: r}uz,Z Xexp{ 2( :;T ) } ; §:Z@ié‘i
2 2

= XVi0) + XoV,0, + X3V40,

=0
XV + XV, + XgVg

% %
Ah' —RT 6552 - 8.31439x 90 \*
S, = (—L] = ( ) =14.42283248 (/)"

1:0, 2:H, 3N,

v 27.9
Ah' ~RTY* (5108 -8.31439x90 “
AV =R y° =10.78233728 (J 2
o [ vt J ( 375 j Vo)

Assume: x;=0.21 ¥,=0 x;=0.79 = 5:11,38344374(%m3 )%

Xy

1) __ 1820099054
o oo ~ 5731288 x1
83.1439x 90
1 1820.099054 323.1617629
= | — = X eXp
—5.731288 } (26.35683148 - 25, )
m e — =% 2
83.1439x 90

5+ ey, = 26.3756.7393
= 0+ Ogy, — 20y, ~ 26.35683148 — 25,

L
xp{\%(ﬁﬁz +5° —26y;,0 = 0cp, =0y, +20cq,0n, )}

Xy

x(8 = Seu, (8 + gy, — 204, )}

1 1820.099054 {323.1617629( 11.38344374 —14.9922302 )}
—| = x exp
X2 Jn exol — 5.731288 8.31439x90
83.1439x90

=X, =26x10"°

Sl b a8 ol bl ol s S acl=e 100 bar 5 77 K s 1y O35 50 5 O5asdes S -1

oS eslazal Orentlicher alasl; 51 .ol Thar 2l ele 0555 gLl LS 5099 B E TR W

—0 NS
P¢ =In Hz”1 +—(x1 1)+—v2 (P—p)
X, RT RT

HPy = 4725454545
@ T=77K{A=(7.1£0.7)x10°cm’bar / mol
v,* =313 cm®/ mol
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3 p—
1 100%0.88 | oo peeye, 7810 Ja-x, -t 31.3x(100-1)
X, 77 x 83.1439 80.1439 x 77
= X, =0.1665

BE Ol Cﬁ:.bk?- ()Y 9 VYooY J)‘Jo-) Olson .}a.sz ol 45‘)‘ LfJ?J 9 o wbw LSLAoJL) )‘ oslae! Lj—/\

fi=gy,P= Hi sonvent Xi
3l o el CH Jold Sl 56 oS o 53
= den, P =Hen, sovent Xen,
1l oo oy o5 ledbl (8-3) U 5 S e lales 3 eslizal b

HCHA,solvent =621.4 bar
-B,, =49.28 Cm3/mo|

BP BP
In == =exp(—
¢CH4 RT ¢CH4 p( RT )
S exp| ——2028X25 ), 55621 4xx = Xy, =0.0389
83.1439 x 283.15 :
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)T g (JoTlgs aidyibiy Groliysgs)s Jilws Z

‘) LS_J'."‘)"."L’ C‘JZA‘ J.AL?- )L‘B BERE) JTO.,\;‘ b L%\ CLA )L9 BE QJ}Q& j.hua le:— )L‘) L}.’LGJ o S .3‘3..;:&

Sl AS ke laesls s (5 5 LS

Benzene Naphthalene
Melting temperature (K) 278.7 3534
Enthalpy of fusion (Jmol™) 9843 19008
(Jn <
It %095 | 1 v~ 9843 (278.7 _1)
G _an' L 095 831439x2787 T
X, RT T It %005 | 1 19008 (353.4 _1)

0.05 - 8.31439x3534 " T
If x;=095=T=2754K
If x,=0.05=T=2415K

Sah e JSES o ol i 24154 K (gles U Les 2alS' Ly LSCES el (50275 K s sla

3 dslees 3IA QJJSC)U- Sl aS sl slgily il sl |- B @L» D> ;5 A el 03l 25°C (gles ;5 =Y
Cy 3 u.,b- ol ol gl eslanal (ol J"u" B N> a4 Cws &§S u:b— 9 uxla.» u.)o— -)"‘-.’.‘)-9

] ‘8
(1-6)ay
gl S S el XA e by (K =130 250C sles s (=1 aCilej @y =1) il 0 A 4 55|

2 slaesls A el esle (gl T s ool g A alew gy b Slenla 5l (6 S a4 (Ll 25°C 5B s A

an 5 ol Ju,i\AJasz‘«Sw\clzmjl SS 0 Ol 43 &S ol &I, K = &y s2s 9 Langmuir

A3 g g
Ay, h=19700 Jmol ™
T, =412 K(melting point)
c,(liquid )=33.5 Jmol 'K ™
c,(solid )=26.4 Jmol 'K ™
Peoig =0.28 kPa

x5 =0.050 at 25°C (solubility in B)

ft '

Ac Ac
B LR e LI Wi YL
SR T R 'T R T

fL 19700 ( 412 33.5-26.4( 412 33.5-264 412
=>In—= -1|- -1+ In

5 " 8.31439x412  298.15 831439 | 298.15 831439 298.15

L

= % =8.551687056 ; f,° =x,y,f,” = y5* = 2338719819
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_ V;(8,-6,) ®f
RT

Y =73 e s g Cewles @UL@_;Syz ol D ~1 S o2 A X Qsﬁvfﬁu.o.-j:l._,

sat
8, = 7%, = 7, X X; _ 2338719819 x 2%°

Iny,

=5.846799548 x 102

Ko —ka,=—2 =9 _130x585x102=0-088
(1-0)a, 10 1-0

LSLA@J‘J .l.:.aj.’ wADJ UJJS J\.l]ks‘ﬁ Lﬁjﬁ"’ 30% 39 ul.L.ljﬁ\ u.bﬂ 70% JY> jajlw BE b UJLI.L: C,\.:.b}b- -¢
G C o iquid) ~ CP(solia) ,ldds (19008 IJmol™ g3 il 82°C ¢ 5 g akad 3l Col ol Il ol 3L s 4
123 cm’mol™ 25°C 3 mle Jlis Jso oo 55 L0 O 5l opl 53 Ol o oS ol S 58 (g0~

(Js <

\'
0 =~ [A,07 + A0+ Ay + Ay = Aoy Y02,
S5, =17.6(3/cm?)"""

v, =97 cm®/mol

5,=13.9(J/cm?)H?

carbon tetracoloride
V5 =117 cm®/mol

& iso pentane {

Naphthaline: @ =0.302;T. =748.4 K;P. =40.5 bar;v. =410cm*®/mol
:V’J"’ (9-7) I 5l eslanal b Jb>-
(621P.)?=3.064=5=19.5(J/cm®)”

A,=(195-17.6)" =1.9 A, =(19.5-13.9)* =562
A, =(17.6 -13.9)* =3.77

B 0.3x97 291 B 0.7x117 819

2 0.3x97+0.7x117 111 ®0.3x97+0.7x117 111
. 123 [(1.9>< 29.1)2+(5.6><81.9 )2+(1.92+5.62_3.72)X81.9><29.1}
8.31439 x 298.15 111 111 111x111
= Voot = 2.896947797
L L

|nf—5= 19008 {353'35 —1]:f—3=3.313011578

f5 8.31439x353.35 | 298.15 f

S fS
£ =X,y Xy, =" =X =—T2—=x%,=01
f, fy %7,

gy dal B 45&)*1‘%@455,“”0-{“6“5 Jla= G 1, Olkan 5 05 mbe b s 2l e =T
Sl ke Wesls i 5 el | Sae slos JBla cdl O3 J 50 10%  Juls Jshme ST 0SS

Benzene Naphthalene
Melting point (K) 278.7 182.6
Enthalpy of fusion (Jmol™) 9843 14067
Solubility parameter (Jcm %) 18.8 15.1
Molar liquid volume (cm’mol™) 89 148
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(le o

L f L
Inf_S:Ah (3—1):|nf—b8= 9843 2187

fSRT, T £S5 8.31439x2787° T

L
. f_bS =exp{ 9843 (278.7_1)}

£, 8.31439x278.7 " T

9843 278.7

= 5 =f"xex 1) |=x7 f"

b =T X p[8.31439><278.7( T )} Yol
iy V(% =8,)° »_89(188-15.1)° 0.9x148 ?

b RT " 8.31439xT | 0.9x148+0.1x89

2
. 381?139 «492.84

= = eX :

7o = O T (0.9%148 +0.1x89)

89 ’
831439 10284 —90843 2787
= 0.1xexp = exp ( -1)
JT(0.9x148 +0.1x89) 8.31439x 2787 T

= by trial &error:T =200K

L
For n-heptane: Inf—"S = 1067 ( 126 1)
f5 831439x182.6 T
~14067 1826
= f5=1flxex 1y =y £l
no p[8.31439><182.6( T )} o
L _ 2 -l 2
iny, < V(8 =00) 4 148x(188-151)" 0189
RT 8.31439x T 0.1x89+0.9x148
2
8 3lf§39 x32.93
= =€X .
T O T % (0.1x89+0.9x148)
f = X7 fo =
2
148
0.9 exp| 1 8:31439 329 [ ~14067 1826 _ 1)}
' JT x(0.1x89+0.9x148) 8.31439x182.6 T

= by trial &error: T=180.6489182 K
el 9843 IMol-1 OT Cosd I 5 5 oo dazeie 5.5°C (gl 53 O —A
QL’S‘—n 9 CSZ .JLQ.’>U\ 4.]4.54) Q‘ﬁ- QQL*S\—n B L.'. J\.\::Lﬁ J:";".‘." CSZ BL QJ‘J C,:J)A}- J‘i)b )Ua?.:\ -50°C LSLAJ DL (a
(-56.5°C 5-19.5 3l codijle 5 @
ij..i-E)OOC B qu dJySO% L;Jb' J).Lm G ML,).,\.E;; QLIS‘—H jCSz LSJb' JU\:— ja}lz»\ M)J g_,\.:sj_, (b

TS O3l C gy @
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Benzene:T =55C 4hf = 9843% 6=18.8 (CJW)% V= 89cm%1o|

CS, :v=61cm®/mol §=205(J/cm?)”

n-octane: v=164 cm*mol & =15.3(J / cm® )%
L f L
Lnf—bz 4h (L—l): Lnf—bsz 9843 (278.65 1)
f, RT, T f,  8.31439x278.65 " 223.15

_0.347615862
7b

O 2,5l 35> 9 n-Octane 5 CS; 53 Oy S o 58 &= (7 =1) cusl Jlos| J glme =S 2R S
Jk.),ilﬂé Iy dgloee STLI 5,0 &Solvent 4 3 "ol Solute ¢5 s Les CU L — N> (Jleksl S s
mj ul.m.?- ‘)Xb )‘..«\.EA <V )‘ oJLQ:...u‘LaJ\.iL: (".’.ﬂi"jk")':

(555 0 a5 8 L y3n-Octane 5CS; osbe 53 gl 2" Zudle)

= > =0.347615862 f," = X7, f,- = %,

L 1\2
|n]/b_Vb(5|bQT5) D"
ot 2 ”~ 2y 2
e —exp 89x(18.8-5") » (1-x, )%V 2
8.31439%223.15 " ((1—X, )xV'+X, x89)
2
89
™ (18.8-8")(1-x, V'
3 1855.956129( JL=%, v
= 7, =€Xp
(1—x, )%V +x, x89
1 89 188-5')1-x W' |
— = —exp ((188-0)(1-% V' | 5 576738684
X, 1855.956129 ~ (1—X, )x V' +89x,

when {5’ =20.5&V' =61= x, =0.331782204
0'=15.3&V' =164 = x, =0.2240581228

~ 1.347615862

B Yo

L
\Y;
Iny, :ﬁ[Au@zz + A13¢§ +(Ap+ Az — Ay )@2473]
Assume |y =0= A, =(6,-6,)* =17 & A3 =(5,-5;)° =35° & Aj; =5.2°
benzene:1 CS,:2 n-octane:3
Xes, +Xp + Xn_oc = 1= Xcs, + Xn_oc =0.7=X,_, =0.7— Xcs,

b) be7bXb = fbs = X,

@ - Xcs, X Ves, _ 61x
% Xes,Ves, + %oV + XnocVnoe 61X +0.3x89+(0.7 —x)x 164
(0.7-x)x164

@, =
61x+0.3x89 +(0.7 — X ) x 164

Mail: ma_Goharrokhi@yahoo.com Tel:+982177616703
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- 12

1.7 x61x ?
[61x +0.3x89+(0.7 —x)><164J i
89 3.5x(0.7-x)x164
8.31439x223.15 [61x+0.3x89+(0.7 —X)x164
61xx (0.7 — x)x 164
(61x+0.3x89 +(0.7 —x)x 164 )?

=Iny, = J+(1.72+3.52—5.22)x

S =2.876738684 = X, = 0347615862

Xp7b Vb
=1n0.347615862 =In0.3+Iny, = x=0.32

(V) = 55 (V) oS Sl M= 1943 K ;5 .ol 2165 K opp S eSlgs alfan aai gles -4
RS XSl 53 (1) I ol mle 5B s p S ASles Jse S X Of 53 &S il X, =0.25 4l
Ol x, =005 4l 31943 K slos 5 1, (V) D 55 o S dsSles S HLid cnl Jshsl dolss

30 {fTJ -056 0.99 bar :del> - S ALSl6s CLM‘ DLl s sbe Loy pl 5o 5L0 5550 glaesls LS
pure2

Lesd sl slaesls
(le o

£2000 _y o prure,z =y,P assume:Iny, :%Xé

A A
=y, = oo = Alr (1%, ) =7 (1-025)’

solid

fores = fooeo /056 & X7, =W=0.56

025, ~0.56  y, - 056 _ 56
025 25
Iny,=- 0752 >0 =2 o752 A - 1 |p 20,
RT 25 RT RT 0.75 25

56

A 2 > 95, 56
Iny,=—(1- In In 1-0.05) =(— In(=—
72 RT( X)) = Iny, =—=x ( ) ( ) (75) X (25)

~rozem 2] (3|

0.752

099 99
Xz?’zprurez yA & prureZ 0.56 :%
95\ | (56| 99
:>0.05xexp{(%j xln(gﬂ i =Py = P, =0.324 bar

Lé‘)b u;‘)s J\.iJLS\j’I.’ )JA J\ L;}A 3% J}.Lm 250 K BE) s )\.Mz'-u LS.‘Z’JS-})”\?A osle U‘f-‘ .,\..I:L:@ 13 kJ/mol

Sl Sdix 250 K (slos 53 OIRan 53 A 51 Jge 1% Jslee 53 A Jbio jLid ail e 5 torr e HLis

3 g 5 slaesls
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S (Jem™ )2 v (cm®mol ™)
A Not known 95
CCl, 17.6 97
n-Hexane 14.9 132

S _ L —
fZ(pure,soIid) - X27/2 f2(pure,subcooled liquid) — PyA

In prIJre,subcooled _ Ahf (L—l) _ 13000 (300 _1)
f e solid RT, ' T 8.31439% 300 ' 250
L
In%:% assume f*" ~ pS .. =35 torr
26
fl=35exp| ——— | : X,p,f =
p(24.94317] 2212 = P
> eXp( 24_931217 j
—0.03x 7, x35xexp ——— |=5=y, = : |
Ve p[24.94317) & 21 (1)
Va(Fecia =6n)° 2 0.97 x97
Inv. =alcisa “92) 4 - @ _ _
VA RT cely CCL T 0.97x97 +0.03x95  96.94
Iny,=In 12010 Y 55317 ( from equation 1)

100 26 95(17.6-5,)" x94.09°
21 24.94317  8.31439x 250 96.94°

for A&n—hexane: @,

0.99x132 ~130.68

_Va(Gn=6a)

T 0.99x13210.01x95 13163
95(14.9 —14.13051967 )? x 130.68>

Inya @y, =>Iny, =

= 7, =1.027030954; X,y fr=Y,P= py=Xraraft
— p, =0.01x 1.027030954 x 35 x exp(—20— )
24.94317

= p, =0.001359 bar

Mail: ma_Goharrokhi@yahoo.com

RT 8.31439 x 250 x 131.63>

= 5, =14.13051967 (J /cm® )2
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\'A% DG HUDs Jslad :emdilyy Jund

100 bar 5 0°C s 5 laesls (el (,5 S [ LlE) ueS 4l 100 bar 5 30°C s Gb 5B e ol

:.U.ﬁﬁ-‘}d
Alcohol/hexane Alcohol/dimethyl sulfoxide
g% =2400x)x},, Jmol™ g% =320x4xp, Jmol™
h® =4800x,x;,, Jmol™ hE =600x}x5, Jmol™
vE =16x,x],, cm®*mol * vE =-10xx2, cm®mol

S Ol 1y o5 Slad b plad LS eslinl doeS 34 g fa(65 (5l 5 Xa™ 3l 0lRa (gl Xa Sl 35 A s

il S akins OLES Ay ) oTﬁsJﬁT&w,\%ﬁ;@bj\K@f o

Assume Iny, =f(T,P,x) (Iny,is function of T ,P &x)

Sding, =) gr[AMN7a) gp. —a'”“jdx
a s, P ) ox

mSu.e ealaial (Kles 43\‘)‘-\ L}«a.;‘).}))\.?.g 45&.3‘)) J\

RS - : — (oM
(2] o () e (2] m-( 2]
T Jpx RT oP )i, RT on, .- on, T o ji

v" For Alcohol & Hexane, Alcohol & Dimethyl Sulfoxide

=B
=h; = ath2

n,_n,
hE =axx, =a—x—-=2=HE=a n, x
n n n, +n,

n, n —E P
-1 2 :>V1=ﬁX2

n
vE = XX, = :ﬁnln _:'
1

2

n,n
gfF =cxx, =2 -—2=GF=cn, = RTIny, =cx3
nn

n, +n,
Inyp 303.15 100

=" dInyA:_[ olny,s dT+J olny,s dP
N7 a10 273.5 oT P X 1 oP T x

303.15 — 4800 x;_f dT + JdOO 16 x?

= diny, = j P

Inyhao 2735 RT 2
12 12
4800x;, ( 1 1 j 16 xy, (100-1)
R 303.15 273.15 RT

bar.cm®

=Inydiny, =

> s bl 83,1439 e b el wsle e g T 0 S SR ¢l 5 831439 LU osyls

mol K

dP

s | a1 — 600X 1072
J.I dlnyA_Ln.s RT 2 dT+.[

"
N7a10
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600x2( 1 1 X1
=Iny’—Iny" = D - D_(100-1
7a P R (303.15 273.15) RT( )
2400 ,, 320 ,»
| ’ :—X! & In n :_X”
Ao T RT H Vag, RT P

_ —4800(303.15-273.15) o2 2400 g2, 99x16 2
303.15x273.15x8.31439 " 273.15x8.31439 " 303.15x83.1439 "
, 320 .  600(303.15-273.15) ,, 10x 99 ”
Inya= Xp = Xp = Xp
8.31439x 273.15 303.15x 273.15x 8.31439 303.15x 83.1439

=Iny, =0.9104550266x,> & Inyy =7.547990992x 107> X}

fo=Ta=Xarafa =XarTa = Xaya = Xara

!

Xa _ 7A _ expl7.547990092 x 10 2 X} — 0.9104550266 X2

”
A VA
!

=K = lim 22 = lim exp(7 547990992 x 102 X2 —0.9104550266 X2

X —0 xA xD -1
X —0 Xy —1

= K =0.4338852778

AL e 1010 goem® sl O 5o azasls 50891 gem® Ll (5.5°C) OF Jbe 5 wogd ahais s gl O anils -t

A B
Solid (T>243 K) 9.846 2310
Liquid (T<315 K) 7.9622 1785
(Jn <
foaud _ fsoid (Since benzene is pure): oA — (33 3)
SO|Id
t t t t

= Pl <o [, Y dp = p2tagta o], L op

solid
sat sat

Vv
=In plsé;t RT (P - plsigt): In Psotia + =+ RT (P - psolid)
M M

= (In 10)[AL B?L}@[P —10"(AL _BTLH =In(10 )(AS B?S}Q{P —10A[AS —B?SH

R=62.3631 mmHg liter mol™ K™ S B Ve o ST Lbem® a1y R L sl

3
_ 200x10 mmHg & M = 789

©1.3332237 mol
A’ =9.846 & B® =2310& A" =7.9622 & B- =1785& p° = 1.01%ms &pt= 0.891%m3

Mail: ma_Goharrokhi@yahoo.com Tel:+982177616703
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3
—In10[ 9.846 - 2310 8 200107 4 onf g gag 2310 )|
T ) 1.01x62.3631x1000xT | 1.3332237 T
3
In10[7.9622-178% ), 8 200107 _ 4 5n(7 ggpp - 1785
T ) 0.891x62.3631x 1000 T | 1.3332237 T

=T =284.4114106 K
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A 5081 J3lws Ja g )y 2ol Cungy

oS0 80 bar [Lz3 B -100°C L3 1, 3K cpl S1.40 513 COp J303% 5 058 J30 97% Joli (555 Do sloeas )

€355 go o O 31 p S deeSIigs iy oS

(Jn <
Data: (frome appendix J, table J-4)
T, K P, bar o Ve Cm%] o 2,=V.PJRTC
CO, 304.2 73.8 0.225 94 0.2742802987
Ne 444 27.6 0 41.7 0.3117681709

173.15
T =(T-T. )?=(304.2x44.4)" =116.2173825 K =T, = ———>—> _
c2 =(Te, T, ) ( % ) Rz 116.2173825

Wy, = %(a)l + o, )%(0.225 +0)=0.1125

Vey, =%(Vé/i +Vé/i)z =%(94% +41.7%)3 = 64.35023416 Cm%] o

Zopp = %(zm +2¢,)= %(0.2742802987 +0.3117681709)=0.2930242348
Py = 2e2RTe _ggpar = p, =50
Vero 44

F?) = 5.056879678 x 102
= {F);) = 09834555654
F\) = -0.143072622

Ff 1) 201445038 01385 _0.0121 0.000607
TC TR TR TR TR

F{) =7.833219117 x 102

FOl 1 |—0.0637+ 0'3f1 = 0'4323 . 0'028 = {F) =-1.934503774
Tc Tq Tr Tr 1 2
F.}) = 8.458220811x 10"

Brix = 3/12 Bi +2Y1Y,Bp, + YZZ B,
3
— cm
B,, =6.763739928 ¢/
BRe _ 30l |1 or®| 1] 1B, ——486 2163049 Cm7 |
RT, T, T, mo
3
— cm
B,, = ~29.33025659 CM/

m P
Ing =12> y;Bj — B | ==
|: ; 17 :|RT

P
Ing, = [2()/1521 + YZBzz)_ <y12811 +2Yy,Y,B, + y22822 )]ﬁ Yi=1-y,

P

RT

80
173.15x83.1439

=Ing, = [(2512 - Bu)+ yz(Bzz —4B,, + 2811)+ y22(2812 -B,, - Bll)

= Ing, = (- 65.42425311— 355.3678887 y, + 420.7921418y2 )

S P st s P V2S
Y20,P = p; exp_fpsﬁdpzln Y, +Ing, +InP=Inp; + psﬁdp

oS gr 03l V=0 Wl 53 ool oy 5 51 Lyl

Mail: ma_Goharrokhi@yahoo.com Tel:+982177616703
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s _ S _ cm?®
p =0.1392bar & v§ =276 CM/

n
= (by trial & error):y, =0.002933877902 = ——>=
0.97 +neo,

= Neo, =2.854235544 %102 & N yeqipiae = 0-03—Neo
=n =0.027145764 mol

precipitaet
=LA OF 53 S 548 0 sl §F = AXX; bl 5 =l 2l b S Sl S s3T50 -
X1=0.3 9 300 K BE) .bjbw U’l‘ J.J:LL;a 1.5]3‘).3 300 K 9 X,=0.9 BE) <=j> s ¥ A.QJ:;S\ ;/.:J»ﬁ Sl )\ W

(Jo =
n, n n,  Ann;
9F =AxX; =ALx2=GF=Anx2=—T12_
n n? n (nl+n2)
E
oG 2An1n2 —2An,nZn EPYNLTU RPN YUY n2 n M _RTIny,
on, ). on n* n nn nnn

= RTIny, =2A% X5 —2A%XZ = 2AXX,(1-X, )= RT Iny, = 2AX,X?

50000R

2x Ax0.12x0.9=300RIn1.5= A= In1.5 ~56.186584 x10%J / mol

2 E
ESRRNER RS (i ) IS S B
o ).,

1 X X

E

9F = Ax X2 = Ax(1— X, ) = Ax, —2A%2 + AX} = [%g J: A—4Ax, +3AX2
X1

2E
:{5 g J=—4A+6Axl:>(—4A+6Ax1)+ﬂ<o
X 1%z
= 4A-6AK) R = Ay — T Gl b
X1 Xy (4-6X%; )%%, .

. 8.31439x250
(4-6x0.3)x0.3x0.7

= A)4.499128788x10°

&QJMM%JJ JFW&LL«J)@:},)\,\;LLXFOS )Jr.:ﬁwww\ )‘J';j" 6}[.,.“6[.’ L)"‘
e dal s 3L 56

| » Peng-Robinson 4Jslxs 3l @u b bl S Lﬁﬁj‘-;p—ﬂﬁ P 5 S5 e oS Sl ol Y
alS TNy ol el a8 g o s bl s @ = e Sl e v=100 cm®/mol & Z=0.25 L

sl oy S ol 53 ) ke Jse o a3 s

V=v—Cc&C=) X6 =V =v-) x¢ =V =V->ng

Mail: ma_Goharrokhi@yahoo.com Tel:+982177616703
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(), o (3],
' T,p,nj,j=i ni T,p,nj,j=i

= \7i': V,—c¢

RTIng = j (V——jdp:RTlmﬁ j (Vi’—%jdp

— RTIng/ =RTIngs —c,p = In% - ~GP

@ RT
¢ ( ch f. [_Cipj
= —exp = —L=exp
4 RT fi RT
for A: f—_exp( & forB —B_exp(_CBP)
fa fg RT

=1In0.9=

RT
09f ( j &09f L oo —CBP)

=09= exp[ CaP

PV P 7 025 4 1
—_— =l —=—=——= =1In0.9=—Cyx——
RT RT v _ 100 AOO A% 200

= ¢y =C, =42.14420626 M/

vV =v_ zxici - V_(CAXA + CBXB):V_CA =100-42.144 = 57.85579374cm%]0|

Al o 250 K (5 pdy bl (sl gl s 53 cnl 51 2l doss S5 3B s A el mle bl -8
B mle )2 0.05bar 510°C 3 C 3 g el el P50 1% 2l oA mle 5530 bar 5 10°C »C 8 -
Gy adaly 31 015 o 15,10°C 5 C 38 L;ﬁj.;(.StJJ sy (77 =30cm®/mol ) AL . 5000 bar |

..)\.:.3[.:.330bar_5100C).>Bo.>LA qu.ASO%)A osle ujj.azo% ngl;- .bj.l}'u:)J ‘)CJKC«)N\;— .JJJT

7=1-6.728x10°P -7.52x10°P? ,P(bar)

gF=AXX, :ﬁ,ﬁﬁ@;ﬁﬁ;\ﬁu Lo 3CS 5 s G pdh bl gles s g 4 a5 L

TC :%: A=2TCR =500R

w\oMWC;FﬂMJ@)bmﬂSdﬁuﬂf JJ‘}“fL“"“JJ

:>yc=1
¢C Yec P= Hc solventXg = ¢C P= Hc solvent X

-6
Ing= .{ - [} (-672x10* ~752 10" pip =-6.72x10" p_%w

@P =30 bar = Ing, =-0.204984 => ¢ =0.8146603509
$eP = He 1% = 0.8146603509x 30 = H. , x0.01=> H , = 2443.981053 bar
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F7°

OINH; onent | vi© _ Ve InHc g [ Ve
( o —ﬁ:dln HC'B_ﬁdp:).[msooo dlan’B_J.o.osﬁdp

30(30-0.05)

83.1439x 283.15
= Hc g =5194.515861bar

=InH¢ g —In5000 = = InH, , = 8.555358706 bar

v To calculate solubility C in A & B, we use equation 10-55 and assume

A=0&q, =g =..=1 & gngXAszAxixj
AX; X
=InH,, ZXMH ——Zz 1X
(|¢r) (lljzlr)l !
S xinH. 5 Zi >
=InHey =D XxInH ;- XX, =) XInH ;- x1
i=1 ¢ 2RT i=1 j=1 ! i=1 X T
2RT,
=InHgy =X InH A+ X5 InH 5 - 2RTC
250
=InH , =0.2xIn2443.981053+0.8 xIn5194.515861 28315

= InH¢y =7.521639433=> H,, =1847.593819 bar
#cP =Hc yXc = 0.8146603509x 30 = 1847.593819 % X,
= % =0.01322791312

dolr g0 40 240 K (glos 53 A o3le .l 395 30 A 03l 20 mOI% 5 O30 0l Ka—n Sl @La b s -0

sl Sy | blses o3 oS 5 LS o gy

% ;
_209( 3 L _q10cm f o J _
5,_20.2(4 3j Vi =110 Aole hia=100009/ T, ,=280K

5(3/em?) vt(cm?/mol )
n-hexane (3) 14.9 132
Benzene (2) 18.8 89
A 20.2 110
(LJA o
ot an ( ) 1) 10000 ( 280 1) " 10000
f° RT\T 8.31499 x 280 \ 240 8.31439 x 240 x7

= fr=flexpla) & flyx="f = fexpla)x = f’

10000
=exp(a)yx =1= 5312392407 T M7t =0

S x5 X Sl b s | Ny L O pS]
v
07, = A + g ? 4 (g + Aoy = A J0,25

0.2x110 & @, - 89, &, - (0.8 —x5)x132
0.2x110 + x5 x89 + (0.8 — x5 )x 132 Vv Vv
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V =0.2x110 +89x, +(0.8 — x5 )x 13

A,=(6,-6,)=(202-18.8) =1.4
A, =(6,-6,) =(202-14.9) =5.3
(5,-6,) =(18.8-14.9) =3.9

Ay =
89x1.4xx%g ) (132x5.3(0.8-x))
+ +
Iny, = 110 v \Vi
P —
8.31439x 240 -
(142 +5.37 —3.97) 8132 X(08 - )
\
10000 ; -
we know: +Iny, +In0.2=0 By trial & error: xg=0.1143565638
8.31439 %7 x 240

DL U'L.’.b};)| BL. b )K U'L‘ C,.:.S;A;— ML’& 0.01 mol% j"‘J" g)i'.[‘)):‘)‘ )>1bar)500C ).}B )K &;:JMP- -
ST .J\.JL;G s 5 adasly 51 Les w\,;B)lfL;ﬁJ_;VSbs o 2 - AS diul>e 5000 psia HLid 5 Les - pan
AL e 30 em¥mol ol Colgs &35 53 s I pl 3B 38 Jse dﬁﬁﬁ&.w\)\ﬁ?ﬁ_é Rl s

2=1-6x10"P—-4x10°P? (Pin bar)

(Jn
¢B yBP =H B,solventXB (assume yB ~ l):> ¢B P=H B,solventXB
at P =1bar assume (¢ ~1,idea gas)= 1= Hg ;yen x1x10~*
= Hg aen =10* bar at (P =1bar & T =20°°)
olnH vy v
( op JzﬁjdlnHlsolvent po
3_[ QI H gy = Ipz % 4p = InH, — In10° = 30(-1+5000x1.01325/14.7)
83.1439x323.15
= Hg sopent = 14677.07948 bar (at p,=344.6bar and T = 50°C)
Ppz-1 ) 4 6 4 i
In gy =jo po =j0 (cbx107* —4x10°° pkip =—6x10* p, —2x10°° p?
= ¢, =0.641245364 & $,P =HyX; = X5 =0.01505753476
93 P90

0 _nS s T® _nS
InhzlnHz"}i+MFI;T—D1)&fz:x2H2:>InH2’1=InH2p}1+J—)V2 FF:T Py

X5
RF 035 ol A S L

= p; =0
1 ps 30x5000x1.01325
—=InHj;i +
10 83.1439x323.15x14.7
InH i =9.209109534 (p, =1 bar, therefore: ¢ =1= f =P)

=1In

INH,, =InHp S0 2000xLOIS2S 94675 40249 bar
| 7 83.1439x323.15x147 *
¢ P = Hgxg = 0.641245364 xw =14675.40249 x X4 = Xg =0.01505925541
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A1
LS o Zaad B Gl hoe 4y sy e a3
Melting point (°C) Ah; (3/mol)
Toluene -95 6623
Cyclo hexane 6.7 2667
(Jn <
109 Y
RT Iny, =v. @[5 — 5. F = 8.31439T Iny, =107| ——— | (18.2—-16.8)
=5, o] o =107 5% 82-168)
107 Y
RTIny, =v,®2[5. — 6. F =8.31439T Iny, =109] —— | (18.2-16.8)
7T =V c[ T c] = T (109+107j ( )
6.42329185 6.305394018
=y, =—"2 & Iy = 2
T T
L f T L
L L TS ) IS E VY T
fr RT; (T T X,
f (T,
= -Inx, —Iny, _ A (T g
RT,; (T
6.42329185 6623 148.18
= -In0.5— = -1
T 8.31439x178.15\ T

= 802'93& =5.164495846 = T = 155.4835245 “=-117.666°C <-50°C

J'Sd‘” 0 u-’jjj-’ o

e
~Inx, ~Iny, = Ay (‘—'C—lj

RT,\ T
6.305394018 2667 279.85
=-In0.5- = -1
T 8.31439x279.85\ T

_, 3270748005 _ 1 539365414 = T = 177.8102435% = -95.3°C < -50°C

g s KA Oy Dol 4l ys 9 AS o s 3 Cyclo-hexane .

%,_NSJJ'.JJ_;LH)\JB@UWL:LséJ.E)J4OOC)JQ}§JY)&l.~J| LSJB-L;F)JL;)KLJ,BMJ}A&—/\

(LJA 0:0
P.(bar) | vg(cm®/mol) | To(K) @ z. = P.v. /RTC
Ethylene 50.4 129 2824 0.085 0.276901407
Argon 48.7 74.9 150.8 -0.004 0.2909236619

Tey, = (TerTe, )7 =(282.4x 150.8)7 = 206.3635627 K

o =%(a>1 +,)= %(0.085—0.004):0.0405
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Zey, = %(zcl r2e )= %(0.276901407 +0.2909236619) =0.2839125345

Ver =%(v§/i +V5 =%(129% +74.9%)3 =99.51232675cm® /mol

 2,RTey,  0.2839125345 x 83.1439 x 206.3635627
Ve, 99.51232675

P, = 48.95207379 bar

F) =-0.2748702216
= {F\;) = -4.788518838 x 10’
F) = -0.136598562

F(o)[ T J o445 033 0.1385 00121 0.000607

c T T T Te

F,! = 1.91614034210°2
F(l)(le =0.0637 + Of’fl - 0;‘33 d Ofgg = {FY =0.319772624 x 102
¢ § y : FY = 8.610444669 x 102

B,, = -127.294961 M/ |

PR _rOl L |+ oF | L |5 1B, = -12.42142008 M/
RT, Te Te mo

B,, = ~46.65508289 C'/"

BP Pv . BP v[apj 1[Bap PaBj

1=l+—=>—=1l+—=>—| — |=—| B=—+P—
RT RT RT RT | oy, RT\ oy, oy,

oP OB

Wl=0:>a=o & B=y12811+2Y1YZ812+YZ2822

3B:Y12811+ZY1812_ZY12812+822+Y12822_ZY1822

oB
35 =2y,B,; +2B;, —4y,B;, +2y,B,, —2B,, =0

1
By, — By,
B —2By, + By,

=Y, =

BE cbj.:u& sdalis QAWMJ)J#JJS))L Olen ,ub&;iilsjw)\yl C)\ﬁ abj.lmsm.;\b&
Lf."u- ch'"uL. y;=1 45.)&'.9\& LBLGJ‘ Lf'l") )L:J ('.QJ"JSL‘ 4.?-.:.’14").3 .«\.J:LL;O (S22 e)\j,o.é CU c&_ia" UJ—M adols

J\..:ul.a JQ“P-J.EJJ)‘}A aJLA

250 cm’/mol ] 4 x> 520 @em®)¥2 N> el b 15 e D> 531,400 bar 510°C L5 oS 5T bl -4
Dl Assle ijﬂ Sl sl )80 (glaesls (AS anlxe 25°C (glos

Tc=150.8 K & P =48.7 bar & v,=74.9 cm3/mol & w=-0.004

—57.1cm*/mole & &, =109(3/cm?)?

_ 28315 87765250 = (from fig10-13):

VL
T
T. 150.8
= fL.,(from fig 10-13)=258.11 bar

pure,2

L
f—=5.3: fl =53x48.7
PC
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57.1(400 -1.01325
= f e, = 258. 11exp{ ( )

= 679.3264504 bar
83.1439 x 283.15
S s o3zl Tsonopoulos Loty 50 AL s £33 St e
( } 0.0637 + 0331 04323 0028
T2 T TS

o.1us 033 0138500121 0000607
=F [TLJ =—7.236747144x107° & F“)(TLJ —9.363441466 x 10”2
C

R T2 T3 - T8
C

B _pol 1) or ] 1|5 B = _18.72785612 cm?/mol
RT. T, Te

B BP .o BP
Ing = J'— p= oRpo T = f; _Pexp( j

= & =400 exp( 400x( 18727855612)) = fg =290.9827164 bar
83.1439x 283.15

L
1_ Fpure exp{sz(é‘l -5,) Q;ZZ:I

x, f° RT

_ 1 _679.3264504 o 57.1(20-10.9) y (1-x)x 250 ’
X, 290.9827164 8.31439x283.15 " | X, x57.1+(1—x,)x 250

= by trial & error : x,=0.06092503781

aleds .MJJA g J:g..lj A 5°C B 'MJLSA JTo.J\.i‘ L;jl"‘ Jﬁg“;: Xp=0.2 B I~ L’ &.:..’.LAJJT osle =Y

S 1 1520000 I/mol 53 sle S 5 10°C ogd akads syl LC A asle 55 Jold b gl ST

fT
It A (T )y, L __ 20000 ( . —1}:»“:341.7509169}(
X, RT LT 0.2 8.31439xT, | 278.15 :

|ni:—AhAf Tt_vA_]_
Xa RTAUT

nt_ A (Te
Xe RTc\UT

At eutectic point:

R, 1 1 1 R, 1 1 1
_f = —fln—+—=—
A" x, T T4 4T Ux, T4 T
Rpt_t 1 R, 1 1.1
At x, T T, 4h" U 1-x, T, T
R 1 1 R 1 1
=——In —=——>rIn +—
AT 1%, T4 AT 1-x, T
R 1 1 1 1
=——| In—-1 =
Ah X, 1-x4) T. Tia
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~xy A0 (Ta-T, Ah (T T,
:>|n1 XA: (t,A "C):i—lzexp (t,A t,c)
X, RT aTic X, RT AT,
1 1
=X, = & T=—o =~
1+exp Ahf(Tt,A _Tt,c) iflni+i
RTt,ATt,c 4h X Tt,A
1
X, = = x, =0.188968643
= 1+ exp 20000(341.7509169—283.15)} A
8.31439x 341.7509169 x 283.15
T= 5 11 1 =T =276.3370767% =3.1870767°
—In S+
4h Xa Tin

S LS Ll 55 ke 200°C X, =0.2&%, =03&X =05 dwys S5 L i 4w mle byl )

‘Jﬁ 200°C LSLA) B ‘) GLA )L‘B Lv wa DL ‘)lD.L.ﬁ )L‘B ‘) 1 osle LﬁjJ} ‘)uﬁ..‘i .ol 400 kPa j"‘}" Lo g)'.’.‘ BL) 1 s ¥

1- The vapour pressure of component 1,2&3 at 100 are 40.70 & 90 kPa

2- Components 1&2 make azeotrope at 100 and total pressure 94.88Ppa

1l 39 50 0y (glaesls AS

3- The saturation pressure of an equal mixture of 1&3 at 100 is 97.5 kPa

- A mixture of 2&3 has an upper consolute temperature of 250 “at x,=x3

Y X

=—X—=

1&2 make azeotrop aj,,
YA

1

Py,é = X7, Py

Yo _72P5 o X _ P
Py g =X, p; —=-22=12T28 71 _ 71 (assume ¢ ~¢, ~1)
e X, Pé vi np; s
S S
=720 s ppi=ppi =22 b
71P1 1 2

P=X1P1 + X7, P; =7/1p§(X1+X2):]/lpls =9488=y,x40=y, =
Y2 _PL

— In(&J = In(ﬂj: Iny,—Iny, = Ini
P2 1 70 7

Assume: g° / RT = ALX, X, + AlaXy X5 + AjsXoXs
Iny; = AXE + A + (Al + Ay — A XX
Iy, = ApXE + ArgXS + (Al + Ap — Al X
N7y = AgX + Apsxd + (Al + Ay — Ay )Xy X,

’ ’ 4 ’ 4 ’
= A12X12 _A12X§ =In7:> A12(X1+X2)(X1_X2)=|n7:> A12(1_2X2):

~94.88 94.88

V=

=Iny, = A, x?=In
40 71 = ApX;

Mail: ma_Goharrokhi@yahoo.com
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= 1 X In(in X2 = In%: X, =0.627598 = A, = 2.192886205
1-2x, 7 40

% =%=05 & P=xyp +X373p§ =>P= )(171([)1S + pss)
= 97.5=05xexp(Al; x0.52 |40 +90) = Al; =1.621860432

c C
Te_Aga oA p J2RTC 2T _2x(250+273.15)
2R 2R RT T 100+273.15

A, = 2.803966233

aaly 51l 4(..::5 asles 200 °C glos s yIny, T Sl 5 Lledds acwlsws 100°C glos L5 Ll o) <=Lo.:

sl eslizad Iny ocTi
Iny, 473.15
Inyy, 373.15
1 |2.192886205x0.3% +1.621860432 x0.5% + 473.15
In 700 | (2.192886205 +1.621860432 — 2.803966233)x 0.3x0.5 |  373.15
= (N7, )00 =0.5949910284 = y, =1.813014679

Py, = X7, pS = P, =0.2x400x 1.813014679 = P, =145.0411743 kPa

Sl o3 Jsles 55 100 bar 5 20°C s 13,8 ses UB s A Gl pls ldse U Sz as (638 byl VY
Sl S ol s oS s opl 3 38 Sl e s 5 el ) 8 b 6 pdeS1 S oo
)DB C,JALO c.,\.JrLJ 0.01 @LA )JA L;}AJM«ij‘ ML’Lf‘ 500 bar _J"‘_)"B osle L;‘f‘jlooo bar J"‘J"A osle

2=1-6.5x10°P-75%x10"°P?, P(bar) AS s s g ol i Sl | e,

YaaP = XaH a1 = 0.5x #, x 100 =0.01x 1000 = ¢, =0.2

P7_ 100 -5 2
Ing, :jo Z—pldp :jo (-6.5x10° -7.5x10 5 pHp =—6.5x103 ><100—7'5X102 <1007 1y — 1025

INg, =yaIngs + s INgy = -1.025=0.5(In0.2 +Ing )
= Ing, = -0.4405620876 = ¢, =0.6436745179
YedeP = XgH 401 = 0.5x0.6436745179 = X5 x 500 = X5 =0.06436745179

31313 ale o S AnSles b Jslas 5 -1000C s 055,195% 5 0y S AuSles 5% Jals (38 b slses 1Y
Aolo |y b HLis

(Jn <
P. (bar) T. (K) Ve (cm?/mot ) @ z. =P.v. /RTC
Argon 48.7 150.8 74.9 -0.004 0.2909236619
CO, 73.8 304.2 94 0.225 0.2742802987

T, = (Tcchz )V =(304.2x156.8)* = 214.1806714
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@y, =%(a)1 +a)2)=%(0.225—0.004)=0.1105
z ;(z +12, ): (0.2909236619 +0.2742802987 ) = 0.282601979

v, = ( +v,, )3 (94V +74.9%J =84.0888124 cm?/mol

... RT,
=—2 2 —5984772518 bar

Fl(f) =-0.2561508853

F(o)( T J _oaas 033 _ 0.13’285 B 0.01321 B 0.0008607 . JEO) - 0 0p3as85644
Tq Tg Tg Tq () _
F) =-0.5018437801

F,! = 3.268420837 x 102
F(ﬁ[ : ] 0.0637 + 2 0T4 r OTO 2 = | F - 1934503774
R FY = —0.2742866446

B,, = -65.98120404 ST/

FeB_ |:<°)(l]+ oF (TLJ = | B,, =—486.2163944 CM’
C

RT, < mol

B,, = ~158.3430805 S/ _

s _(Pz-1 _BzzpzS s _ Bzzpzs
|n¢coz—.|.0 0 dp = RT = @0, = eXp RT

2
)
Ing, = l:zz YiBa _(Y12811 +2Y,Y,B, + y22522 )}ﬁ

j=1

g, | 2%0:95% (~158.343.805)+ 2 x 0.05(— 486.2163944) + 0.95% x 65.98120404 + | P
* | 2x0.05x0.95 x 158.3430805 + 0.052 x 486.2163944 RT
= Ing, =—1.900947202x 10 2P = , = exp(1.900947202x 10 2P)

pcoZ ¢co2 ex DJ. dp = deo, Yeo, P

0.1392>< (—486.2163944) 27.6(P -0.1392)
=0.1392 xexp x exp =
83.1439%173.15 83.1439x173.15

exp(-1.900947202x 10 2P )x P 0,05 = P = 275.5605564 bar

sat

P = px, + P3%, + Y3 x, pr + BYiX, p; el 13 “f};‘“)jj b 53 5 aal, s O -V E

A A
P=x Y, p & Iny=—x2 & Iny,=—x2
YA 272 P2 71 RT 2 72 RT &

o0

A A "
=7 =exp(ﬁx§j & 7, =exp(ﬁxf) we Know: e* =3 X

~n!
A A A A
=exp| —X, |#1+—X & exp| —X; [=1+——X
p(RT 2] RT 2 p(RT 1) RT !
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A A
—=P=x sat +X sat X2
1P1 ( RT j 2 P2 RT 1

=P=x pfa‘( RA.\r jxl><§ P+ X, Py + (R/fr szxf s

At azeotrope point: x;=y; = X, =Y, &X, =Y,
Assume A=

RT
=>P=x psat +ﬁY2X1 p1sat + pgatxz +13y1 Xy pgat

.LJ:L ol oJ‘J Quu QT DL JL“J_JJ “—’i‘]")

P, ¢z expj dp Y,4,P

S
=Inp; +Ings +ﬁ(P— pzs):ln y, +Ing, +InP

)
Ing, = (ZlelZ +2y,B,, - y12811 =2Y1Y,B;, - yngz)ﬁ
)
|n¢2—[21 Y, Blz+2Y2 22 (1 Y2) 11 2y2(1 yz) 12 Y2Bzz RT
)
:>In¢2:(2812_2y2812+2y2BZZ_Bll_zyZBll_yZZBll_ZyZBlz+2y22812_y5822)ﬁ

P
=Ing, = [(2 B, — 11) (2 B,, +2B;; —4B,, )Y2 (2 B, =By — Bn)yg ]ﬁ

V3 d P
= =L dp :yL;’Lﬁ[(ZB” —2B,,—4B,,)+2(2B,, — B,y — By, )y, |+ ..

dP dP
"'[(2812_Bll)+(2822+2811_4812)y2+(2812_8 ll)yz]RT )

ve 1(d P d
T A )

1
+ﬁ[(2812 - Bll)+(2822 +2By, _4Blz)y2 "‘(2812 —By - Bn)yzz]"‘E
oS o o3liul dy, dp =0 adaly 51 Jse S 03 S asioe 81
Vs 1 1
=& (2812_811)+(2822+2811_4812)Y2+(2812_822_Bll)yg]=3
RT

=>P= F 1
Vg - [(2812 - Bll)+(2822 +2B;;, -4By, )YQ +(2812 —B, - Bll)ygj
Cudls gl g I 5 il o Y, 0wl b slest s

__RT
V5 + B, —2B,,
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oP

j— ( J ."' wb‘)ﬁ)@‘)&&);(&_—d‘_\-\
i

Lled S5 ,m I s Slades 55 doles 31 Jlw ST(C

c ov
ds=—2dT - 2| dP 0l o (i
T (GTJP b €

=>—| =1 = = —| =-T —
oP( T ) aTleT oP ). ar? ),
(&

Pv BP RT BP RT

—=1+—>>P=—+—=>v=—-n+8B
RT RT v Vv P
& R dB (&% d’B o’V d’B
> —=—+t—==| =—==>T==|=T=
or P dT oT A dT aoT dT
oc 2
% _ L d’B_ d? B M)
op dT?
=¢,=c,(T,P)
IS dnloes 800 bar 5290 K 3 1y O eS| azewlS g3 -V
(Jo %
Inqﬁ:lni:J.PZ—_ldp &2_1+E:>Z—_1:£
© p RT P RT

f BP BP
>Ih—=—= f =Pexp| —
P RT RT

BR ol Ll or[ T
RT, T, T,

F(o)(l j20.1445_0.33 0.1385 0.0121 0.000607

Tc T. T2 12 T8
F(l)(Tj 0.0637 4 0-331 0433_0088
Tc T2 T8 T

= F(O)[;_C) =-0.07262294119 & F(l)(TT—Cj =0.09363005138

—17.9846469 x 800
83.1439x 290

= B=-17.9846469 = f =800 exp( ) =440.4960409 bar
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S sl | PV VI AHY SO5d ol g T=300C (gles 55 ol 5T=80C gles ;5 CyHg (gl 2 =)

d(Pv):Pdv+vdP:>A(Pv)=J.Pdv+J‘vdP

at equilibrium condition : [vdP =0; f, — f, = [vdP =0
:>.[VI Pdv = p(v? —V' ):>J.VI Pdv— p*(v9 —v' )=0
for vdw EOS : P=RT /(v—b)—a/v?

v v RT a ve-b 1 1
= J’v' Pdv :J‘v' (E—V—Zjdvz RT Inm‘i—a(v—g—v—l)

:RTln"g‘b+a(vig—il)—Psat(vg—v'):o (1)
RT ab
v: —(b+?)v +(= )v—?:o ()

a=0.421875R*T? /P, & b=0.125 RT,/ P,

J= L 3D dslee 5655 5 5P (gl w\mmm}mgs‘f desle o3l 95 ol Gl o1 b ga sl Ll

JVSJ\JBJ_:\JJL;LSJL.JUﬁasy)\}(l)d:w):\)ﬁ;ww\ (=S WW\)VQ,VIﬂJL&AJ&SLf

R.K EOS: P= RT

a
v-b T v(v+b)
dev:ng( RT ___ 38

vV v=b T v(v+b)

vy —b a
= RTIn
e

v a vi+b satgyg o1y
( J b\/_ (v+b] PrvE=v)=0

a=0.42748R°T? RT,
C
osls Cf Pc ( pSIa‘) Tc, ° F a‘vdw bvdw a‘P—R bP*R
H,0 3198.8 70516 | 20614.23775 | 0.48855 | 713004.1776 0.3386
CsHs 616.3 206.06 34963.7312 1.44954 914337.35 1.00471
For C3Hg by vdw EOS:
P (psia) Vg Vy v LHS
500 7.79675 4.22232 3.07903 49.41146
510 7.31779 4.48454 3.02818 4.32461
520 6.75702 4.8294 2.98674 -36.088
512 7.2148 4.54414 2.98674 -4.1611
511.02 7.26565 4.51453 3.01927 -0.0266
510.9 7.27182 4.51096 3.0236 0.48279
511 7.26668 4.51393 3.02413 0.058257
511.013 7.26601 4.51432 3.02369 0.0031
511.015 7.26591 4.51438 3.02363 -0.00538
511.014 7.26596 4.51435 3.02362 -0.00114
511.0135 7.26598 4.51434 3.02363 9.8E-4
3
= P, =5110135 psia & V' =3, 02363% & V=T, 26598%
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For H,0O by vdw EOS:
P (psia) Vg Vi V| LHS
1800 4.26073 1.51009 0.869593 414,143
1950 3.67036 1.63754 0.859288 -50.6
1940 3.70885 1.62768 0.859932 -22.3
1935 3.72811 1.62285 0.860257 -8
1934 3.73197 1.62189 0.860322 -5.14
1933 3.73582 1.62093 0.860387 -2.265
1932 3.73968 1.61997 0.860452 0.611946
1932.2 3.73891 1.62016 0.860439 0.03617
1932.5 3.73775 1.62045 0.860419 -0.8272
1932.3 3.73852 1.62026 0.860432 -0.25
1932.25 3.73871 1.62021 0.860436 -0.1077
1932.212465 3.73886 1.62018 0.860438 2.968E-4
3 8
p* =1932.212465 psia, V' =0.860438l, v9 =3.73886l
mol mol
For CsHg by P-R EOS:
P (psia) Vg Vi V) LHS
500 6.38326 4.96795 2.29735 -130.16
400 11.4048 2.93905 2.71683 527.84
490 7.07301 453804 2.31605 -85.722
480 7.61604 4.26481 2.3364 -35.476
470 8.10895 4.05207 2.35873 19.7
475 7.86647 4,15314 2.34729 -8.4747
473 7.96425 41116 2.3518 2.657
474 7.91551 413218 2.34953 -2.932
473.475 7.94113 412133 2.35072 -3.6E-3
@t . . ft* ft®
p* =473.475 psia, v’ =7.94113——, v =2.35072——
mol mol
For H,O by PR EQOS:
P (psia) Vg Vi V| LHS
1932.2 3.07559 2.0334 0.621963 -1270.57
1800 3.74255 1.78393 0.625391 -900.94
1600 4.70884 1.58108 0.630929 -182.66
1550 4.96849 1.54323 0.632387 27.63
1560 4,91569 1.55053 0.632093 -15.468
1555 4,94203 1.54686 0.63224 6.01563
1556.4 4.93464 1.54788 0.632198 -0.013
1556 4,93675 1.54759 0.63221 1.7085
1556.396979 4,93466 1.54788 0.632199 6.33E-5
3 3
0% ~1556.306079 psia, v° =4.93466- " v' 20,6322
mol mol

P =P, ExP(A+wB)
A=5.92714-6.09648 /T, —1.2886 In(T, )+0.16934T°

15.6875

B=15.2518 - —13.4721In(T, )+0.4357 T?

r

C,H, 1 A=—0.26962 & B =—0.2247 = P, = 454.824 psia
H,0:A=-0.7178 & B=-0.61453 = P, = 1262.827 psia

H9 —H =RT - PV +jV{P—T(2—$)V}dv
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V |

i oP
HY—HY =RT—p®V'+| |P-T(=), |dV
p L[ (aT)/}

V9

i oP
HY —H*9=RT - p™V9+| |P-T(=) |dV
pv I+ [ (aTx}

!
9

V _gs0 sl _ nsatpy gyl v — E
AHY = H39 —H ™ = p(y V)+J'V [P T(aT),}dV

R _a_ P R
v—b V2 oT v—b
por(®Ey-RL_a Rl _-a

oT v-b v° v-b v

= AHY = p¥(v9 V! )+a(vi,—vig)

vdw :P =

3 3
C,Hg: p** =511.0135 psia,vI =3.02363ﬂ—,vg =7.26598l
mol mol

3 3
H,0: p™ =1932.2125 psia,V' = 0.86044l ,v¢ =3.73886 i
mol mol

AHY ‘CaHS 8910416 &  4HY|,, o =24006.05611

RT  a :{Ej __ R 2a

v=b v(v+bWT “\oT), v-b 4v(v+bNTT
P_T(a_P] _RT a RT, 22 _ -a
oT )y V=b v(v+bWT V-b 4v(v+bWT 2v(v+bWT

P-R: P=

g g b
— AHY = p2t(vI v )+ —2 Iy — iR
N AT v
. psat H | ft3 g ft3
CyHg i p™ =473.475psia, v =2.35072—-, v’ =7.94113——
mol mol
. sat H | fts g ft3
H,O: p™ =1556.396979 psia, v =0.6322——, v° =4.93466—
mol mol

AHY |, =6918.137 &  4HY|, ,=18578.698

g_,«:SJS LS‘)‘JV':"""':‘."“"J)“} S99 JJL:LT dl;-‘)blBOOFLSLAJJ‘]-OOOpﬂa)J Li"’}sj)“)"&'h 6)L3}>ML§.:—Y

)\ obu;'_.»:‘\_:‘))uj_ﬁo}j CJ:- cKijZO fﬁb)(\)ﬁwfw‘jum U’:')" f\j"‘\-’“"}’.l—’ML’@ﬁ)

,w=052 MW=215 P=285psia, T=700°F,  .AoS acwl>es PRSRKRK VAW Ysles
component Xi Vi Ci

C, 0.45 0.8 0.00839

C, 0.05 0.05 0.03807

Cs 0.05 0.05 0.07729

Cs 0.03 0.02 0.1265

Cs 0.01 0.01 0.19897

C 0.01 0.005 0.2791

[ 0.4 0.005 0.91881
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component P..psia T. .°F o, MW,
C, 666.4 -116.67 0.0104 16.043
C, 706.5 89.92 0.0979 30.07
Cs 616.3 206.06 0.1522 44.097
Cq4 550.6 305.62 0.1995 58.123
Cs 488.6 385.8 0.2514 72.15
Cs 436.9 453.6 0.2994 86.177
c/ 285 700 0.52 215
(Jb
a) van der Waals EOS (vdW EOS)
22
p= T 8. a_0421875° 1 &bh=0125"1c
v-b v P, P,
3 RT,, ,a ab
vi—(b+— N +(=)V-(—)=0
( 5 ) (P) ( b )
£ (B+1)2+Az-AB=0: A g B=2P
R°T RT
n 2 n
mixing rules :a,, = {Z xiaioﬂ & by =>"xb
i=1 i=1
b) Redlich-Kwong EOS:
2125
p= N 8 . 404274731 & 1b=008664 11
v-b v(v+b)T™ - P.
£ 22+ (A-B-B?)-AB=0: A=—> _ g B=2"
R°T~ RT
n 2 n
mixing rules :a,, :{inaf"s} & b, =) xb
i=1 i=1
C) Soave-Redlich-Kwong EOS: (SRK EOS)
22
p=RT 8% . o _042747RTC g p-0.08664 7
v-b v(v+b) P, P,
a=[+m(1-T*)f & m=048+15740-0.1760"
22722 +(A-B-B2)z—AB=0: A= (a“)f & B=2P
(RT) RT
n n n
mixing rules: (ae, ), =ZZ[Xin(aiajaiaj )0'5] & b, =Z:Xibi
i1 j-1 i1
d) Peng-Robinson EOS: (PR EOS)
212
_RT_ o . a=0457124° ¢ g p-0.0778
v-b v(v+b)+b(v-b) P, P,

m =0.379642 + 1.48503w —0.1644%° +0.016667 »*
2*+(B-1)z* +(A-3B?-2B)z-(AB-B2-B*)=0
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a=(3hP o g PP g fiem-To%)f

(RT)? RT
n n n
Mixing rules: (aa ), = ZZ[Xin(aiajaiaj )0'5] & b, = inbi
i=1 j=1 i=1
vdW EOS Results:
Component a b
C; 8591.5545 0.691
C, 20790.74719 1.044
Cs 34963.73118 1.4495
C, 51709.8844 1.865
Cs 71115.64769 2.32179
Cs 92792.6059 2.80468
C/ 229326.5579 5.45912

n
MW, = > MW, = (MW ) =100.25466 & (MW ), =20.895175
i=1

(8, )iq =68831.02418 (b, ), =2.726497694
(@ )gus =11535.82399 (b, ). =0.8207859

A =6221 & B =1.639=7'=204624

A; =104262 & B, =0.4935= 7°=0.96561

. PMW Ib

| G 3
_PMW 1= 2954554 2 & p®=13011 Ib/ ft
T w P

aloes Ty Lol ol ~Slol o3lin Oy o6 56 L s il o6 0 O o ol deslos YU 43 aS 0% 4 0
: D st SAT IS b 2t G b Dok : 23O P P

v'=339322 & v©=160959 & > xc =03856 & Y yc =0.0235

ft® MW lbm

| | |

Vir =V' = DX, =3.0076 0 & pl. = S 33.334F

ft® MW 1bm
G |
VCOI’ :Vg —Zyici 21582m & pCOI’ :§:132F
R-K EOS results:
component a b
C, 161305.6132 0.47896
C, 494016.786 0.72361
Cs 914315.9585 1.00471
Cs 1449779.828 1.2927
Cs 2095660.002 1.6093
Ce 2841929.287 1.944
(o 7914166.78 3.784
(a, ) =2121181.441 (b, ) =1.88979
(a, ) =239518.8325 (b, ) =0.5689
A=7699 & B =11363=7=1.46808= p'= P(',V'—RY\FI)
z

Ibm

 _Z'RT Ibm
ft®

v & V' =2.44164 ft® / mol

= p' =41.06

3 S
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ft® MW lbm
Ve =V =) xc =205 — & pl, =——=48.762—-
cor Z mol v, ft>
A, =0.869 & B, =0.342 = z° =0.908618 = p° _ P(MW } EﬂFg}
z
g
v =ZRT :13.827'%2 & v¥=15112 ft*/mol
ft® MW lbm
ve =vI-Yyc =1.48766 — & pd = =14.0457 —-
cor Z yl 1 mOI IOCOI' Cgor ft3
SRK EOS Results:
component | a b o
C, 8705.497673 0.478955 | 0.6878156
C, 21066.4787 0.72361 0.92335
Cs 35427.42795 1.00471 1.051
Cs 52395.67236 1.293 1.164
Cs 72058.79313 1.6093 1.2642
Cs 94023.24206 1.944 1.357
c/ 232367.9377 3.7838 1.786
(aa,, ) =104406.7392 (b, ) =1.88979
(aa,, ), =9241.506 (b, ), =0.5689
A=04364 & B =11363=7 =141245= p' = FMW) :\;\4\/ )
z
|
V=2 ET = p =42.678|:3TT & V'=2.349 3/ mol
A, =083526 & B, =0.3421= 79 =0.926821= p° :P(QLR\Q’)
VA
g
vi=2RT o 13556 0M & vo = 154163/ mol
fit
ft® MW lbm
| | |
Vcor =V —ZXiCi =19635m & Peor ZTZSJ.OG?
ft® MW lbm
vi o =vi-» yc=15— & pd = =13.7655—-
cor Z 171 mOI cor Vgor ft3
PR EOS Results:
component | a b o
C, 9311.768676 0.4301 0.74679
C, 22533.59702 0.64978 0.936634
Cs 37894.67601 0.9022 1.04282
Cs 56044.62823 1160797 | 1.13854
Cs 77077.13423 1.4451 1.2251
Cs 100571.2382 1.7456 1.3058
[ 248550.5786 3.39776 1.68592
(aa,, ) =107541.2229 (b, ) =1.69697
(ac, ), =10422.64422 (b, ), =0.510857
A =971968 & B, =1.02034=17'=1.33481=p' = PMW )
Z'RT
|
V=2 ET = p :45.16|?TT & V' =222t/ mol
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ft? MW lbm
Vigr =V' =D x€, 1834~ & Por =,—=54.66?
cor
_ P(MW )

A, =0942 & B =0.30716 = 2° =0.863706 = p*

_z°RT lbm

Vg

3

ft
Ve =ve -y =143~ &

oS 5 3,8 o 13 (Flash) SLSU s 136 o 347 psig jLis 5 149 °F gles 53 o5 5JUT L S|y -

9 _MW_
cor — g
cor

v9 =1.436 ft3 / mol

14'7881F

?%)l}q_g@bj&jaﬁz\ym)s

Ibmol . .
component fi ( e ) Z T.F @ P.psia K,Wilson
H,O 0.9 0.001 705.16 0.3443 3198.8 0.012121
H,S 35.6 0.04 212.45 0.0948 1300 1.947955
H, 0.9 0.001 -399.9 -0.2202 188.1 22.656183
C, 7.6 0.00852 -116.67 0.0104 666.4 19.649374
C, 139.9 0.15687 89.92 0.0979 706.5 3.461671
Cs 490.1 0.54956 206.06 0.1522 616 0.953815
i-C, 100.7 0.11292 274.46 0.1852 527.9 0.393347
n-Cs 109.9 0.1232 385.8 0.2514 488.0 0.099404
C5+ ~ Ce 6.2 0.00695 453.6 0.2994 436.9 0.036841
(Jn

A Glp Kvalue 4 by e adsl > &S ol ol > SRKy PR b dslae 95 4 a5 b aliese o

358 Ol psia o p S 355 S35 LU GO P sy ee 53 .l odal Ccsds Wilson sy )l dslas g
P=347+14.7 = P =361.7 psia

S.R.K. E.O.S. P.R.E.O.S.

X y K X y K
0.001113 0.000456 0.409918 0.001105 0.000465 0.420682
0.036393 0.057334 1.575414 0.036497 0.057872 1.585664

0.0003 0.004744 14.555317 0.000312 0.004513 14.481302
0.004744 0.026669 5.620135 0.004863 0.027179 5.588126
0.132633 0.273365 2.060874 0.133895 0.274095 2.04697

0.5522 0.536869 0.97222 0.552445 0.534842 0.968126
0.12219 0.068367 0.559527 0.12168 0.068223 0.560684
0.142238 0.031695 0.222858 0.141091 0.031913 0.226208
0.008209 0.000899 0.109547 0.008132 0.000918 0.112892

n,=0.172223 n,=0.163874

2=0.104881 2,=0.092836

2,=0.72676 24=0.706654
fnv=0.0 fnv =0.0

Cewd 2 P=10 bar 9 T=171°C dLOJ BE) (QU‘}J JLGJJ Loy AO 9 CO, BW- R \°> QU)J JLGJ.: 9 CO, LA}LA -¢

J%))Tg:ﬁw.b b (¢C02>COZ ‘L:.:.vﬂg‘}ﬁ L/-lj-nﬂ sl
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f. w  OP RT
RTIng =RTIn——= — i ———)dV —-RTInz
¢. " jv«anix,v,n, )
owllg)sily asles ) aslalwl b :Jg) Jbg)

p:ﬂ_iz
v-b v

bzzyibi azzzyiyjaij & =44,

Ing =In v, b —2\/gizyj\/a7j—lnz

v—-b v-b VRT
212 RT.
q :ﬂ , bi - Gi
64P, 8P,
T, (K) P. (bar) Vc/10°® (ft/mol) ) Z
CcO, (1) 304.2 73.8 94 0.225 0.274
n-CH,Hyo (2) 425.2 38 255 0.193 0.274
3
R-g314 (PA(M) 1bar = 10°Pa
(mol )(K)
2 2
- 27 x8.314 xso.éuz _ o656
64x73.8x10
a, =1.387
8.314x304.2

y=—— = =4.28x10"° b, =1.16x10"*
8x73.8x10

a=y2a, +Yy2a, + 2y, Y,+/a,a, =(0.15)? x0.3656 +0.852 x 1.387

+2x0.15x0.85+/0.3656 x 1.387 = 1.191
b=b,y, +b,y, =0.15x4.28x10™° +0.85x1.16 x10™* =1.05x10™*
P =100 bar T =171°C =444 K

RT a_ ,,_ 8314x444 119

p=— <

v—b 2 TV-1.05x10"% V2

3

v;1.93x10*4% ot 5 e oS 4

oD

1.93 4.28x10°° _ 24/0.3656 (0.5x+/0.3656 +0.84+/1.387

_l’_
1.93-1.05 1.93x10°%-1.05x107* 1.93x107* x8.314 x 444

5 2 -4
_p207x20°x1.93x10 7 467, 4 —1.0693766

8.314x 444

Ing, =In

G3lgS ghls) aslezs ) aslalw) :@gs (HY)
. RT @
v-b JTv(v+b)
8- 0.4278PR2Tci2/ ° b= 0.08;5,7 RT,

Ci Ci
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_ nMRT nhra
V-nb JTV(V +n.b)
on-b 0
nRT(—T —~(n*ra \/_V—nbna
_»_ R T(anl) 8ni(T) (neb)nr

+ —_
an V-nb  (V-nb) \/?V(V+nTb) l\/_V(VﬁLnTb)JZ
nfa =nla, +nsa, +2nn,,/a,a,
0
3aT(nTa)=2nlal+2n2\/alaz = 2\/3_1( nl\/a_1+n2\/g)
1

on:b

1

nb=nb, +nb, = =b,

_ P __RT__ mRTb 2\/_(n1\/_+n2\/g JTVb,n’*ra
o, V-nb (V-nb)  JT(V2+nbV) [(x/_(V2+an)JZ

RTIng = j [———]dv RTInz_LT e J v-fﬁdv

dv Vv
-C.f V(V+nb) +Cyf, V(v +nb)f

=RTIn v +RT by
V-b \Y%

—RTInz

—1,+1,-RTInz
b 1 2

o dV
l,=C,| —————
! 1LV(V+nb)

1 _A, B _(A+BN+Anb
V(V+nb) V V+nib V(V +n;b)

C, 1 1 C, V . C,.V+b

1 =l =—| — =—2=1n v =—I

A:+ﬁ bV V+nb nb V+nb nb V
N

| :2\/a_1(y1\/a_1+y2 az)InV+b
1 T v

-C ro vdv _ J‘w dv

2T NV ) TR (Vangb)?xv
dx _ 1 +iln( X )

Ix(ax+b)2 b(ax+b) b? “ax+b

a=1b=+n:b

= [ dv 1) ¢ 1.ov " 1 1 Vb
V(V+mb)V b [V nb Vanb [ nb(V4nb) n%b? 0V
b,n;’a

C,= 1\/%

b,a b,a V+Db

In

\/_(v+b) JTPZ v
— RTIng =RTIn—/—+RT 2 A (ya +Yoya ) v
byT v

v-b v-b
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b,a b, v+b
n —-RTInz
S JT(v+b) T v
2 25
a, - 0.4278 x8.314 x5304.2 _ 6.467 b, = 0.0867 x8.314 : 304.2 —297x10°°
73.8x10 73.8x10
2 25
a, = 0.4278x8.314 :425.2 _ 29 b, = 0.0867 x 8.3145>< 425.2 _8.065x10°°
38x10 38x10

a=0.15% x6.467 +0.85% x 29 + 2 x0.15 x 0.85+/6.467 x 29 = 2.46

b=0.15%2.97 x10° +0.85x 8.065x10™° =7.3x10°
RT a 107 3691.416 1.167

= — :> = =
v-b JTv(v+b) V-7.3x10"° y(v+7.3x107%)

3 .
v51/675><104‘m—|3l-]‘-" 5 o SaS
mo

1.675 2.97 1
Ing =In + + X
1.675-0.73 16.75-7.3 8.314x444
2«/6 467(0.15+/6.467 +0. 85\/_ ,1675+7/3 2.97x107°x24.6
7.3x107°/444 1675 ' J444(7.3x107° +1.675x10™*)

2 97x10°x24/6 In 16.75+7.3
J444(7 3x107°)? 16.75
10’ x1.675x107*

—In =0.70776
8.314x 444
= ¢ =2.029
SRK a)sles :pqw (jbg)
_RT a(T)
“v-b v(v+b)
272
8 —aca(T) _ 0.42748R"T¢
Pe
= [1+(0.48+ 15740 -0.176 02 )(1- T, )]
b= 0.08664ﬂ
Pe
mRT  na

V_nb V(V<tb)
el ey SIS sy dsles 62 o8 Glams & 4 55

RTIng, =RTIn—+ K10 2\/_(3'“/_”2\@ pYtb_ab Ay VD oy,
v-b v- b Vv v+b b Vv

o o 0:42748x 8.3142 x 304.22

“ 73.8x10°

o - 0:42748x 8.3142 x 452.22

€ 38x10°

=0.37

=1.406

2
a, = [1+(0.48 +1.574x0.225-0.176 x0.225%( 1~ % )} =0.686

a, = {1+(0.48 +1.574x0.193-0.176 x0.193? )(1- ,/%)} =0.966 s

Mail: ma_Goharrokhi@yahoo.com Tel:+982177616703



V20 Hlad Olbwlas )y Shls Shslas sP)5 e Cuwgy

= a, =0.37x0.686 =0.254, a, =1.358
a=0.15%x0.254 +0.852 x 1.358 + 2 x0.15 x0.85+/0.254 x 1.358 =1.136
Aiar SIS s, dsles 5lis Oleab, b, by

b, =2.97x107° b, =8.065x10™*,b=7.3x10"°
p_RT a5 3691.4165_ 1.136 :
v—b v(v+Db) v-7.3x10" v(v+7.3x1077)
v=175x10"*m*/mol :lx 5 .i> &S @

1.75 2.97
+ +
1.75-0.73 175-7.3

—24/0.254(0.15+4/0.254 +0.85+/1.482) In 17.5+73 1.136x2.97

=Ing =In

1 7.3x107° 175 175473 | _ ooy
8.314x444| 1136x297x10° 175+7.3 | 10"x1.75x10"*
(7.3x107°)? 17.5 8.314 x 444
= ¢, = 2.066

UL Oills anad j) axlaiw) :e)lgs Jbg)
pd 0 C oy s 5l SIO

2
Ing :V( YiBi +Y,By ) —Inzy,

=1+ Bmix
\'

Brix = Y12 B+ y22 B, +2Y1Y,B1,

z

mix

oS ek LG ohad 2 sl iS50 6

o% FO(l)+ a)Fl(L)
Rle Te Te
FO(l) —0.1445 — 0.33 _ 0.13285 B 0.01321 B 0.0008607
TC Tr Tr Tr Tr
Fi(1)=0.0637 + 2ot 0423 0008
TC Tr Tr Tr
1 1 .

Veij :g(vgi +V§j )* & Tcy, =(Te,Tc, )E

:Bzz 39 Bll wbu

F°=-0.15 5
Tﬂ:ﬂzl_%: _, By x738x10° _ .4 w, =0.225
304.2 F1=0.0826  8.314x304.2
By, =—4.5x107"
F°=-0.3 5
P Y VYR _ Bpx38x10”_ 0, 0103
425.2 F1=-0.0099 8.314x425.2

B,, =—2.79x107*
vc, =161.35x10°  |Tc,, =359.647 =T, , =1.234
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F°=-0.22
= {F'=0.054
@y, :%(a)l +m, )=0.209
:%: —0.2087 = B,, =—33.67x10°* = B, =—2.1x10"*
161.35x10
Pv BP _
Zix = ——=1+—
RT RT
2 =043 5y =231 Xltt“o'% ~159.14x10°m? / mol
2
Ing, =————=(0.15x(-4.5x107 ) +0.85(—-33.67 x 107 ))...
=Iné, 159.14x10*6( x(~45x107)+0.8 <107))
..—In0.43=0.483= ¢, =1.62
Kay :@ais gbg)
olng,| T, oing,; P 0lng, om
In¢|:|n¢m+(l_yl) 4 Pr,m L 4 Trm_+ 4 PrIr A,
ar, oy, OB '""ady; om oY,
oingy __ ahy' T, __TdT.
oT, RT,T dy, T, dy,
olng, __z,-1 a'”¢m=|n¢;1
oP. P, o
1 4nY z,-1dR, " d
=Ind, =Ing, +(1- —_—m ° +In
¢ =Ing, +( yl){(T RT. dy )+ Pc e ng., y}
oslw LY -0l 68 grd gl Il

T, =y, Tc, +y,Tc, =407.05 K

dT dT.  —444

¢ —=Tc, -Tc, =-121K, L= >(-121)=0.324
dy, dy, 407.05
Pe =ViPe, +Y,Pe, =43.37 bar, dsc =R, P, =35.8bar
1
dm
m=y,m, +y,m, =0.1978, W =m, —m, =0.032
1
P. :i=2.3 , T, :lzﬂzl.og , m=0.1978
P T. 4075
z, =2° +mz* K =—12£=—1.9
ayl PC ayl
2°=042 , 7'~0.025=7z,=0435
oV lv
H” _ 31 P lis5o AH_ " /RT, =-3.39
RT. RT.

¢, =05, 4 =107=¢=¢(¢")" =0.506
—Ing, =-0/679, Ing"=0.0676
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—Ing, = —0.679+(1-0.15 )[(3'39)(407'05)(0,324)+% }

(~1.9)+0.0676 x0.032)
1.09x 444 2.3
=-0.679+0.85(0.9238+0.475+0.002)=0.51168 = ¢, =1.668
J.?a.,\..m“.: LY JJ"‘)'; :rjb -

Te = ylzTc1 +Y3Teo +2Y,Y,TCy, = ylzTc1 +(1- Y1)2Tc2 +2y,A-y,)T,

oTc
g=2y1Tc1—2(1—y1 T, +2(1-2y, )T,
1
dar, __ T dTe
dy, T dy
Tc _ ky,(Te, +7¢,)
12 2
JJJ\;— 4(}3 LJ:'f‘J'l) ‘j:'f)‘fl ‘LS)b QY:&J L;jgjﬁ &QJ}AJS s.S)) VJ"))‘L;‘ CM"’J‘-'J{J J)J.;-)‘ bk12

0=V
m=ym +y,m,

2 2
Ve =YV, T YoV, t+ zylyzvc12
1 1 1
3 _ 3 4 y3
Ve = E(Vc1 +Ve,

2. =0.29-0.08m
o ZRTe R %R v O,
Ve N Ve ¥ M
ok P R
ay:l_ Pcz ayl
3
Ve = (0.15% x 94 + 0,857 x 225 + 2 0.15x 0.85 x 150 ) x 10° = 202.93x10° 1

mol
0.275x8.314 x401.47

T TR 10°Pa=45.2 bar
. X

7. =0.291-0.08x0.1978 =0.275= P, =
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CHARACTERISTIC CONSTANT 42 FOR BINARY SYSTEMS

PR .
{kll =1 — (T‘“Tb_")lll:l

System System
n ) kya x 102 (1), 2) ki2 x 102

Methane Ethylene 1 Propylene Propane 0

. Ethane 1 (or Propane) n-Butane 0

Propylene 2 i-Butane 0

Propane 2 n-Pentane 1

n-Bulane 4 i-Pentane 0

i-Butane 4 n-Hexane (1)

n-Pentane 6 Cyclohexane (1)

i-Pentane 6 n-Heptane 2)

n-Hexane 8 n-Oclane 3)

Cyclohexane 8 Benzene 2

n-Heptane 10 Toluene (2)

n-Octane (2t .

Benzene (8) n-Butane i-Butane 0

"Toluene (8) (or i-Butane) #-Pentane 0

Naphthalene 14 i-Pentane 0

- n-Hexane 0

Ethylene Ethane 0 Cyclohexane 0

(or Ethane) Propylene 0 n-Heptlane 0

Propane 0 n-Octane (1)

n-Buiane 1 Benzene (N

i-Butane 1 Toluene (1)
n-Penlane 2

i-Pentane 2 n-Pentane i-Pentane 0

n-Hexane 3 (or i-Pentane)  n-Hexane (]

Cyclohexane 3 Cyclohexane 0

n-Heptane 4 n-Heptane 0

n-Octane (5)- a-Oclane 0

Benzene 3 Benzene n

Toluene (3) Toluene (D
Naphthdlene 8

tNumbers in parentheses are interpolated or estimated values.
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System System
(n (2) k12 % 102, (n (2) kiz x 102
n-Hexane n-Heptane 0 Acetylene Methane (5)
(or Cyclohexane) n-Octane 0 Ethylene 6
Benzene (n Ethane 8
Toluene 1 Propylene 7
Propane 9
n-Heptane n-Octane 0 ' n-Butane (10)
Benzene (n i-Butane (10)
Toluene (N n-Pentane (an -
n-Octane Benzene (1) i-Pentane (11)
Toluene (1) Nitrogen Methane 3
Benzene Toluene () Ethylene 4
Carbon dioxide Methane (5 +2) Ethane . 5
Ethylene 6 . Propylene (@]
Ethane 8 Propane 9)
Propylene 10 n-Butane 12
Propane 11 ..i: 1 Arg(‘m Mcthane 2
n-Butane 16 -2 Ethylene 3
i-Butane (16 + 2) Ethane 3
n-Pentane (18 +2) Oxygen !
i-Pentane (18 +2) Nitrogen 0
Naphthalene 24
. Hydrogen * Nitrogen 0
Hydrogen sulfide ~ Methane 541 Argon 0
Ethylene (5-+1) Methane 3
Ethane 6 n-Hexane 10
Propylene (7N
Propane 8 Tetra- Methane 7
n-Butane ) fluoromethane Nitrogen 2
i-Butane 9) Helium 16 42
n-Pentane 141 Neon Methane 28
i-Pentane (ar+1 Krypton 20 -2
Car‘bor] 8 Krypton Methane 1
dioxide Helium Nitrogen 16
Methane (46)
v
Yo 2B a1 k;, =0.94=Tc, = 998 (304.2+425.2)=342.82
Ve, 94 2

T. =0.15%x304.2 +0.85° x 342.82 + 2x0.15x 0.85x 342.82 = 401.47
? =2x0.15x304.2-2x0.85x425.2 +2(1-0.3)x342.82 =-151.632

Y1
m=0.15x0.225+0.85x0.193=0.1978

1 1 1 3
veg, = %((94><10*6 )® +(225x10°)3)=0.053 = v, =150x10° %
a\/C

W =2YVer —2(1 =Y, Vep +2(1-2Y; ey, =

1

3
[2x0.15x94 — 2% 0.85x 225 + 2(1-0.3)x 202.93[10° =-70.19x10°° %

oP.  0.275x8.314

. T (20293x10° Y [401.47(—70.19 x107°)+202.93x107°(~151.632 )]: _3.273x10°
1 . X
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T, i(—151.632 )=0.418

dy, (401.47)

_ 7
O 10 (3273x10°)=1.602
dy, (45.2x10°)
P 100 oo p o T 44 906

P, 452 T, 40147

m=0.1978
7' =04, 7'=06 z=2z°+mz'=0518

4H

H o 51, Y a5 5,40 33
RT. RT.

§ =049, g =108=¢, =¢'¢" =0.497 & Ing, =—0.698
Ing, =0.077

RT.

(+3.38)x40147 .0 0518-1
1.106 x 444
=0.698+0.85(1.155—0.349 +0.002464 = —0.0108 — ¢, =0.99

530103 b olyan SilgS ghyly) dslezs j) o3laiw] :euiud Jbg)

Ing, :—0.698+0.85[ x1.602 +0.077 x0.0SZ}

Pv_ v o
RT v-b RT”(v+b)
=Ing, =In - by _2(y1a11ty2a21)+|nv+b+ 2?122 vib_& L
v-b v-b RT b v RT¥% vV v+b RT
QRT?
ai= i
P

c

y 2P, C

cij

PC
2125
:(‘Qai+‘Qaj )R TCij & P —ﬂ & V(:y%:l(vc}?_’,vgjé)
1 2 1

m +m.;
Ty =(TeTg VA(1-Ky) &z =0.291-0.08(———)

Q, Q, m
Co, (1) 0.447 0.0911 0.225
n-CH,;Hy, (2) 0.445 0.0906 0.2
2 25
- 0.447 x 8.314 ><53O4.2 - b, =3.122x10°5
73.8x10
a, =30.177 b, =8.428x10°°
0.225+0.2

201, =0.291-0.08( === =) =0.274

3
veli = %(( 94x10® )% +(225x10° ) J=> v, =150x10 nT—m

(oS oo oolital 3 Jsdr slaesls 3l sdzee
ky, x10% =16 2 =16

—>Tc,, =(304.2x425.2)%(1-16 x102 ) = 302.112
0.274x8.314x302.1

—Pc,, = ~———=4.588x10° Pa=45.88 bar
150x 10
2 25
= {0447 +0.445)x 8.3146 x302.1%° | eeo
2x4.588x10

a=0.15% x6.75+0.85% x 30.177 + 2x0.15x0.85x~/10.658 = 22.787

b=0.15x3.122x107° +0.85x8.428 x10™° =7.632x 10"
RT a

P= _
v-b JTv(v+b)
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o - 8:314x444 1.0814
V—7.632x10"° v(v+7.632x107°)

v=2.08x10"m*/mol : et 5 el S 4

Ing=In 20.3 N 3122 2(0.15x6.75+0.85x10.658)
20.3-7.632 20.3-7.632  8.314x444% x7.632x10°°

In 20.3+7.632 N 22.787x3.122x107° (In 20.3+7.632 7.632 )
20.3 8.314 x 4447 x(7.632x107° )2 20.3 20.3+7.632
7 -4

_In 10" x2.03x10 ~0.305
8.314x 444

— ¢ =1.3567

(0-1 Joas 33l «5)E Calslad (JoTVgs Saaliasge)s .5.)) 1398 3)B) Juwily )l @G ) oslatw) :eian (o)

Parameters for the Lennard-Jones potentlal obtained from second-virial
coefficient data.¥

o (A) e’k (K)
Ar 3.499 118.13
Kr 3.846 162.74
Xe 4.100 22232
CH, 4010 142.87
N, 3.694 96.26
C,Hy 4433 202.52
C,Hg 5.220 194.14
C3H 5711 233.28
C(CH,), 7420 233.66
n-C/H,, 7.152 223.74
CcHe 8443 247.50
CO, 4.416 192.25
n-CHy, 8.540 217.69
§L. S. Tee, S. Gotoh, and W. E. Stewart, 1966, Jnd. Eng. Chem. Fundam., §: 356,
(k—T)2 _ 444 1.984
£ 223.74
(0=Yr K5 sl o5 OYslas J S g0 Salus g0 5 .S ) By sl
O ) — T T
-2 b -
-4} -
g 8 i
b, il ]
-10 bo= 24 TNyo3 -
-12]
-1al_1 I [ | -‘
ek} 1.0 ] 20 25

kT/¢

Second virial coefficients calculated from Lennard-Jones 6-12 potential.
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VY

504
b.

b, =% N ,0° = % 7 x6.02x10%(7.152x 107" )* = 0.000461
= B,, =-0.000184

KTy -4 3B g2
s 119205 by

b, =108.61x10° — B,,; =-21.72x10°°

12 _ |51%52 _y074
k k k

oy = % = 5.784A°
KTy = o, B s
207.4 by

by = 22N ,o° =0.000244 — B,, = —61x10°°
= B, = y2By + Y2B,, +2y,Y,B,, = —148.98x107°

-6 7
2 :ﬂ:1+ﬁz 3 148.98x107° x 10 0596
RT RT 8.314 x 444
3
Ve 0.596 x 8.3714><444 290158 x10°° m*
10 mol

Ing, :3( y1Bi +¥,By, )—Inz,;, =0.01689 = ¢, =1.017
v

P=100bar T =171'C  (15%CO, 85%n—C,H,,)

By wl?u’

B wl?u’

icalises L;L@.J:j‘))\ onICMA.L C"’LQ R

exp_ gcal
s & error = =—_=—x100
1

ool lsles 1.0693 31.89

SlsS ids,y doles 2.029 -29.23

SRK 4Jslxs 2.066 -31.59

Sl V- 1.62 -3.18

Kayl /s, 1.668 -6.24

Kay2 /s, 0.99 36.94

al sl SIS s Wlsles 1.3568 13.58

Foar W il (655 @U 1.017 35.22
(0-YY U2 5 i 5lkie 157
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Ve Chapter 1:Introduction and Review

1- Solve the equation of motion of a body of mass m dropped from a heighth . Assume that there
exists a viscose drag on the body that is proportional to and in the opposite direction to the velocity
of the body. (Let the proportionality constant be ). Solve for the so-called terminal velocity, that is,

the limiting velocity ast — .

%+ Solution)

D> F,=ma=mg-N =ma
2

= mﬂ— mg — (%J
dt? "\at

2 2
:>d—§(+l(%j=g Assume(%):A: d—2X =(d—Aj
dt m\ dt dt dt dt

A ? #
:>d—A+lA=g; ej%‘dtzemzi Ae/n =ge/"
dt m dt

7 m & -
:>Ae4“:—g e +c1:>A=g—m+cle n

4 4
" A
:%:@eA‘ = x(t):@t—ﬂe i +¢,
dt » P
dx gm —gm

@ t=0: VZE:ODOZ—+C1:>Cl=—
e

2 2
@ t=0: x=h:>h=0+g(mJ +c2:>c2=h_g(m]
/4

Y
jx(t)ﬂug[gfe‘%m_g[mf

e v

dx_(t)zﬂJrg(%Jze_% =v(t)= Iimv(t)=%=w

dt V4 t—owo

Part (b): at limiting velocity there is not acceleration:

mg
7Vt=mg=>7t=7
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)T g (JoTlgs aidyibiy Groliysgs)s Jilws

AR

2- calculate the trajectory of a shell shot out of a cannon with velocity v, , assuming no aerodynamic

resistance and that the cannon makes angle & with the horizontal axis.

% Solution)

. . dv
In x direction: —=

=0=v,=C=v,c0s6 =V, =V,Cc0s8

%:vxzvocosez X(t)=v,c0s0+C @t=0 & x=X,
= x(t) =Vt cos 6+ x,
. L dv
In'y direction: »'F, =ma= ma, =-mg :>d_tyz_g
=V, =—gt+c @t=0&v, =V,sind

:>vy=—gt+vosin9:>%=—gt+vosin9

:y(t):—%gt2+v0tsin¢9+c @t=0 & y=y,
:y(t)=—}égt2+votsin6+y0

3- Remembering that the potential energy is given by V(x):—J' F(&)de =%kx2 for a simple harmonic
0

oscillator, derive an expression for the total energy as a function of time. Discuss how the kinetic

and potential energy behaves as a function of time.

¢ Solution)
du=8Q - W = du =—Pdv=—%d(Ax): du =_—de

=du=-Fdx= 4u = J-OXFdx
x(t)= Asinwt + Bcoswt =V (t)= Awcos ot — Bosin ot
a(t)= —Aw® sinat — Bo® cos ot = —o? (Asin ot + B cos ot) = —w?x

ma?x

F =ma= F(x)=-ma?’x; u(x)=J0Xma)2xdx =

2,2 %
:>u(X)=mw2X & we know: a):[%j = o’m=k

u(x)=—-= g(Asin ot +Bcosat)= g[xm sin(wt + ¢)f

=u(x)= % kx2 sin?(wt + ¢)

E-Lmv —Em[%jz'x(t)—x sin(a)t+¢):%—x wcos(at + ¢)
2 2 \de) dt "

—E :%m(xma)cos(a)t +¢)f = E= % ma?x2 cos? (et + ¢)

Mail: ma_Goharrokhi@yahoo.com
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w=(K/m)! = o’m=k=>E :%kxf1 cos?(wt + )
E+u =%kx§1 COSZ(C()t+¢)+%kX§] sin’(ot+¢)=T

=T =E+u :%kxﬁ1 [sinz(a)t+¢)+ cosz(wt+¢)]:T :%kxé

4- Solve the equation for a harmonic oscillator of mass m and force constant k that is driven by an

external force of the form F(t)= F, cosmt .

%+ Solution)

it —

2
Y F=ma=F-k«=ma= Focoswot—kx:m%

d?x 2x F
= m—— +kx=F, cosapt = —+—x=—2coswt
dt dt® m m

3
Homogenous equation: %+ @*x =0 = X(t)= Asin ot + B cos ot

=Y, =Lcosapt + H sinayt = y; =—Lay, sinast + Hay, cos it

. d?x R
= yr =-Laf cosapt —Hef sinagt & Fﬂozx:ﬁcoswot

. . F
= —La? cos wyt — Ha sin apt + @ (L cos ayt + H sin apt) = —2 cos mgt
m

:»L(wz_wg)=% & H(w*-a)=0=H=0 & L=mw2':°_wg

. F
x(t)= Asin ot + B cos ot + 0 oS ant
Y )

5- Show that £(t)= Asinet+Bcosat can be written as &(t) = Csin(wt + ¢).

+«» Solution)
. . B
&(t)= Asinwt + Beos ot = A(sm at +KCOSM]

Assume %ztan¢ = &£(t)= A(sin wt +tan ¢ cos wt)

= &(t)= A(sin ot + N9 COSa)tj =i(sin @t COS ¢ + Sin ¢ oS ot )

cos ¢ cos ¢
= £(t) = Csin(wt + ¢)
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23- Verify the calculation that follows Eq. (1-37) which shows that the quantum mechanical
degeneracy of a macroscopic system is 0(10N )

¢ Solution)

o(E)=

(N + 1)1{(?} + 1} (ZME?ZEJ

Q(E,ZAE)=®(E+ 4E)-®(E)=®'(E)AE ; f(x+4x)— f(x)~ f'(x)ax

27zma2E]2 3N

. (N + 1)r[(3;'j + 1} [ he 2

2 2 ~
Q(E, 4E) 31N iN LZM:? EJ %ES% "AE
(N +1)r(j

3N/_
eVl

2 2

3N

2 2 y
(E, 4E) 1 j(Zﬂma EJ ¥Vt e

2
(N +1)r(3’;' h
T=300k & m=10%g & a=10cm & N =6.02E23 & AE =0.01E
k=1.381E-23JK™ & E =§NkT = E =3741.129 ) = AE =37.4113 ]

2 -25 2
2zma :27r><10 x0.1 _143E40 31

h? (6.626 E —34)’

In[Q(E,AE)]:%In( Z”maz} In(%}+(%—1)ln E+InZE..

h2

.—In[(N +1)]—In{F[37N+1H

= In[Q(E,AE)]z%In(l.43E40)+In[%)+(%—ljln 3741.129...

3N

2

= In[(E,4E)]=138.7N +55.16 +12.341N —8.23+3.622 —54.755N + N —82.74N + 1.5N
= In[Q2(E, 4E)|=50.552 + 16.046 N ~ 16.046 N

log 2
loge.
= 0(E,4E)=10"" = Q(E,4E) tobe O(10")

..+In37.41129-NInN + N —37N|n(37Nj+

=16.046N = log 2=7N = 2 =10""

24- We need to know the volume of an N-dimensional sphere in order to derive Eq. (1-36). This can

be determined by the following device. Consider the integral
| = J’_m....je‘(X12+x§*“'+Xé )dxldxz...de

First show that | = z"’*. Now one can formally transform the volume element dx,dx,...dx,, to N-

dimensional spherical (hyperspherical) coordinates to get
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Idxldxz...de — 7S, dr
angels

Where S, is the factor that arises upon integration over the angles. Show that S, =2~
andS, =4x. S, can be determined fromany N by writing | in hyperspherical coordinates:

I= [T r" s dr
Show that | =S, T'(N/2)/2 where T'(x) is the Gamma function (see problem 1-58). Equate these

two values for | to get
272_N/2

"TT(N/2)
Show that this reduces correctly for N=2 and 3. Lastly now, convince yourself that the volume of an
N-dimensional sphere of radius a is given by

V, = IOaSNrN‘ldr =———a
And show that this reduces correctly for N=2 and 3.
+«» Solution)

+eo — x4 %G
I:J-_m....J-e b N)dxldxz...de

=1 :Uj:exzdx)N :(J;)N =1 =7z'%

Izre’rer’lsNdr (2 —u= 2rdr =du=dr =3

0 2r
|=J‘:e’”u 2N —:—_[ e “u” 7t s du

) :%J;we”ulz(N_l)SNdU J' eI gy = 2N ('\V)

/
=1 :STNF('%): e :7’“1“(’%): Sy :72(’:\%)
=S5,=27 &S;=4r

(A N-l4, a 27" N-1 _2”% 2 N-1
VN_ISNr dr_J;F(,%)r dr_r(’%)Lr dr

27ZN/ 72N 772N IRV 772N
( N[0 l\yrhy /+1) N_F(’%+1)

V — — 2

2 F2) &
a8 /a B 24><2!7z%a3 _i
r(/+1 re+Y) ez adz 3

2421
=V, =—m®
3

J.J.dxldxz =Irszdr &J.J.J.dxldxzdx3 =_frzs3dr
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dexldxz = ”|J|d¢9dr = Hozlzaedr = J‘Zﬂrdr =s,=2x
e - [~ J” [ snasssr
=J‘J-02 2(- cosei dgdr —J.J. (2)dgdr —J.(4izf)r2dr N

30- Derive the equation dE = T[@j —pldv +C,dT and from this show that ( j _2 fora
aT )y oV V2
van der Waals gas.

% Solution)

E-E(WT)= dE= (5EJ dv +[53j dT
o). \ar),

We know: dE= Tds- Pdv:(an _T(asj -P
o s v s

From Maxwell's relation: [asj (@j
T v

:{%j :T(an }dv+c dT
o J; oT

vdw Eos: P_ % _Pj :L 8Pj :ﬂ
V- b v T), v-b or ), v-b
a

(] o= 2
oT v o Jr v

32- Derive an expression for L

in terms of AH , the heat of reaction, and in terms of Cp , the
heat capacity at constant pressure.

% Solution)

G=H-TS=G= H+T — —H T[aacjj G (1)

aG

(G TdG Gar [ /] (ae)
=d| = —+

T o | Tt

:TZ{%L =G+ (—Gj (n)

oG/T -H
(I)&(II):[ (GT )L: =5

1) o 2T e 3T
T T oT oT T

[ferm) Ly ferm)

a(T) |, a(T)
[a(AG/T)} = __?:'r &we know AG, = -RT InK
P

oT
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olnK AHr ° !
:( j_ & AHr(T):AH"(298-15)+J-298A15VdeT

0T ) RT?

.
dlnKY) AH ((o9815) + Lg&lchpdT
a ), RT?

35- Itis illustrated in Chapter 17 that the speed of sound c, propagated through a gas

isc, =(mpx, ) M'?, where «, is the adiabatic compressibility = _3(

o

equivalentto ¢, =v _7[
M \ oV

RT

1/2
the above result, show that ¢, = (;/M) for an ideal gas.

¢+ Solution)

BURE(E) T

Since we know: (éj =(@) & (@) :_(ﬂj
v )p \OT ) s ), oV )

e e

Mail: ma_Goharrokhi@yahoo.com
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1- From statistical mechanics we have shown (G_EJ + ﬂ(@j =—p and from the
N8 v vy

thermodynamics we have (G_EJ —T(a—p) =—p.Why can’t g be linearly proportional to the
oV )yr oV )yy
temperature? That is f = constant x T .

¢+ Solution)

GE\  fadp) _ __[(°E p | -
WJN,,B ﬂLaﬁjN,V_ p:[anN,ﬂ-’-(alnﬂjN,V_ “

a_Ej _T(@j :_p:[a_E] ( ap) 5
)y, \OT )y, )y, \OInT )y,

P = —( % ) ;assume two cases
olmp),, oinT )y,

a)f=yT=>mP=nhy+InT=>dnf=dInT

= P :( éﬁj ;t—( ap) = p+iT
omp),, \0InT )y, onT )y,

b)assume: f=y/T=>mpf=lny—-InT=>dnf=-dInT

ap ap ap ) y
= = =— k= f=
(alnﬂ]w/ [—8lnTjN_V (8lnT vy p 4

3- Show that Eq. (2-9) follows from Eq. (2-8). Note that in deriving this result, we have written

In W(a) as AlnA- 4 _ZN:al_ Ina, +4 and A4 have considered to be a constant. Show that Eq. (2-10)

i=1

Is independent of this assumption, that is, derive Eq. (2-10) treating 4 as zjaj.

¢ Solution)

()= A!
a;!

i=1
We want to maximize this function under two equality constraints:

N N
dYa=4 &Y aE=E

i=1 l:jv .
an(a)zlnA/—Zlnai./z AlnA—A—Z(a[ Ina,—a,)

i=1 i=1

N N N
zan(a)zAlnA—Zailnai +Zai =AlnA—A—Zai Ina;, +4

i=1 i=1 i=1

N
=In W(a):AlnA—Zal. Ina,

i=1
Now, define new objective function by the method of Lagrange multipliers:

F(a)= AlnA—ZN:ai Ina, —O{ZN:ai —AJ—ﬂ(ZN:aiEi —EJ

i=1
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Zlna da, —ia ——aZdai —,b’iEida[
= i=1
dF(a)zZN:(—lnai —I—a - pE,)da
i=1

Ifg=¢g (xl’xz rrrrr Xy ) =dg = (;—ngX, + (aa—ngxz +...+ [s—gjdxn

X X5 Xn
—( Og; S BF(a)
do = =2l \dx. = dFla)= — Jaq,;
= o= 3 B = arlo)- 3 L s,
(—6g(a)j:0:—lnai—1—a—ﬂEi:Zna,:—l—a—ﬂEi
a;

~PE,

=a=¢"%" =a=C where C isconstant

4- Starting with Eq. (2-31), prove that the Boltzman constant £ must be positive, using the fact that
heat capacity C, is always positive.

R

% Solution)

EszZ(alLQj c :[a_Ej
or )y, " \OoT )y,
2
:{a—EJ 2kT(al”Qj +kT2[—6 Z”ZQ]
or )y, or )y, or’ ),
2
=, =kT 2(—81”Q] w12 1”2Q
o )y, oT
N N g
_ SE/K a0 =N i 4TdT
0 ;e =dQ ;sze
N . N o
3(6_9) 3 E, 4T31(6_Q] LS E %
or NV =l kT Q or NV Qi:1 kT

N -E;
j(amg) :iz E,.Ze iy
oT )y, O%RT

i=1

The function of InQ vs. T is in first region & since (aé”TQ

J)O , The slope of tangent lines are always

positive , therefore there is no point that function changes direction, we conclude that(a(l3 ”T QJ)O

= 22] +r(62mQ]>0 0 6)0= 0
or )y, or?

Method 2:
S= kT( Oln QJ +klnQ= (d—Sj must be positive
oT )y, ar ), ,

2
ds = k(azngj ar+kr] M2 ary k(amgj
or )y, or’ ), or

(3]0 o{Zme) |
or or )y, Lor ),
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We know for spontaneous & irreversible process As)0
2
= 2(MJ +T(a Z”Q]x) Y0 ,c,50=> k)0
N,v

oT or’

N
5- Show that the entropy can be written as S =—kZPj InP, where P, is given by Eq.(2-12).

j=1
¢+ Solution)

7E/ N N -]
T,Q et =ag= Z 4Tdr

i=1

S Ee i sz S ge A
e Wz e —Z

—E/ ZN:EeiE%T
ZE’e kT i

N
= il PE Ee /7 =0% PE,
R YL

i=1 i=1

6- Maximize the function defined as “information” in information theory. 7 = ZPj In P, subject to
J

the two constraints ZP =1 and ZE P, =E = fixed .Compare this result to that of problem 1-51.

J=1
¢+ Solution)

I= ZP] InP, & equality constraints : ZE =1 & ZPiEi =E
rle)- S mn o Syt S0
j=1 j=1 j=1
: N Nj dP. N : N
dF(P,)=> P inP+> P, L ra) dp+ By E,dP,
=1 =t e J=1
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= dF(P,)= i(lnPj +1+a+ fE, WP,

j=1

We know: dF = Z(a—Fjdxi = La—FJ =0= max F
=\ Ox; Ox,

=P +I1+a+PE,=0=InP, =-1-pE;
=P =Cexp(—ﬂEj)

8- Differentiate Eq. (2-16) with respect to £ to derive Eq. (2-13).

% Solution)

N

z E(NV) z NV)e -BE;(NV)

Jj=1 Jj=1

100 ol E-e”E’ =

9- Derive Eq. (2-24).

%+ Solution)

A B
R 0 R
Ya,4,+bEy)=E

J=JB

In[w (a,b)]=lnA/—ZZnajHlnB!—Zlnbk/
an(a,b)=AlnA—A—Z(ajlnaj—aj)+BlnB—B—Z(bklnbk ~b,)
Fla,b)=AlnA-Ya,lna;, + BlnB-Xb,Inb, +a(La,— A)..
= 7(Zb, - B)+ p2la, JA+b E)-E|

db,
dF(a,b)=)~Ina,da;-Ya, ——zznb b =Xb, =%

J=1 4 k
w—aXda;—yXdb, —BLE da,— BYE zdb,
dF(a,b)=X(~Ina, ~1-a~ fE,, Ma, + Z(-Inb, — 1y~ BE ; )db,

dF(a,b):z[aaF Jd +z(§§ J

a; 5

8aj

a—F]:O:—lnbk—]—y—,BEjB:0:>lnbk =1y fE,

(a—J:0:>—lnaj—1—a—,BEjA =0=lna;,=-1-a-pE,
[bk

—pE y —PE
=a,=Ce™" & b =Cer

a; o P &bk_ e P
A _z ﬂE,4 id B 3 PEjp "1
_ﬁE/A PE ;5
=P, P, X
ij iA jB
0, O
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10- Derive Eq. (2-31) and (2-32).

¢+ Solution)

N *E e
03 (2) Lz,

P or) kI’
om0 e T xE
jsz( a}/;_, Jz ¢ 75/ [:E
Z KT
omnQ
E=kT? 2-31
= ( T ) eq(2-31)

(-EP
:Sz—kZ(# ) ZEP +anZP
:Sz?ﬂcan:ST:E+kTZnQ:E—TS=—lenQ

= A=—kTIhQ “we know p:_[a_A]
oV )yr

= P= —kT(ag;/Qj eq(2-32)

TV

Method2'
N

0= Z NV/kT:dQNVT:z[ jdE NV)e (V) kT
1

ZN:(-/'}E%T
:{azngj:_ij_z ov __1.p
ov kT 0 kT

T,N

oV
11- Derive Eq. (2-31) through (2-33) by starting with 4 =—kT'InQ.

¢+ Solution)

= A=—kT'InQ ;we know P:_(G_AJ :Pz—i(—lenQ)sz(aanj =P= kT(aanj
oV )yr oV oV oV

oA 0
s=[ s=—2 (ir1
[8TJN'V:> 5y KT inQ)

= 5=k mo+1[ 22 o s k1 22 ko
or or
alnQ
A=E~TS = A+TS =E = —kT'InQ + kT* o [HhTinQ=E

= E=kT’ oinQ
oT
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12- We can derive Eq. (2-36) directly by the method of Lagrange multipliers. We label the levels
rather than the states by the subscript /. The degeneracy of Ith level, whose energy isEl, iIsQ,. The

number of ways of distributing systems over levels, with degeneracy Q

B! 11

where q, is the number of systems in the Ith level. Maximize this, subject to the constraints
dYa=4 & D aE=¢

to get
,Q e—E/kT

Z ‘QefE/kT

¢ Solution)

N

HQ” :>an

Haz/ i=1 Hat/ H
:>ZnW lnA/+Zln_Q” Za/

:>ZnW(a)=AInA—A+Zai InQ2 —Zai Ina, +iai
—~ ~ =

Now, define new objective function: F(a)

F(a)zAlnAJrZN:ai In £, —ZN:ai Ina, —c{ZN:ai —A)—ﬂ(ZN:aiEi —EJ

i=1 i=1

iln[)da —Zlna da; —Za ——aZda —ﬂZEda

i

Il
-

dF(a ): (in2 —ina, - 1-a - PE, Ma,

™M=

Il
—

We know: Fl(a,,a,,..a,)= dF = Z(S—F}lai
i=1 \ 94

=mmQ ~Ilna,~1-a-pPE, =0=Ina,~In2 =—1-a- pE,
N N
= =Ce: Y a=A4=CY Q- =4
Qi i=1 i=1

A a, Qe

13- Show that for a particle confined to a cube of length a that p, =§7’ By taking the ensemble

average of both sides, we have p =§§ If we use the fact that £ =%kT (to be proved in Chapter

5), we get the ideal gas equation of state.

Mail: ma_Goharrokhi@yahoo.com Tel:+982177616703
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¢+ Solution)

2 2
E; = W &a —V=a=3V=d’ =V?3(V is volume)
ma’
Wn?y2/3 oF .
=>E = —,we know P, = - —L
/ 8m / o ),
22 OE . 572 27,-2/3
dE, =21 yenyars gy N O8 ) _Z2h TV T
T3 8m v ), 3x8m
OFE E E.
= 2><—:>P _z —L
o)y 3V 3 v
N -E,
N Z(’Jexp(—Ej/kT) ZEe 7z
D i=1
P=2 PP ==ty A=
i=1 Zexp(—Ej/kT) Ze 24
i=1 i=1
iE.e_EKT —
= F_p_2E
we know = =E=>P=——
i 3V
Ze kT
i=1
E=3L ¢ E-2nir=Pr-rr
2V 2

14- We shall show in Chapter 5 that the partition function of a monoatomic gas is:

0
o(N,V,T)= N/(Zﬂ;l"#) V¥ Derive expressions for the pressure and the energy from this

partition function. Also show that the ideal gas equation of state is obtained if Q is of the
form £(7)", where f(7) is any function of temperature.

¢+ Solution)

2mmkT W
O(N.V.T)= N,[ 2 ) -
:san=371 (ZMij+NZnV In(N!)
:»an=§ (ZMkT)+%ZnT+NZnV NinN+N
il Q_3_Nd_T:(aanj _3N

2T or )y, 2T

iin Q_Na’V (aanj _

or )y,

o )y, o7 ) 2 2

o kT(amQ] :kT(ﬁ): kT p_RT _ by pr
or )y, T) Vv 4

ONV.T)=F(TWV" =>mQ=mQ=mF(T)+ NV

N
V
Ni
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—=dnQ=

NdV:»(“LQJ N p MR py_rr
W oy V v

v

15- In Chapter 11 we shall approximate the partition function of a crystal by:

e 2kT

. 3N
) Y h : - ,
0= [—h} e Vhr where % = 0O, is aconstant characteristic of the crystal, and U, is the

l—e 2kT

sublimation energy of the crystal. Calculate the heat capacity from this simple partition function and
show that at high temperatures, one obtains the law of Dulong and Petit, namely,
that C, > 3Nk as T — .

% Solution)

0, 3N 0,
e éT M/ 2T u
Q= — —o./ e kTZ)ZI’lQ=3NZI’l 5.7 +—
—e [—e o | KT
_ -0,
=mhQ= 3N95+3Nln(1—e /T)+u—°
2T kT

3N6O 0, eia% u
E AT +| 3N x—Ex—————|dT
2T 7 %% kT

exp| — 0 )
:{amg) _3NO;  3NO, p( By u,
N,V

- 2 2 T2
or ' T I_exp(_%) kT
[

dinQ=

2NkO -0
NV

or T’ ( )
I1—exp| — 6
exp %

fgjeg% (] - eigE/’ j - eieE/r (_JzEjeg%
5 dT
(1 — e_g% j
2 exp|—0
()] A
T e
T

2 exp(— O )
lim ¢, = lim 3Nk[9—; X r

["ex”(@%ﬂz
yle”

0 0
= [lim 3ANk———=— assume ZE _
0 ( T 7)

y—o® (1-e” )2

du = 3NkO, (

v

T—w T—w

D2 — e
= 3Nk lim 2 77 ef = 0 (Using L’Hopital method)
y—>0 2‘1—@ 7’; 70

-7 _ =7 _ =7 2,
3Nk fim 22 TR AVTCT _3Nkwl = lim e, = 3Nk
yo® 2(—6 "'+ 2e }') T—o
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16- In Chapter 13 of this author’s textbook Statistical Thermodynamics, it is shown that the
partition function of an ideal gas of diatomic molecules in an external electric field & is

3/2 2 ~hv/ 2kT
qV.,T, & v _ o 2mmkT SnIkT | e kT . [ ue
Q(N,V,T,g):% where q(V,T,g)—V( 3 pER e T e sinh| ==
Here 7 is the moment of inertia of the molecule; v is its fundamental vibrational frequency; and u

is the dipole moment. Using this partition function along with the thermodynamic relation,
dA=-SdT — Pdv—Mds wWhere M = Nz, where z is the average dipole moment of a molecule in the

kT
ue

direction of the external field &, show that z = y{coth[';: ;) } Sketch this result versus & from
£ =0 to ¢ = and interpret it.

¢+ Solution)

2mkT Y?( 822 IkT A"T kT . ( ue
=V — |sinh| —
n’ W’ ¥ 4 kT

1—e /H \HE

N

We know: 4=-kTinQ & Q:%

mQ=NIlng-InN!'=mQ=Nlng—NInN+N

2
= Q= Nan+3—Nl (2’”"ij+1\71;{8” ”‘T}..

W’ W’
et Nln{Mv/sz))} + Nln(k—TJ + Nln{sinh(:—;ﬂ —-NInN+N
£

1—exp(hv/2kT yri

dA=-8dT — Pdv — Mdgj[aA) =-M
0¢ Jry N

A=—kTIhQ = kT(aanj — M
T.V,N

o¢
Q= =N o Nucosh(ue/kT)
£ kT cosh(ue /kT)

=%

M=k (a ) M——&-kNycoth(yg/kT)
&

Mzﬁz,u coth| 2% _kT
N kT ) ue

j ——+—coth(,ug/kT)
nQ

17- In Chapter 14 we shall derive an approximate partition function for a dense gas, which is the
form

2mmkT
O(N.V.T)= N,( pE
molecular parameters. Calculate the equation of state from this partition function. What equation of

state is this? Calculate the thermodynamic energy and the heat capacity and compare it with
Problem 1-30.

j (v —Nb)" ¢/ \where a and b are constants that are given in terms of
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% Solution)

aN’

37
O(NV,T)= N/[”ZZI‘TJ (V= Nb) e 7*7

0= 3NZ (2;zka

2
aNT—NlnN+N

) +Nin(V - Nb)+

2 2
dmo= NV __ ai\f dV:(aan]: N aiV
V-Nb VkT oV ) V-Nb VT
2
p=kr|9MQ ) po N _aN" _(p, da\, p)=gr
oV V-Nb ¥ v

E=kT (ag”T 0 j “This is vdW EOS.

2 2
3NdT aN dT:(aan) 3N _aN

dinQ="—""—
nQ 2T VkT? oT 2T kT
2
L 8mQ ) p_3RT _aN” C, = OE)_3R
2 or) 2
2
_IRT AN g =% ay Rar
2 14 v 2

dE = {T(Z—;j - P}dV +C,dT (Problem 1-30)
v

P:

v—b V’ V-

oP

RT _a _ ., RAT _(oP)_ R
oT )] v->b

3R

:T[—j —P=% & ¢ = = dE=—; dV+%dT o.k.

v

orT ), v v’

19- Derive equation 2-40.

% Solution)

Z eiE%T = ne “ha + m_EH%T = neiE%T [1 V. iid

n

e—(EM—E,)/kr}

Jj=l

= n

n+l

Assume Zexp[-(E
n
1 b
x=0+ =
1+x, 1+0

m _(g _E)/kT m  ~(Enei-Er)/kr
=i 1+ L BBV s =T
n n

In(1+x)=in(1+x,)+

N
BT E, m Asmyr
=In E e =lhn——+—e
Py kT n

Mail: ma_Goharrokhi@yahoo.com

ul e i m  _(g,,,—E;)/ kT E] m
ane =[n{ne I+—e i =lnn—k—T+ln l1+—e

E,)/kT]=x & now write Taylor series of in(/+x) around the point x,=0.
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N -E
kT
ZE e 7Ej _En+l _En+/ _Em/
= _nEe *T+mE, e " —mEe ‘M +mE, e /M v E
N —Ej a ~E £, - -E; -E, . 1
ZEje kT ne 4T +me 4T ne 4T +me 4T
j=1
7En+l
me Vi +(Ep —E))
= +E,

-E, m
ne 4T|:] + e(E,,,,,E,)/kT:l
n

m

=—(E —El)exp[—(En” _Ez)/kT]"'EJ
n

n+l

Since lim ﬂexp[— (En+, - E,)/ kT] =0
T—0 n
_(En+1_E1)

= Szklnn—ﬂJr—e kT +—m(E”+’ _E’)ef(E”*’fE’)/kT +£

n I’lT T

=S=kinn+ @e*(Enw*E])/kT 4 Me*(EM/*E,)/kT
n nT
- _ —(E=Er)
limS=kinn+lim @e*(EMrE,)/ KTy i we L
T—0 -0 pn A nT
Jim Tt o B EN/KT _
T-0 n
Zlm we_(ErHI_E])/kT =0
T—0 I’ZT
=IlimS=kinn
T—0
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1- Derive Eq. (3-5).

¢+ Solution)

w(fay, )= ﬁ

2. 2.3y =A 2.2 ayN =N
N N
2. 2.ayEy =E
N ]
INW =InA-)> "> Inayl= AInA- A=) > a, Inay + Y > a

N N N
= InW =AInA->"> aIna, F(aNj): AlnA->>a,lna —a*{ZZaNj —A}...

N N N
---—ﬂ{ZZamEm—E}{ZZ%N—N}
N N

dF(aNj):JrZZ(—In ay —1-a’ - BEy —;A\I)daNj
N ]

(ﬂa“”)}=0:>—lnaNj ~1-a - pE,-MN=0

day;

Equality constraints:

=Inay =-1-a - fE, - N =a, =e e e ™

6- Derive the principal thermodynamic connection formulas of the grand canonical ensemble
starting from pV =kT In= and d(pV )= SdT + Ndg + pdV .

¢+ Solution)

PV=kTInZ & d(PV)=SdT +Ndu+PdV

(M) _s= -2 (kTinz)=s
or ), oT

:>S=k|n5+kT(6'”:j :>S=kInE+(aln:] }
oT uv oInT uv

5], v

ou ou

{8(PV)} _pp- kT(alnEj
T,u T,u

oV oV
G=pN=E+PV-TS=>E=uN+TS-PV

OlnE +kT|n5+kT2(‘3'”d
Ot )iy oT

:E:k_l_lu(ﬁln.:] +kT2(a|n:j :k_l_lIaln:.J +(6|n:‘J:l
O )1y or ),y olng )., \0InT

:E:kTy( J _KTInE
A%
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A

G:,uN:kT,u(aln:] :G:kT(a'”“j
0K Jry olnu)sy

A:E—TS:kTy(mn:'j +kT2(a|n:J —kTInE—kTZ(
0 TV or uN

17
dln=

A:km[ ” j —kTInE
TV

alnEj
oT

8- In the next chapter we shall see the grand partition function of an ideal monoatomic gas is

3
Z=e% whereq = (ank%z VV . Derive the thermodynamic properties of an ideal monoatomic

gas from =.

*,

% Solution)

zmnkT j%V[ijeﬂkT - M
KT KT

(ama}
- =
ou
gi

J — N =KT x—2 = N =g/
TV KT

ou

3

%
% - 7
dIn= - Zﬂkaj (gj_l_ T ‘1Ve%T +(27zkaj V( ,uje;”

h? h? KT 2
(alnE) 3\/(27zkaJ% Y [zﬂkaj% %
: = e [ __ ¢ BN = N e
oT 2T h? kT?\ h?
j(alnaj:?;q/i_yqﬂ
oT 2T  kT?
E —KTu oIn= +k_|_2(8ln;j :MﬂJqu/‘tkT_ﬂ(ML
ou )., oT )., 2
o E = S QKT S NKT
2 2
OInE qi
A=kT —KTINE =kTu| = |-kTgA
”( ou J ”(ij |

= A=l -qi=N(u-1)= A=N(u-1)
- kTy(mnE

PV =kT InE = PV =kTgi = PV = NKT = PV =nRT

J :kT,ux%=,uq}L:>G: Ny
TV kT

Mail: ma_Goharrokhi@yahoo.com
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9- Show that the partition function appropriate to an isothermal-isobaric ensemble is:

A(N, p,T) ZZQ (N,V,Ele kTe o Derive the principal thermodynamic connection formulas for

this ensemble.

+«» Solution)
We want to drive the partition function of isobaric-isothermal ensemble:

-E -PV
AN,P,T)=Y S Q(NV,E)e e
E V

228 =A
Vo

Ayl 18 f‘j S3A 57 5o s daea Voo gl o8 olpatan slis @, |

N,P, T N,P, T N,P, T
N,P, T N,P,T N,P, T
N,P, T N,P, T N,P, T
N,P, T N,P, T N,P, T

Zzav,jEv,j =E ;ZZavij:V
vV o] Ve )

W=— A W=l A-> > Ina, !
v

[1I]a ;!
Vo]
=InW = AInA-A-> >a, Ina, ZZaVJ
v
InW = AInA-> > a,;Ina,,
v

Now, we define new objective function under three equality constraints:

F(am.): AINA->>a, Ina,; —a[ZZam —A},
Vo] v

—ﬂ{ZZaVJ - }—;{Zvjzj:amv—v}
o, )- £ s, 105, -,

[8F(av,j)] =0= _|na\:j _1_a_ﬂEv,j —}/V =0

aa,
=Ina,, =-1-a-pE,, -N =>a, =e“eie”
a_*. eiﬂEVvJe*W eiﬁEV‘je*W
P, (N,PT)=—L= =

A Zze—ﬁEv.je—W A
vV E
In p; :_ﬂEv,j -N —InA
From in formation theory: S = —kz p;Inp,

=S =kB> p,E +kyD pV,+kIinA) p,
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YA

=S =kpE +kN +kInA
We know from classical thermodynamics: G=E+PV-TS

E P_ G 1 1
>S=—+_V-——kf="=pF=—"

T T T & T P kT
y:P:yzi & kInA:—E:G:—kTInA

T KT T
= AN,P,T)=Y Y O(N,V,E) %e i
v E

dG =-SdT +VdP + 1N = [@J =-S
oT P.N

= O (CKTInA)==S = S =kIna+kT| ZINA
ot .

op
(ﬁj v =V =2 (Cktina)=V :_kT[alnAJ
P ) - nd)
(ﬁj :”3ﬂ=i(—kT|nA):>ﬂ:_kT(alnAj
aN - 6N 6N T,P

G=H-TS = —kTInA=H —kTInA—sz(alnAJ
T Jue

—~H-= sz(a'nA)
o s

H:E+PV:kT2(alnAj :E—kTP(alnAj
o Jus aT

:E:kT(alnAJ +kT(8InAJ
oInT )y » oInT J);

A:E—TS:kT(alnAj +kT(a|nAj —lenA—kT(a'”Aj
oinT Jy» oInP J; oInP )y s

olnA
olnP

:AZKT( j —kTInA
TN

10- In Problem 5-17 we shall show that the isothermal-isobaric partition function of an ideal

3 5
monoatomic gas is: A — {W] Derive the thermodynamic properties of an ideal
ph

monoatomic gas from A.

% Solution)

A{WT —InA=N ,{W}

= InA :%In(ZmﬁS?NIn(KT)— NInp-3NInh
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A BAAT _(2ina) SN
21 et )

dina="Ngp =[N} _—N
p ® )P

dinA :Fln(Zmn)+i(kT)— InP —3In h}dN
2 2In

_ (alnAj _ 3In(2zm)+2In(kT)=InP =3Ik
T,P 2 2

oN
V=—kT(a|nAj (_Nj "TTN: PV = NKT = nRT
y_—kT[alnAj

3kT (2mn)—£ln(kT)+kTInP+3kTInh
S :kInA+kT(alnAj

aT

S = 3';”‘ In(272m) + #In(kT) Nk InP — 3Nk|nh+¥
G=-kTInA
G = —3NKT In(272m)— PN In(kT )+ NKT In p+3NKT Inh

E:sz(alnAj +kTP(a|nAj
T e P Jyr

E =KkT (5'\'] kTP(ﬂj=—5NkT—NkT E = 2 NKT
21 P 2 2

11- Derive Eq. (3-23) starting from Eq, (1-37).

¢+ Solution)

Q(N,V,E)=

1 (27zma2EJ3%

(N +1)FK3;\I J +1} "

InQ(N,V,E)=N |n(2’“ﬁ—f‘2'5]% —In[0(N +1)]- |n(rﬁ3§ j+1D

2
|nQ=N|n(2”T];°‘ EJ “In Nl—In(sglj

r N
Q=N ZME T Nipnn SN pSN 3N
h 22 2
3
S = NkIn Z”"Z‘E _NkiInN 4 2Nk SNk 3Nk 8
h 2 2 2 2
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%
S = NkIn (Z”TE) LA L S -
h NN%(%)/Z 2 2

%
S = NkIn Mj VN % |+ Nk Ine’
3x2h

%
S = NklIn 27‘:1”) N%VN‘%}r Nk Ine*

S=Nkln

| 2amkT % ve’:
h? N
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1- Convert Boltzman’s constant k =1.3806 x10**erg molecule™ deg™to cm™ molecule™ deg™ and
toeV molecule™ deg™.

% Solution)
1ev=1.6021E-12 erg & 1ev=8.06554093E3 cm™

k=13806E—-16— 9
molecule deg

=k =1.3806E -16/1.6021E -12 = k =8.61744E -5 eV/molecule deg
k =8.61744E —5x8.06554093E3 = K =0.6951 cm’l/molecule deg

2- By considering the special case of an ideal gas, determine the order of magnitude of
E,AG,S,C,,and x. Express your answers in terms of N, KT or Nk, whichever is appropriate.

% Solution)

E =§NkT =E=0(NkT) & C, =§Nk:>CV =O(Nk)

% \e¥
S=Nkln{(2m:2k-r) Vlil ]:>S=O(Nk)

%
A=—kNT |nﬁmj Ea)el} — A=0O(NKT)

h? N
AV
G=E+PV —TS =2 NKT + NKT — NKT In (Z”msz) ve
2 - N
% \Jas %
G=NKT {2~ (27szij Ve L= —NkTIn (Z”mszj v
2 h N e ) N

= G =0(NKT)

%
L Gy SYRLT)

3- Calculate the value of n,, n, and n, for the case n, =n, =n, for a hydrogen atom (atomic

weight 1.0) in a box of dimensions 1 cc if the particle has a kinetic energy 3kT /2, for T = 27°C.
What significant fact does this calculation illustrate?

% Solution)

2 2,2
g=8:17(nf +n; +nf):g= SQmZZX
3h2n22x =§kT Lon?o 4ma22kT —n, =§(ka)%

8ma 2 h h
__2x3/10° (L.661E - 27 x1.381E — 23x300.15)"?

X 6.626E —34
n, =7.92E7;n +n? +nZ =n’ = n? =3n} = n=137.2E6

For very large n, the number of degenerate states is proportional to the surface area of the sphere of
radius n in this space. Therefore the degeneracy is proportional to n?. Actually since the allowed

& 5=§kT
2
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values of ny,ny,n; are integer , we have counted states as degenerate that are not exactly degenerate.

However, for large enough n, these states will be so close in energy that for practical (experimental)
purposes we can take them to be degenerate. n=1.372E8

Thus the most probable value of n is 1.372E8 and the degeneracy is of order 1.372E8 for this level.

4- Calculate the entropy of Ne at 300 K and 1 atmosphere. Use the entropy, in turn, to estimate the
"translational™ degeneracy of the gas.

¢+ Solution)

%\
sszlnHZ”m"Tj V; }Nkln(a)ﬂ)

h2
PV = NKT = Y _ KT _ 1.381E —23x300
N P 1.01325E5

272mKT Y (277 x1.661E — 27 x 20.179 x 1.381E — 23x 300

( h? J _[ (6.626E —34Y

S =6.022E23x1.381E — 231n(8.86 E31x 4.0888E — 26 x &™)
=S5=146.39 J/K=34.97cal/ K

(&) is the number of energy states between & & & +d_,or, in other words , the effective

degeneracy.

w(g)zg(SmaZ ]%g% :1\/(8_”‘]%(@]%

=4.0888E — 26

%
j =8.86E31

4| h? 4\ n? 2

8x1.661E — 27x20.179 \* ) (SRT jy
(6.626E —34) 2

3x6.022E23x1.381E —23x 300
2

= w(s)=%><4.0888E - 26 ><6.022E23[

%
= ols)= 9.23560[ j =5.65E62

5- Calculate the entropy of 1 mole of argon at 298 K and 1 atm and compare this to Table 5-3.
¢+ Solution)

P=latm T=298 K, n=1,h=6.626E-34J.s ,k=1.381E-23 JK*

%%
S = Nk In{( Z”m"Tj v %} Nk Ina,,

h2

v =NkT =V =KL V% _ 4 048E 25
N P N
KT _ 22UKT \1 _ 9.783E19x M
h h
2mKT % 3
(h—zj =9.676E29.M
= S = NokIn[4.78756 E5x M * x 0,
o3ls ol He Ne Ar Kr Xe C Na Al
@y 1 1 1 1 1 1 2 2
M 4 | 20179 | 39.948 | 838 | 131.29 | 12.011 | 22.9877 | 26.98154
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After calculation:

sdlo ol He Ne Ar Kr
S(J/K) 126.062946 146.2533491 154.7704859 164.0123282
S(cal/K) 30.1153721 34.93816271 36.97336023 39.1811582
S(cal/K) 30.11 34.94 36.97 39.18

The last row is data in table 5-3

sdlo ol Xe C Na Al
S(J/K) 169.6131072 139.7790966 153.6423959 155.6396199
S(cal/K) 40.51913694 33.3920441 36.70386906 37.18098898
S(cal/K) 40.52 37.76 36.7 39.36

6- The quantum mechanical energy of a particle confined to a rectangular parallelepiped of lengths

hz(nzx n?, n?

a,bandcis: ¢ =— +
nayn, 8m

Tt t o JShow that the translational partition function for this
a c

geometry is the same as that of a cube of the same volume.
+«+ Solution)

22 2,2 22
w A% o Yy 5 NG

Otrans :ze_ﬁgnxnynz = ze 8ma’ Ze 8mb? ze 8mc?

n,=1 ny:]- n,=1
0 2.2 2 0 29 ) 0 - ,
= Oirans :.[ e—ﬂn "’ /8ma dnx'[ e‘ﬂ” n°y/8mb dny'[ e—ﬁ’n n”/8me dnz

We know I e dx =l(£j
o 2\ a

1( 8ma’x %o 8mb?7z | 8mc’r i
=0 =75|—77 | *5 2 R 2
2( ph 2( ph 2 ph
% % %
[ ape - A(EmT Yy (mer
8| 8l h h

7- Given that the quantum mechanical energy levels of a particle in a two-dimensional box are
2
&= 8h (s2+5?)  &s,,s,=12,...First calculate the density of states w(s)de , that is, the number of
ma

X1y
states between ¢ and & de, and use this to find the translational partition function of a two-

dimensional ideal gas. Then find the partition function by another method. And finally find the
equation of state, the thermodynamic energy E, the heat capacity Ca, and the entropy. This is a
model for a gas absorbed onto a surface or for long-chain fatty acids on the surface of water, say, as
long as the number of molecule per unit area is small enough.

+«+ Solution)

2 2
8mﬁ:52+52 =R? j%: R?
h2 X y h2
1 1 8ma’s 2ma’e
= 0(e)= (R )= xmrx L = ofe)= =0

w(e,48)= (s + Ag) - D(s)= D'(e)de
We know f (x +4x)f (x)~ f'(x)Ax

Mail: ma_Goharrokhi@yahoo.com
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27ma’
hZ

= [ ool de = [P gt g o P [,

= w(e)de = de

e —u=—feFde=du=e P ds= -
— — — —pe 0
:>J.e_ﬁgd8= —du_-u_-e :>'[ e_ﬁ‘gdgzl
B B s °
2zma® 1 2zma®  (2zamkT
3%:szthr: Bn’ = h2 S

2

= 7ﬂhzsz/ 2 i Oo_ﬂhzszgmaz
=D e gma” | =\ le ds
2]
Izﬁhzszmazds_l 8ma’r |

o ) ﬂhz

1 8ka7zS ) :(ankT js

— T -

:>qtr_4 h2
qN
Q:m:InQ:Nlnq—NlnN+N

=InQ=N |nK2”mszjs}N InN +N
h

(a'”szﬁ ;P:kT(aanj — PS = NKT
s ) s S Jys

E = kT (aanj sz(ﬁj:&NkT
o5 T

oE
’ (aTl y 4

S=kInQ+ kT[agnSQj — kN |n{(2’z:—2”js}— NK In N + Nk +kT(¥j

h2

=§= NkanZﬂkaJ S ez}
h? N

— S =Nk |nKMH— NK In+ 2Nk

8- Calculate the entropy of mixture of 50 percent neon and 50 percent argon at 500 K and 10 atm,

assuming ideal behavior.

¢+ Solution)

SY(T,P)=D ¥sd(T,P)=RD yy Iny,
S9(T,P)=0.5(S%, + 59 )-0.5N kx2In0.5
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%\ 0%
S:Nklnﬂzﬂ:le Ve }

N

PV = NKT :s%:k—T— LIBIE - 23300 V. _6.814716 - 27

P 10x101325E5 N
272mKT ) ( 27 x1.661E — 27 x500x 1.381E — 23x M

( h? j_( (6.626E —34) _J
=S89 =137.8616 J/mol K & S/ =146.381J/mol K
= S'9(T,P)=0.5(137.8616 + 146.381)— Nk In0.5

= S'9(T,P)=147.886 J/mol K

9- Calculate the De Broglie wavelength of an argon atom at 25°C and compare this with the
average interatomic spacing at 1 at.

% Solution)
L %_ (6.626E —34)’ §
22mkT 27 % 1.661E — 27 x39.948 x 1.381E — 23x 298.15

=>A=16E-11Im= A=0.16 A°
PV =nRT = 1.01325E5xV =1x8.31439%298.15 =V = 2.446519E —2 m°

—=a=0.29m :§:5.5E —11((1
10- Evaluate pAe¢,,, atroom temperature, given that electronic energy levels are usually separated
by energies of the order of electron volts.

% Solution)
K=0.695 cm™/deg molecule
- Aeg, 82258.907
For H: Ag,,,, = 82258.907 cm ™ & = e

elec P =T = 298.15x0.695

= PAe,,. =397 molecule™ =2.4E26 mol™

11- Using the Data in Table 5-1, calculate the population of the first few electronic energy levels of
an oxygen atom at room temperature.

% Solution)

—pAgy; .
f =% " inf =In &j—mgﬁ
Weq Weq
®, | Energy (cm‘l) BAg, (mol ’l) f
3 158.5 4.6063E23 102528
1 226.5 6.5825E23 10740902
5 15867.7 4.61E25 10752
1 33792.4 9.821E25 107426E%
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12- Show that the contribution of electronic degrees of freedom to the total energy is small at
ordinary temperature.

¢+ Solution)

—pAsg,
E =S NKT + N@e246028 T _ 3\ Nse
2 gelec 2

At room temperature limf, =0 = E ngkT
T—298.15 2
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Problem 1- Drive (6-52) to (6-56)
N

Q=%:>InQ=NInq—NInN+N:dIanNdInq

2 —hy,
Inqzéln(ﬂ +InV +In w —ﬂ—ln(l—e AT)-FIna)el-i-&
2 h oh 2KT KT

_(zhvy—dT e_thT

3dT dT hv(—dT k \ T2 D, (—dT
ding="—+—-—| — |- e

2T T 2T 1-e k
2

(alnquiJr hV2+(th/kT )_ Dez & E=NkT2(
oT ) 2T kT2 M g kT

_SNKT  Nhv  Nhv

o2

3|5
o

~

=E - ~ND
2 2 Mr_qg
E _5 hv (L1vv/kT)_ De2 (6-52)
NKT 2 2kT  Wir _q kT

2 Gl
2
dE = 2K g7 4 Ny KA T & cv=(§j
2 (ehv"T—lj a1
hy

(Ej_SNkJ{hvjz e /T
== T T 2
or) 2 kT [envkT _1)

2 W C 5 (W)Y ek
:>CV=—5Nk+(mj Nk—S :>N‘|'(=§+(Ej o7
2 KT (ehva _1) (e VkT _1)

S:kan+kT(a|an & (a'”szN(a'“q)
aT aT aT

[aanJ_ﬂ+ hvN  Nhv/KT® ND,
oT 2T 2kT?2 (thkT _1) kT2

5Nk Nhv  Nhv/T  ND
2T (ehvﬂ_l) T

5 ) v
S = Nk |n(2”kaj +NKInV + Nk |n(&;h—'”J—N—m’— Nkln(l—e%Tj...

e

S=k(NIng—NInN +N)+

h? 2 2T
5Nk Nhv  Nhv/T NDe
+ + -
2T (e% _1) T

VA 2
i:m{[ZE(ml+m2)kT:| Ve }+In[87r |kTeJ+

ot Nklna;eﬁ@— NKIn N + NK +

Nk h? N oh?
(Tv’k’T k) _ |n(1—e%j+ In o, (6 -54)
ek _1
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dInQ:NdInq:[aan) =N(alﬂj &P:kT(aanj
N s or oV

v
dlnq:d_vj(alﬂj :lj(alﬂ) :E
v N s VUV )y V
—~P-= KT[%): PV = NKT (6 - 55)
y:—kT(aéLQj & dIanlnqu—InNdN—NdWNerN

—dInQ =IngdN —InNdN :»(5;‘\?

jzlnq—InN

= u=-kT(Ing=InN)= z=kTInN -kTIng

% 2
ji:lnN_|n|:M:| —InV =In w +ﬂ+
kT h oh 2KT

—hv
...In(l—e %j—g—ln oM
KT

PV =NKT = InP+InV =InN +In(kT)=InN - InV =In(%)

% 2
:izln(LJ—ln{M} _|n[87f |kTJ+ hv

kT kT h? oh? | 2kT
...+In(1—e_h%T)—%—ln oM & at standard cond. p® =1
. % 2
LK (T):_In [2;z(ml+2m2)kT} ke 82 Isz L
k h oh 2KT
+In(l—e 4T)—%—|nwel (5-56)
gV o g__h Bhc _ h
Yk 87°%lc "k 8r%k
% 0 6
S {Z”U(mltmz)kq KL i 28 s, + w% _in(1-e”) (6-56y
Nk h P o0, e 1

Problem 2- Verify the results of table (6-3) by Eq.(6-56)'

M, M, c | wy | 6(K) | 6(K) | s®(cal/K) | S$“"(cal/K)

H, 1.00794 1.00794 2 1 85.3 6215 31.17166 31.1
0, 15.9994 15.9994 2 3 2.07 2256 48.98977 49

N, 14.0067 14.0067 2 1 2.88 3374 45.746 45.7
Cl, 35.453 35.453 2 1 0.351 808 53.215 53.2
HCI 35.453 1.00794 1 1 15.02 4227 44.627 44.6
HBr 79.904 1.00794 1 1 12.02 3787 47.445 47.4
HI 126.9045 | 126.9045 1 1 9.06 3266 49.372 49.4
CO 12.011 15.9994 1 1 2.77 3103 47.2 47.2
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1- The Morse potential is u(r)=D,[1—e#")]. Show that 5 =v(2724/ D, )"

S
%+ Solution)

u(r)= [1 g Alrre ]:u [1+e’2ﬂ(r re) _pgAlr- “’)]
du(r)
dr

2 2
ddugr) - D, [4ﬁ2e72ﬂ(r—re) ~28 e—/}(r—re)] atr=r,: d (;Jr(r) —k
r

=D, [— Zﬂe*Zﬂ rre) 4 287" plr-re ] atr= dl(;f— ) =0

? %
ddugr)|r—re=2ﬂ2D932ﬂ2D62k & v= K
r

7
=42V =k =2p°D, =47V u= f° = [

= p=v(2z?u1D,)’

2- The dissociation energy Do of H; is 103.2 kcal/mole, and its fundamental vibrational frequency
@ is 4320 cm™. From this information, calculate Do and @ for D, T» and HD, assuming the Born-

Oppenheimer approximation.

+«» Solution)

The Born —Oppenheimer approximation is based upon the approximation that the nuclei are so
much more massive than the electrons that it is legitimate to calculate the electronic state of a

molecule in a field of fixed nuclei:

Thus H, & D, & HD all have the same internuclear potential function, and therefore have the same
internuclear potential D¢, and the same internuclear separation. u:atomic mass unit

1, = my,mg =mH:uMH _u
", +my 2 2 2

1 (kY?
V=—[—J = 4r*Viu =k :>Va2y,_|2 =Vé2,uD2

2w\ u
mpMp my, UuMp
Ao img 2 2 a
o ompmy  uMy M, 2_u: 2u
Ao em,  My+M, 3 T
m;m uM 3u 3u
o, ==L == gy =

2

2 2 —2 2 —2 —2
V=0C= oy C Hy, =0p,C Up, = Oy, Hy, = Op, Hp,

m; +m; 2 2

= 4320% x = B2 xu= @ =3054.7 cm

2 2 2
—2 -2 2 U 2 20 _ -1
a)Hz/qu = WipHyp = 4320 XE _VHD X? = Wyp = 3741.23 cm

@y pyy, = OF pr, = 43207 x % =of x 37“ = @; =2494.15 cm™

1
De = Do +Ehv & |:)eH2 = |:)eHD = DeD2 = DeT2
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Don, +%th2 =D,, +%hva = Dy, =Dgy, +%h(vHZ —va)

1 _ _
= Dy, =Dy, +§hc(a)H2 -, )N,

= Dy, = 1082+ = $020E 34X 2997010 ¢ 55k (4320 - 3054.7)
2 2 1000 x 4.186

= Dyp, =105 kcal / mole
Donp =104.03kcal / mole & Dy; =105.81 kcal / mole

3- Given that Do for H; is 103.2 kcal/mole and that 6, is 6215 K, calculate D for both D, and To.
% Solution)

VHz - V02 & VHz VTZ

v = i =
k h 9\, HVHZ Qsz evH 2 HVTZ
vo, @y, Wp 4320 3054.7
= — —

= = =

evH 2 esz avH 2 esz 62 15 esz

Oy, @, 4320 2494.15
— = —

Om, On 6215 O

= O, =4394.7 K

=0

\Y

, =3588.23 K

D, =D, +%hv =D, +%0kaA ; Den, = Dep, = Der,

Do, +%0vH2kNA = Dyp, +%9vD2kNA

= Dgp, = Don, +%kNA(€vH2 _‘9sz) & Dgp, =Dy +%kNA(9VH2 _HVDZ) &
Do, = Don, +%kNA(e\/H2 _'9VT2)

1.381E —23x6.022E23 (6215-4394.7)= D, =105 kcal / mole
2x4.186 x 1000 ’

138153 PR (6215 —3588.23) = D,; =105.81 kcal / mole
2x4.186 x 1000 ;

Dyp, =103.2 +

Dyr, =103.2+

4- Show that the moment of inertia of a diatomic molecule is ur” , where x is the reduced mass,
and re is the equilibrium separation.

% Solution)

m; X
m, +m,
Translate center of mass to origin:

X =
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\ oy Chapter 5: ldeal Diatomic Gas

rnm, =r,m, :r, isthe distance of m; from the center of mass& r; is the distance of from the center of
mass.

R=r+r,=r=m,R/(m, +m,)&r, =mR/(m +m,)
R: the equilibrium distance R between the nuclei

2 2
m,R m,R m,m
I =mr2 +m,r} =m| —2 +my| —2 =12 R?
m, +m, m, +m,

1 1 1 m, +m,
we know: —=—+— = y=——=%=reduced mass
gomgom, m;, +m,

=>1= ,urez
5- Show that the force constants in Table 6-1 are consistent with the frequencies given there.

+«»+ Solution)

1 k% 2.2 2—2.2
V=—r-i —| =4zVu=k=4rowc u=Kk

2\ pu
__mm, UMM,y arpecy MM
m+m, M;+M, M;+M,
wx107? k. x107° Kioppe X 107°
M; M:
(m‘l) (dyne/ cm) (dyne/ cm)

H, 1.00794 1.00794 4320 5.54325 55

D, 2.01588 2.01588 3054 5.5407094 55
Cl, 35.453 35.453 561 3.2881 3.2
Br, 79.904 79.904 322 2.4414 2.4

I, 126.9045 126.9045 214 1.71264 1.7

0O, 15.9994 15.9994 1568 11.592 11.6

N, 14.0067 14.0067 2345 22.6978 22.6
CcO 12.011 15.9994 2157 18.8129 18.7
NO 14.0067 15.9994 1890 15.7234 15.7
HCI 1.00794 35.453 2938 4,986 4.9
HBr 1.00794 79.904 2640 4.08875 3.9

HI 1.00794 126.9045 2270 3.037 3

Na, 22.98977 22.98977 159 0.17127 0.17
K, 39.983 39.0983 92.3 0.0982 0.1

6- Using the data in Table 6-1, calculate the frequencies that are expected to be found in the
rotational spectrum of HCI.

+«» Solution)

_ h h _
B=87[2|C&V=4ﬂ2| (J+1)=v,=2Bc(J +1)
2Bc & v, =2(2Bc) & v,=3(2Bc) & v, =4(2Bc)

Vv, =
B,y =10.44 cm™' =1044 m™" & c=2.9979E8

V, =2BC=2x1044x2.9979E8 = v, =6.26 E11 s™*
v, =2v, =1.252E12 s & v, =3v, =1878E12 5"
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7- In the far infrared spectrum of HBr, there is a series of lines separated by 16.72 cm™. Calculate
the moment of inertia and internuclear separation of HBr.

¢ Solution)

We know there is a series of equally spaced lines with separation of 2B.
2B=16.72=B =836 cm"' =B =83 m™

g__h g 6.626E-34

87°Ic  87%1 x2.9979E8

= MM 1x79.908U _ g07641, —1.64E — 27 kg
My +Mg  1479.904

| = ur? = 3.35E —47 = 1.64E - 2717 = r, = 1.43E — 10m = 1.43A°

= | =3.35E —47 kg m?

8- Show that the vibrational contribution to the heat capacity c, of a diatomic molecule is Nk as
To>w.

% Solution)

@mmw{%fFE%T

Assume g%zy:T —woxy—0

2,7 14 2,y
. . roe .2, +y%e
limc, = Nk lim = NK lim
Y yw (,37 _1)2 0 207 —1)
7 14 7 2,7
lime, = Nk lim 25+ 27€" +20€" +77e" _
y—0 y—0 2e’”

.l!m(cv )vib =Nk

Nk

9- Derive Eq. (6-35) from the Euler-MacLaurin summation formula.

R

% Solution)

0

Groe = 3 (23 + 1) 720

J=0

> f = fon+ {1 0)+ F(a)}+ 3 () (ZBJJ)! {f@0(a)- £ @D(p)l
jw (20 +2)e gy = L gm0~ _ L _KT
: /B - B B
13)=(20+1)e ™0 = f(o)=1 & f(0)=0x0= g

21+1) 2

1 1 1

=2 {1@)+ ) =20+1)-
S B 2J-1 2J-1 _Bl 1 1
1) G- 1 = e @) - 1 o)
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...%{f(s)(a)— f(3)(b)}—%{f(5)(a)— f(s)(b)}+%{f M(a)- V(b))

fryy=(23 +1)e®0 = £W(3)= 26/ _ gB(2] +1)2eBI)
@)~ _2pB(23 +1)e B0 _48B(23 +1)e IO 4 (pB fe B
f(s) _ _12(ﬂ§)267/5§u3+1) +12(,BB)2(2J +1)2e—/3§J(J+1) _(ﬂ§)3e—ﬁ§J(J+l)

£ =12(8B (23 +1) 20D L 48(fB)(2d +1)e ) 1 12(BB f (23 +1)°e B0

+(AB)(2] +1) e /BI0H)

(5)—[12 J + 4848 + (B )4] [0 _ gB(23 +1)2e 2204 |
—6(B) (20 +1)2e D) 4 (BB (23 +1) e B2
fU0)=2-/ & fY(x)=0
fO0)=-128+12(Bf - (B & F@(w)=0
f60)=—(sB) +2(m) -11(sB) -30(sBY +96(sB) & fO(x)=0
5-2_9% & Bl:1 & Bzzi & Bszi

KT T 6 30 42

2 3

L RO EORO)

q rot

T 1[9,) 1 [e,jz 4 [erj
=—+=| L+ = | 4 —] = |+...
6, 3T ) 15(T) 315(T

10- Show that the rotational level that is most populated is given by J

J .ax fOr CO and H; at room temperature.
%+ Solution)

NJ /N =(23 +1)e DT 1q (T)

0g 0 (I+)/T —(23 +1)2(ﬂ)e—0,J(J+l)/T
d(NJ/N)= T dJ
qrot(T)

[6(NJ/N)/a3]=0=2—-(2J +1)2[%J=0

4 %
ENCLIE RN R [P P (L1 (S P LI
0 A 26,) 2

r r

T Y (kT OV _ . .
I~ —| =] &for CO:B=1.925cm™=1925 m"-
20 2Bhc

] _ ( 1.381E —23x 298.15
maxCO 2x192.5%6.626E —34x2.9979E8

;o 1.381E — 23x 298.15
maxH: T | 2x5.93E3x6.626 E — 34 x 2.9979E8

b
) = Jmax,CO =7

%
) = ‘]max,HZ :1

Mail: ma_Goharrokhi@yahoo.com
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11- The rotational constant B for HC'?N'* is 44,315.97 MHz (megahertz) and DC**N* for
36,207.40 MHz. Deduce the moments of inertia for these molecules. Assuming that the bond
lengths are independent of isotopic substitution, calculate the H-C and C-N bond length.

¢ Solution)

HNC & DNC are linear
A(0Q0) B(aD) C(p0)

o1 1 meo +my S
X=—>» mX =—(m, x0+m.a+myf)=—"——N"_
Mz i M( H C Nﬂ) mc+mH+mN

= Z (06 = X)F = me (xe = X)* +my (x —X)* +my (x_X)°

m
2 2
=mc[a— Mmea +my S ) +mH(O— Mea +mMy S J +mN(ﬂ_ Mmea +my S }

Me + My + My

_%[(a_ﬂ)MN "'OlMH]2 +m_H2(aMc +ﬂNIN)2 +% (ﬁ_a)Mc +ﬁMH]2
M2

B=—>—=Bc=—; &unit of Bc isHz
8z°lc 8x°lc
6.626 E — 34 )
= =1.894E —46 kgm
WM T 8% x44315.97E6 J
6.626 E — 34 )
- =2.32E —46 kgm
PCN ™ 872 % 36207.4E6 J
729x1.894E —46 ., 5 2 2 2
10% = (150 - 148 x12 + (12a + 14 BF +14(135 - 12
TeolE o7 <107 =(15a—145) x12+ (120 + 14 ) +14(135 ~120:)
= 4860a® + 4914 3% — 907203 = 8314.7
=060’ +064°-11af=1 eq.1
We can write similar equation for DC**N**
M2

- 12[(a - g4+ 2af +2(12a +148) +14[12(8 - )+ 28T

784 x 2.32E - 46
1.661E - 27

= 5376 + 5488 5% — 9408¢3 = 10950.51174

1E20 =12(16 —148) + 2(12a + 14 B +14(148 - 12a )

=0.5a° +0.54° -0.86a5 =1 eq.2
By solving equations 1&2: C-H :1.2564A° & C =N : 1.084A°

a=12564 & [=234:=H-C+C=N=a+C=N

12- Given that the values of 6, and 6, for H, are 85.3 K and 6215 K, respectively, calculate these
quantities for HD and D,.

+«+ Solution)
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B 0, 0., —
9r=—BhC:>9—_r=m=cte:> =2 & B:—hz
k "B k B, BD, 87°lc
= er,Hz I H, = er,Dz I D, =~ 6)r,HZ/uHZ r.eHz = gr,DZ/uDz r.eDz
From problem 6-1: 4, =% & pp =U & =%u & fy, =lp, =T,

Or it = rYDZ,uD2385.3X%= o, XU=> 0, =42.65 K

u 2u
O, 1, = O o o = 85.3><E =0, 1p x? = 0, 4p =63.975 K

hf O, Op,  Omn, bGp,

6
okt fy @y, @y,

> %
[0
From 6-1: @ p1,,, = @ ptp, = —> =[ﬂH2J

H, Hp,

_ Y uV

,
O, =222 g, =| 2| g, = %2 x6215 = 4394.67 K

Wy, Hp, u

% u 1/2
= 0,5, 439467 K & 6’V,HD=(ﬂ} QVHZ_[%J %6215
Hp
: 3

= 6,5 =5382.35 K

13- What is the most probable value of the rotational quantum number J of a gas phase N, molecule
at 300 K? What is the most probable value of the rotational quantum number n for this same
situation?

¢+ Solution)

2Bhc 2% 2.001x 100 x6.626 E — 34 x 2.9979E8
= o, =7-222 Iy, =7

- ( KT jV _( 1.381E — 23x 300 jy
max -

—e ™M) g =Inf, =:—1\_/n——2hk\_/r ~Ing

f

n

Now, we assume: v _ A & —m—lnq =B
KT KT

=In f, =—An+ B :the strightline equation & f, ismaxwhen n=0

14- Using the Euler-MacLaurin expansion, derive the second and third corrections to the (first

order) high temperature limit of E, and C,, . Express your result in terms of power series of % :
’ T
+«» Solution)
T, 1(6) 1(6) 4 (0
T)=—<1+=| L |+—=| | +—| = | +...
Gro(T) er{ S(TJ 15[T] 315(Tj }

g, aanj [alnqj
=2 =InQ, =NIng, —NInN+N = L1=N r
R N! nQ N T (aT oT
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\OA

oInQ,
oT

E, =NkT2(mj=kT2( j
aT

T 106, 1(6) 4/(6Y
Ing, =In| — |+Inql+=| = |+ —=| =L | +—=| = | +..
0, 3\T ) 15(T 315\ T
2 3
(-8 0 G2 )
dT 30 T 15\ T 315 T
ding, =—+
q &
T
2 3 4
alv) ol ) Sl
olng,y_1 73(T) 15(T) 315\T
oT T & r
=

At high temperature we can assume

:’( j M?
el 204
-l 3236
S—"

1
3

0,

r

2

]2+_

15

6,

r

dlng,
oT

1 1
T &

T

oT

[_

T

)
j?’ 3x4 ,J“ }
+ — | +...

315[T
3x4

ey }

4]+
JOE0

315

6,

3x4
315

0,
T

r

-
J

2 3
L NKT i(—dT) 26 ( 2dT 129( 3dT
30 T2 315 ( T4
2
(8Erj:Nk 1+£(ij 24 (ﬁj
oT 15\ T 315\ T

1+£
15

6,

r

g

24
315

e -ia {354

)
X

15- Calculate the rotational contribution to the entropy of HD at 20 K, 100 K, and 300 K, using the
formulas appropriate for each particular temperature, and estimate the error involved in each.

+«+ Solution)

6,

r

n, %3 85.3x3
4

=63.975 K

‘9r,HD =

q rot

QI’OI
S, =kINQ,, +kT(%) =k(NIn

= S, = NkIng,, — NkInN + Nk + Nk

rot

Mail: ma_Goharrokhi@yahoo.com

=INQ,,; =NIng,,; —NINN+N :>(

6 In Qrot
oT

dln qrot)

oT

oIngyy
oT

o

qrot—NInN+N)+NkT(

T[alnqrot js
oT

)
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Ot =1+3e 77 +5e "7 +7e %
(Gln Qrotj_ 0ot _i[aqrot)
aT qdT gl aT
dd,o, = 3(- 20)( dee 1 +5(- 69)( dT]e 1 +7(- 129)(
T? T? T?
:[aqmtj = ( e 7 156 W+14e_129%j

oT
60, (e_z% 156 0t 1140 P )

:_(mmt}
q\ ar T2(1+3e2% 15e +7e126%)

T

S, = NKIng,o, — NKINN + NK + NkT[%j

26 66 -126r
=S, = Nkln(1+3e t +5e it +7e %j—NklnN + NK + ...

260 —66r -126r
60 Nk(e i +5e A +14e %)

' 26r -6 -126r
T(1+3e s +5e % +7e %)

We must use this equation for %)0.7

6, _63.975 S

aT=20 K= =3.19875= an)(t =3.6795E -2

We consider —NkInN + Nk in translation term

s ay say  war) 60,(e T +5e T wlde T
= Sn (14 3e 7 p5e T 470 1 |4 2% - - =
Nk L7 sr/ 207/
T(1+3e +5e +7e )

T 1(@) 1 (erjz 4 (9,)3
Orot = 1+=| L |+—| =X +—| =X | +..
0.1 3\ T) 15T 315\ T

Hr 1 1 X 4X2
ASSUME —L =X => Gy = —+ = +——+
T 3 15 315
R L R S R SN !, SN
x2 15 315 T T2 TuT T

M | 1 x 8
oT XT 15T 3157

1 1 x 4x°
—t—+—

+
x 3 15 315
We must use this equation for ?(1

at T=100 K :_0;_— 063975:?\”( 1.44156
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Vo

2 2 T
2
Srot gy +T oInq, I 8z°IkTe
Nk oT

h2
= Mln Te = ﬁ =1.54529
Nk o Nk

r

q _8ﬂ2IkT:|nq I 87°1k inT  [@Ina) _dT
rot h rot h aT

We must use equation for %((1: at T =300 K = % =0.21

Mail: ma_Goharrokhi@yahoo.com
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Problem 1: derive equation of (8-7) & (8-8)

a o Wi Iz
a=[[———==Iq= ZIn -
j=1 (1—e %j l-e 6{//

J=1

=Inq= Z{ ?flf In[l—e_w%TH

a _(_9\/\]{_3) iy a -
d|nq=2 @——Te Vo dT 3(alnqvib\) :Z A3 " a,e

=il 1-e™ oT =iRAE T2(1- % )
E—NkTZ(—alnq"‘b) kY| oy Bt b 8-7)
- o v Gl 2 1 ™%

RN Gy e e U R e 3

= (1 e_®/)
3 Ao zefa/% 1oe A 4o A
[Ej: Nk;( T) (}EWT ] }

5 _Qn
Cyyio =NKY_ (%) % (8-8)
= (1—eTJ
L |

Problem 2: Derive equations of (8-20) to (8-22)
Qu, = qu = 1InQy =NIngy ~NINN+N = [5'”%] N(%]

oT oT
ﬂ% Y 3dT
Ing,, =In - +In =dlInqg,, =

AYBYC 2 T
- oIng,, :i: 0InQ,y :ﬂ
oT 2T oT o7
E=kT [aan) — E=SNTK (8- 20)
aT )y 2
.\ 3 3
CV,Vib :( 8_|';Otj 2 Nk :>CVVIb ZENk (8'21)

aInQ 3N
S =kInQ+KT k(NI KT
0044719 tng 2

% Y 3
Siot = NkIn| — |+ NkIn +—Nk
o 0,050, 2
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% IV
= S, = Nk In(” J+In( ! J +Ine”
- 0,050:
% 3 1/2
s, = NkIn| 22 T (8-22)

Problem 3: Drive equations of (8-24) to (8-27)

% 3n-5 79”%T b
:(2;zmszj v i e T Lo o
h ob, |54 (1—6 Nj

27mkT 2 T ws o M D
Inqzln[—zj +InV +Inf — |+ Y In————+Ine, + =
h o0, ) = (1—e %TJ KT

A:—kTInQ:—kT(NInq—NInN+N):>%=Inq—lnN+1
%
- A |(2”:‘ij InV+In(T

ob,
3n-5 e_w%T
INn———InN +1Ine

5 (H_MZT)
A 2:mkT \* Ve T) D,

- =In > +In +—=+Inw, +..
NKT h N| o6 ) kT

+3ni{|n(1 e JTJ ﬁ} (8-24)

De
+hhe, +—=+..
tkT

,(,\/V

3n-5 T

dlnq—ng—TerT—TJrz [‘QVJ] Aye . a1 — De g7
,5\/%

ding)_ 3 GVJJ &, _ D
( oT j 2T+T+JZ: (ZT ) g kT2

T°(1-e )
E = NKT (a'“qj
oT

- — &,
E _3,2 3”5(%) % | b,
—— =44 ) || B | — L -2 (8-25)
21 [eﬂv%_lj KT

B

3n-5 2
d—E:EdT+ dT + ( j
Nk 2 2T fy/
T
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A}

L(aﬂazﬁg(@f(ﬂ

P . 2
Nk\aT ) 2 2 &l T e_ev%—lj
3n-5 2 _H\IJ
&:LLZ(@) —%2 (8-26)
N 2 2 aler) [y
e /T-1

S=kInQ+kT(aanj=k(N Ing—NInN +N)+KT N(alﬂJ
or oT
= — S Inq—lnN+1+T(a|nqj

Nk oT

S 27mkT T
=—=In —_— +InV +1In
Nk h o6,

kKT 4|21

3n-5
InN+Ine+3+1—_+ (G\/JjJr &, /T
2 kT 4+ (eeo%_lj

S 27mkT 2 Ve’ Te
—=In > +1In +Inw, +...
Nk h N 0, :

...%i{gw—/-r—ln(l—e_w% )} 8-27)
J=1 1

M

dlnq_d—V (alnq):l:}(alﬂjzﬁ
\Y oT \Y ot \Y

P= kT(aanj :P:kT(ﬁj:PV:NkT (8-28)
o Jys v

Problem 4: Drive equation ( 8-30) to (8-34)

(Zﬂka )%V " ( T® j% 3’1”—‘16 e Vo De,/_
| = | V=— 0,8
h? Op050c 3-1 (1 e_w% )

27mkT % R
Ing=In| ——| +InV +In| — [+In +Iha, +...
h? o 0,056 '
3n-6
DekT‘ZKQVJan(l e %ﬂ
J=1 2T

A:—kTInQ:—kT(NInq—NInN+N):>_—A:Inq—InN+1

NKT
y (27zkaJ%Ve AT EE
St 1 | LU B T o
NKT h N o ) 0,050,
3n-6 /YA
» (QVJ) In(1-¢ )|+ 2e s, (8-30)
|2t KT
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g
ding.34dT , 3dT 3”26(@)(4”}( )('QW)( 2) +&(—de
R R 21 \ T2 1o % k \ T2
(Mj 3.3 13“6( j 6/T | D,
oT ) 2T 2T TJ1 4y kT2
E = NKT (a J T(a'”qj
aT
E 3.3 X 6s, G/T | D
Dmﬁ*?;[E*ew_l T
NENT) K
d—EzidT+§dT+Z: i i
Nk 2 2 =, (eg_l)

(8-32)

v = a%
W Jm

S—kinQ+kr[2NQ)|_-A E S _-A E
oT ) T T Nk NKT NKT

S (ZﬂkajAVe 20 T Y
=>—=In| ——| —|+In +
Nk h N o | 0,050,
3n-6[ -8, 3n-6
...&Hna)e 3,3 0 (9‘”) In(1-e %) +Z ( j /T
kT 2 2 kTt “ler & 78
S [27zka j/ Ves'? e T )
—=1In > +In +..
Nk h N o | 0,0:0c

& a,T
34

J=1

ding=3" av (alnqulj(aanj:ﬁ
V oT vV oT V

P= kT(aanj: P= kT(ﬂj: PV = NKT
T Y

(8-33)

_In(1—e )}lna)el

Problem 5: Verify the results of table 8-2
Linear molecule

)
e A c

3n-5
C"ﬂ: Z[Q/JJ & v :§+_ _Vvvib
Nk ~ ( 61// j Nk 2

Non —linear molecules:
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By
cv,vib _ R e\/J e % & Cv 3 +g cv,vib
Nk = ( 6(// j Nk 2 2 Nk
COy, linear
0, 1890 3360 954 CY® I Nk C.INK
Degeneracy 1 1 2 0.9905 3.4905
Contrib.to C,/Nk 0.0732 1.715E-3 0.4578
N,O; linear
0, 1840 3200 850 CY® I Nk Cv/Nk
Degeneracy 1 1 2 1.1506585 3.6506585
Contrib.to C,/Nk 0.081961 | 2.65E-3 0.533
NHs, pyramidal |
6, 4800 1360 4880 2330 C\‘,"b / Nk C./Nk
Degeneracy 1 1 2 2 0.27686 3.27686
Contrib.to C,/Nk 29E-5 | 0.2256 | 2.3E-5 2.56E-2
CH,, tetrahedron |
0, 4170 2180 | 4320 1870 C/® I Nk C./NK
Degeneracy 1 2 3 3 0.304027 3.27686
Contrib.to C,/Nk 1.8E-4 0.037 1.2E-4 | 0.07657
H,0, isosceles triangle |
0, 4170 2180 5360 C® I Nk C./Nk
Degeneracy 1 1 1 0.02825 3.0282
Contrib.to C,/Nk 0.0282 5.6E-5 5.5E-6
Problem 5: Verify the results of table 8-3
%
& = In{(&f‘_zk-r] [I%-jef” } +In [0 j Inw,, + Z{ VJ‘/’TJ/T In1 eW”T)} for linear
s (zﬂka)%(ij sa| |2t TP Y
—=In 5 — e +1In +
Nk h P o | 0,050;
3n-6
Z[M—In(l—em”)}ﬂn o, for non — linear
= eVJ/T _1 1

In the following table the term A is defined:

3n-5

A=2,

e

& /T

viT

e
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3n-6
A= Z{M—In(l—e“m”)} for non — linear
= eV _1q
M | o |, 0,0,6, A S (cal/K) | S (cal/K)

CO, 44.0098 2 1 0.56167 0.283375 50.89 51
NH; 17.0361 3 1 1649.8432 5.447E-2 46.08791 46
NO, 46.008 2 2 4.23384 2.274E-2 57.0912 57.5
ClO, 67.4518 2 1 0.478 0.35745 59.6854 59.6
CH, 16.043 12 1 428.661 9.54E-2 44 57525 445
CHascl 50.47682 2.97023 0.2013874 56
CCl, 153.823 12 1 5.57E-4 2.963558 70.45 73.9
CesHe 78.11362 12 64.4

1- The HOH bond angle in water is 104°, and the OH bond length is 0.96 A°. Calculate the center of
mass and the three moments of inertia of water. From this verify the results for 6,,, for H,O given

in Table 8-1.

¢+ Solution)

D
A,
; 0 0.7565 1.513
&7\ B D C
0 0.591 0
B A ¢ /BDC =104°

— AB =BDsin g) = AB=0.96 sin(loTA'j = AB=0.7565 A’

AD =BD cos(gj = AD =0.96 cos(loTA'j = AD =0.591

XXM XgMg + XpMp +XcMe 16 x0.7565 +1.513

X = =0.7565 A°
xm, Mg +Mp + M¢ 18

y- 2 yim, _ YeMg +YpMp +YycMe _ 0.591x16 05253 A°
xm, Mg +Mp + Mg 18

Lo = s |(ys = ¥ + (2, - 2= 1x (0.05253) +16(0.591-0.5253) + .
..1x(0-0.5253)* x u x 1E — 20 = 1.0311E — 47 kgm?

h Ahc h?
:_39:—2
k 87 1k

1, = Zil(y, - ¥ +(z, -2} |=1x(0-0.7565) + 16(0.7565 - 07565 ..
..1x(1.513-0.7565)* xux 1E — 20 = 1.9E — 47 kg m?
I, =l +1,, =29311E —47 kg m’

hZ
871K

0

=60,=395 & 06;=212 & 6.=13.74
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