Ce\R 2AS 20\

1 (a)
df =du—Tds—sdT
= dut— (du+ pdv) —sdT
= =pdv-sdT
Thus, . .
B = ()
and hence

AT
BT v 5 8v T
Similarly, starting from g = h— T,

dg =dh—Tds—sdT
=dh— (dh—vdp) —sdT
=vdp—s5dT

dg\ dg\
&), = (),

&), ),

Thus,

and hence

(b) Start from T'ds = du+ pdv, rearrange and consider a change at constant T

r(2), - (%)
av T_ av T p
du ds

(5),=7(%),

hence

Substituting eq. (1) :

But

Thus,

(n
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(ii) Saturated liquid and vapour are in equilibrium so that 8y =&y Thus,

gg—gf=fg"ff+Ps(Vg'*Vf) =0

g
= -[f —pdv+ ps(vg —vy)

= ffg(p.s —p)dv=0

where the integration is carried out over path f-k-m-I-g. The last equality shows
that the two shaded areas must be equal. 4



The internal energy is thus independent of volume such that its most general form is
u = u(T). The cquation of state is clearly similar to that of an ideal gas but taking into
account the ‘excluded volume’ of the molecules. There are no intermolecular forces, so
there is no associated potential energy, making the internal energy independent of specific
volume. (7]

(c) () Rearranging the equation of state,

_ RT a
p= (v—>n) v2

(@) . R 2
vy (v=b)? V3

d’p\ _ 2RT  6a
av? T_(v—b)3 vt

At the critical point, both these derivatives are zero, giving

Differentiating w.r.t, v,

and again,

RT;  2a
(ve —b)? - V3
RT, 3a

(ve—b)7 V&

Rearranging gives,

b=v./3 and a=9RT.v./8

Now,
_ RT: a
. (ve—b) v2
_ RT; B 9RTve  3RT;
T 2v/3 8v2 " 8y,
Thus,
_ PcVc _ E
Ze= RT. 8

il



(2) The reaction is :

¢Hz + 302 — H20+ (9 — 1)Hz

The steady flow energy equation may be written

(Hp— Hpo) = (Hg — Hro) + (Hro — Hpo) = 0~ AHY,

where the first term on the RHS is zero because reactants are supplied at T. Thus,

(h1z0(T) = hiy0(To)) + (¢ — 1) (et (T) ~ by (To)) = —AHR,

Giving,

(b)

b=1 AH?'O + (Eﬁzo(T) _EHQO(TO)) @
(Eﬂz(T) _El-lz(TO))
(i)  Assuming PG relations with ¢, = 30kTkmol "1 K~1:
AH7, 241
= ———T0___ 5 = 4.2380
cp(T—-Tp) 0.03 x (2200 -298.15)
[4}

(ii) Substituting in (2) from the ‘Molar enthalpies of common gases’ section of

he data book:
e data boo |, 2818-93014000 -
0= 64.84 —846 T

(2]

The assumption in (i) is rather approximate becasue over the large temperature
range there is likely to be considerable variation of specific heat capacities,
particularly due to excitation of vibrational energy modes. Furthermore, H is
diatomic whereas H20 is triatomic and so they will have different numbers of
‘degrees of freedom’. Assignining the same Tp is therefore also very approximate.
The semi-perfect gas assumption in (ii) is much more reasonable. (H2O at
1 bar might be considered fairly non-ideal, but at such high temperature the
intermolecular forces are unlikely to significantly alter heat capacities.) [2}

(i)  The only relevant reactions in the data book are (1), (3), (5) and (6), from
which the additional species are H, O, Oz and OH. [

(i) As stated in the question, the concentrations of H, O, Oz and OH will be
small. The temperature may therefore be assumed unchanged and the number of
moles of H20 and H3 remain at approximately 1 and ¢ — | respectively. Since



the pressure is pg, the equilibrium relations may be written in terms of the mole
fractions. Noting the tolal number of moles is n > ¢, gives:

1

Xm0~ E =0.26214 ; Xy, ~ 1 — Xy,0=10.73786
Xy
_22 =K}
X
giving
Xuy 0.73786
= 0.485%
X = \/ \/cxp(lO 353) :
Similarly, for reaction (5):
XHzO =K
XHZXI/z

giving
X X0 )* 0-2d21s y 1.669 x 10734
= ~ = 1. (7}
927 \ KsXu, exp(6.768) x 0.73786

For reaction (3) :

Xo, 1.669 x 107 -4
=11x10
Xo = \/ \/exp Trszy) _ Ax10_%

And for reaction (6) :

— 0.024%
K5X1/2 exp(7.148) x 0.737861/2

Xou=

The only significant concentration is that of H, which is sufficiently small (< 0.5%)
that the assumptions are reasonably accurate. 9]

All dissociation reactions increase the numbers of moles, so increasing the pressure

will decrease the degree of dissociation. All dissociation reactions are also endothermic.

Increasing the pressure will therefore increase the temperature for a given ¢. [2]

END OF PAPER



|

5

-
Pl

;

i

1

i
laCCoC .

1
:
ST S
— =3
_.__.__._....T_'_...
;
!
i
s
)
r
1
r
i
|
|
!
H

|
.
i
|
1
oy
!
|
I
i
il
i
!
Pl
‘_\l\_lﬂ-%
4T
Vi
I.--'\\H
i
L |
b
T
)

N
I | 3
AL ) ! m YL —
R __ i3 - S 0O O 3 ot R
J 3 | — m N - . = B N . M = e N s ~
N . L (S R A & | T Y O b \% Y - b
J i A kel REEEN NN INRNE /RN RBOIKSEE
* | *_-_T CUTE T S R
i ErE el S T
A IR /m‘LL . N ORI e s 1.

P
!
|

HQ.‘-.-%
i
[ I}
A ry
1
3
|
f

1
I
+
:
I
|
!
!
!
]
i
!
i
1
i
:
!

Y
W
[

i
|
!
i

3

i
\
i
'
!
i
)
t
'

I IQ-JU:.\
]
[ "
'
&
¥
T
j
1
3
|
—

/
.;.
5[

3

4

i
-
|

|

e

5/
|

|

-
|
T
1
i
i
i
iy
!

1

o

7

HoU

' ]

r . !

i
o)

vy

1

;

!

i

f

i

|

g
¥

LI

P

s
e

T T e B H T e NS e e
h i
RERNEEE i Sl BEEEN VL T INCE N :
Ay LEL | RL e ) L T R N LT
N I._h._.M1 i [ e -D.“-n Pmen. 5 .l - _” _I —1=il— 1 VT B O —f—
== _N; - l -__Prwr_vm.._ - fj B W_, TN B !__,J-.-. LW S I
| | L --_ﬂ 00 I R O O A 1] E..__ai
._ 4l Lo d | et 3 : AT T R
P — . - _ .L ___ s -T?.._ _\ x -_l‘_ml— | 3.! - h e I U T T I
ERE! TR T SRR RS RRER N AR AR RERR
T W e L e e
) S 1 ] . , g e i . -
@ Fi4 0 | R 1
F -~ . . S R S O T A O ! | .
R INBREREA ] SERENEENRND TR PR e
AT [ 1 O O I a4 ! .
i I R - o R Ao i N | o - [ S O o end 0 . b ey SN T SO B
| 1 | IR EEENE NN

.

L B

e

-

CEs

)

(re

A2

? h
!
et

RN A
brs

L

0

W‘" tomp

> (

]

o

¢ T ¢

]

|

Hn
w-..-"

i\;dl
3o

s e ki s s oo S i e e B e A

P
b
3

'

wal &

1
.

H
A e

= ——

+



1 ' B
1 - I —_ s
| ! Hé%' i f_-:?uf*—“r—m__ i —‘_“_—'*——q,—? T3 Y |
: A ' = Ce 'Cl'\"-s' — l-;‘ s | i :

i et I sl - t
i = I
Gl i : i i Tl T g
H i i i N DL
I ! i _— ) : ( | : '
| ' ¥ : [ B : ! i
i (C\ . M J(A-l_c\rL L\.g_c 69_\4 5“.9 ?‘ (- Q*—R‘Q 2“‘0’“"" Lov-—ffe_ﬂo!'
7/ i i i b | t | i i) '
S el L = . { AN D ST - 1! i P g ! ' ' i : =0 ..I.- !. ‘_’__
by, 2 0.8 2 €08 U i@ ety 1
, | i Pl RERNKE NSRRI
= ™ L ] R T- S N )
g IR 1o o 1l ' : Sl T '
1 2 ° T;:, ro—T. ?'T_— R ——,-—:————F--.- ; s : | : - [__,'_
i ] -'L i ! ! : f .

| N P L O N 52 S 0 LI A D ’
3 (R ECDéDi\F—{ = z _‘_Fr;i = Ty = §2?-g5 K R
| RN | ] i | L
L 2 ERN NN [ R el yr & 1+ 0 o 4 i TP i i
: HE : : e ._.! X i f . )
] ; i' %!3'55—\1'3‘%91\‘1-L,L=9L_ AN e s Ty = 1135 8F e L
‘ . A N N = P b il i : i
i NN I . L . -
; A I =l g e e e et T i
| i bt i HEENTEERENNEENEE R R
| e | : e AT i
f ; Yowg erfensenest, Ty hrilnemy & Ty = 10435 K
I O O I O O O A PO P i I S I N I IR :
| | ¢ I | g g o j ! ; ! l ! I i i
: Pl o L P ook Q. B P L :
AR MU 0 ?V“cf.,...e,-?-.q_rcéil#ﬂhf)i = V-00S (szls—zs %wl_'bﬂ% 231’ kmg
L Y . ' ! N O i P ! i i i
L U Y 00 I T [ [ o T T T
i . — pglﬁr,g_‘:-_,_.?cf., ;_(}I‘s_':_-,.]"u) _J.LMDOS_:L___I_SOD_*_”;;#}\ EJJ\A ~ 6638 kS/E'
R 1 | [ oo ] (
: I e i | __! oy . 0 ' i ! | 1 !
L il ] Pl e b Ul T TR ,
3 , ‘9 = rCL!'. U-;r*:ﬁ,‘-); ;-_: 1}!-"bo!§!--( lg_,,;o_!olq:ls) -~ }89.L9 K kJ‘/tS__
: T, o ' ]
I i | : !{;ui [ 1 i : L
: : Wt 0
— i S N SR Y. 15 4 z
: : _'_;_‘_Q__;‘ P
{ 1 ) . . ) e L

a P, )
- beoam : ———— e pe b e e
: : ' ———
1 2 !
— r S — — e
l . - —_— e a— — b
=3 _—_ [ - e - —————— —

et B e, ] ; i



. . | e ) t i r FIRT HE T ¥ I’"“ l‘
T T = 7
! i
; - .

' u..CrzH\

G

\&M..J

fl 1 1 1 T T B
| ' F \ t : g tovpréSiol .
: Ev:\"s“: .k%‘ _.\xa* ,_j-\,;bwe_..._m.d‘___\- > “;—,f’ _ :
; SR ] D I o :
{ f ._“1- 7< b M k. ) ] ' . [y
J,,Q NQ,T___“ Y. ,,,_S'ug,t 2ATs sfe se\lews Usa A
§ TN . L
A\ ™ ‘MOM.V\ MO—QM%,VQ) ol \ﬁ“—&—b&&&"k )
+ t
: !
I - 19 s "-QLB&Q _ -a—MI-O\f‘r""aS-u-——-&*Qi A (j._: M'\mw’é&) :
i (ol . e
. | 3 .(ur : py\:e o= A—(}p\\ t-a.."ﬁoug T __:,a'_
' ! ' ; i 5 i l :
I T, TR ¥ S B qra-a—&af Lz auSMuM\-wQ s T
' et : Py b i i Pl i ; i
! 3 ! 0 (O W L LI TR I B LA ! _:'!‘.:_; ,.i.‘-ll b
EEN TN ble oS8t ueluwwe RS W@ s oMo heskd
T ISR ] a T
L i S L R AT T : | T T T U S O TR
I j L .;__F,'a,_‘ﬂ-’e.-::@d' - res\ | 'A.amc_ns 4-ka.rt 8 il .
: ode | o [ A =2l ; i 1 ¢
T O S .1 P 1 E o L IO O M B T A I A
1 o ?“5QM£* {ast -~ e Mot m¢uxm,ggyﬂggh i
t f | I . v . i ! . A || i . .
s ! !._"-___:__ 3 i i o : o e i ; : l LT I §
! f =Mu}\teﬁ; cu;al‘f | pedl T owrpud Ty Crefued
[ ! : ! s . Colo ‘ : I s b Co
| RN J [ N RN | L, I
| IR fgkﬁbu%gL'i P T [y o 1]
! , [ Jf' ! i [ i O g ! s !
' ' ' {' P [ ' E i L : ! i ' b [ ! d PR i
' i | ENN 2l L L Rt W i
R L f i R I =4 i . ol : : ' i :
R RN N A A gheb 1 T 110 0 i
LA LI T IO ) S0 B S B N S S S O gd |
: L Do i e P i ? g i ;o . . i i i
r ; EANERN NN 1 Py bl HENENNEEREEE
I S _ VI L AL . N EEED RN N
i ty i i | ] ! ' b Py | i . ‘
L P REEER 0 LR D R B
| : - . i ! P ! ' I L S I i :
el ' ! ; Lt i R ' I C g | SRS i { - .
b S T A I T R A : i .
) [ ' . 1 : A |T : | i ' | | {
I ' Tl T NN ! L 1T
1 [ i ) [ ! t o ‘r A i 1
N i L) I : L i | I 1 ] ! ! :
! RN ENE ! ! B R Tyl
iy P ' . : 1% | I o i i
* H ) i i } 1 i [ i )
o o - T ‘ : ' : N .
; i T o L 1 i . ) i H 1 '
‘ ' R T ' , :




?

-

WY
eY
T

!
i

radt

M3

3

(veeledhy  pump )

I

b
4
. M 1
e ——
. .
‘

!
| 1

i
w22 Nt
i -
i
i
&
éf
i

“! |
A
+ 5l

heshg) -
1

LY
1
]
i
'
L2
T
1
e
-
i

¥
aﬂm%ﬂ‘

et

e 1

e Ja) baaler

P
EuLL:pmhéf

@ X

PRy T

i
i
!
:

{1-mY"

i

H

il

! .
ey
__;? |

LY

RS

SA

| m
Jiraak
LI
b,

-

'c?m
i
i

o u.xl. e —

5!
b
sax

P

e

—LP

The

T
CAAR

T

N

e

i3
Of et

Ry

I8

a1

>

[

Wt |

4

¥
¥

o

/5l

’ Qﬁﬁh‘fﬁ'-éref)\

for

®

.

¥

!

v (
1
i .
N1

e,

Yy

}

i)
8

JorLrg
L,
:Eikﬁ.
=] YO

(orr

1}
i
(1=m
oI
(ke
|y
by
|
/.Y
"‘-{-'S
[

V-

[
Wi
i
4
=h
H
i
|
i | !
L pud
\\-\Pl-lr-*“

!

|
5

{

|

|

i

m_tl%

or\L‘
| :
[Cowgpre) o

i
1
i
.
war
1 +
;i
T
.
e
T
1
1
B
;
i
\-1
'

sk

il
=

i
W
Fha

5 I A O O O

|

1

I

~
- o

Y

i

'




! 1 T i i[ i "'!. =t ! -— ' i ) )
i t . P 7 ! ‘ !
! 1 . .
—--——--~( ¢ —C:> A;La..m e oeb e T ->f“‘" “'I*:**\ S\-S-'—-CD Ngf‘* —'"(‘hﬂ- \QU :

i

9@9&!‘»}&}\ iqt..&:"‘:)v—”‘i‘:*“bar—%—br"'""log:} R TA TS musl—w-;- |

! (

Bi'y g m | (a\«ar%\

= _;@_. "suso r.:r/\ea

-’f:- L\q-r 3060

Ef‘ﬂurv i& Hf' (éﬁ‘ncﬁ

: el l\@o Ccrx\q{f)_iq':za?g:r o
i .\q__ . MU__LL&DM_,_ 1
' ' ’é gy coore j el ‘v; Esm t:"/‘g, (’:La.r-'«’)
I ' | i ¥ - i i z ' -
E?L ——~-)qu;\'-“4--—-—-"'9——£', 6--.—-'& A TAL -—-o.——(—b.!:}:'{:\).— et L
Lo _Jj faledll L] l :q : ety i v }- h;;qu_ 'QQ;.;LI!-P_!:L__-&P_ALMQU\
1 . , [ \ i i [ i ) . L ‘ i )
i 'Hgg.w-&{ _f__._P_‘it Mf‘c'—' - r . !
i y . ) 36 i____ | i !
L e R . SN 1% S .
14 ' e i 1 ! i .5,_’-_ 7 M ! ‘ f
i T i A S L = :
s ] RN ik LW iy \ T ;
b tResy e e T eeNar T 2L S T TWa= Wy R bW |
- K . RN RN i NN .
RN Ll N i Lo mielgn.S kYl LN
Pl - ‘ b Ll g : | ; AT P
; N | ‘ BT
' VPN RN rq,\aa.-.l- ‘ 1{,: L i ‘
' RN .' A hWAWL.N bl
Lo EQME(H—*’S\ P s L"i);" ™ S
E ; | 1T T i NN ] P ] L
1 ; RN ; [ N i e I LT
T G I O (3% STTos )V -0 32%) )
i , oo o . ' i ! P b o
L b [ ] | NN P o
S NN !" N R =‘+33‘?_'.5“/’-‘£!' Slemam .
R NN EENEE IS ) BT IR U,)»,qg
Py I NI i RN [ ""“"'%“;WT'_iisf“
I L Lo [ R 1 I ! i o ‘ ! b ' o
L L P ’r"\é '#\Di [ '.\_ ; ' RN NEE i RN
NN Pl PR Tuieiee. woCe FE LTS R P ]y
i EEEEEENTE N ' ihi’s'f'b':”". R _: N
[ : RN ! - 3% eIfee T NN P
NEEEE RN RN i, HENEEREREN i '
L1 NN RPN NN O U P
BN R U o S T (Girhe) OF Yy T T
' f [ £l e I ' oL ] : {
' T A T R R S T NN AT '2.21\0)(\-032?-) HEE
- N T RN . e
' + ' f i K, | ! | ! ETI . g o 1 .
L i ] R ' S = 8‘?5""3“*:{—37(% . . T
i \ i I ; { : E ! I ' | ! 0
i ) i ! i ‘ 1 + I i | N { l ] ) L . ! 7 1 : i
L f 'af"f-‘lzqa_"+,,g&5 T T O T,
Ll | 1 =91 :V)I.;i = 1 I:_ ‘OJ-Q?E N NN
E ' I . i . t " i bae o '__ =
i ; i
} ___Ciwa_p u.r L )_.‘_Llé h) {1_0 ’Bzz\r(zzhb‘*‘lgrn ;
B e | . rq\é K_T/\CP T
- B r it 3 ! lw : ) L : S } - : _ ;‘!@I_I_‘_v—.



