
77

REFERENCES

A le fe ld , G . and J. V o lk  (1 9 7 8 ). H yd rogen  In M eta ls  I, B erlin  H e id e lb erg , S pringer  
V e r la g . 1 2 0 -1 2 2 .

A n to n io , c .  D . (1 9 9 3 ) . Failure o f  H igh  Pressure S team  P ip e  . H an d b ook  o f  case  
h isto r ies  in fa ilure a n a ly s is , 18 1 -18 4 .

A P I, p . (2 0 0 4 ) . S teel for H yd rogen  S erv ice  at E lev a ted  tem peratu res and P ressu re in 
P etro leu m  R efin er ies  and P etroch em ica l P lants. A P I P u b lica tio n  9 4 1 .

B ahgat, M . and M . H . K hedr (2 0 0 7 ) . R ed u ction  K in e tic s , M a g n etic  B e h a v io r  and  
M o rp h o lo g ic a l C h an ges D u rin g  R ed u ction  o f  M a g n etite  S in g le  C rystal. 
M aterial S c ie n c e  and E n g in eer in g , 2 5 1 -2 5 8 .

Barrer, R . M . (1 9 4 1 ) . D iffu s io n  In and Through S o lid s , C am b rid ge U n iversity .
B asq u e, F. (1 9 9 7 ) . P a ss iv a tio n  o f  S ta iless  S tee ls  in  R eactor C o o la n ts , M .S c . T h e s is  in 

E n g in eer in g  F actu lty  o f  E n gin eerin g , U n iv e r s ity  o f  N e w  B ru n sw ic k , 5 4 -5 5 .
B ru zzo n i, p . and R . M . Carranza (2 0 0 0 ). In flu en ce  o f  P a llad iu m  F ilm s on H yd rog en  

G as entry in to  iron. H yd rogen  E n ergy , 2 5 , 6 1 -6 5 .
B ru zzo n i, p . and E. R ieck e  (1 9 9 4 ) . O n T h e M ec h a n ism  o f  H y d ro g en  Transport 

T h rough  T h e  P a ss iv e  O x id e  F ilm  on  Iron. P ergam on , C o rrosion  S c ie n c e , 
1 5 9 7 -1 6 1 4 .

B u ck ley , p . F . (2 0 0 1 ) . H yd rogen  Transport in  P D  and F E P D  T hin  F ilm s  and  
N a n o c o m p o site s . M .S c , T h esis  in E n g in eer in g  F a cu lty  o f  E n g in eer in g , 
B a ltim ore , M aryland , Joh ns H op k in s U n iv e r s ity , 25 .

B u en o , L. o. and L. M arino (1999). H igh  T em perature O x id a tion  B e h a v io r  o f  2 .2 5 C -  
lM o  S tee l in A ir. A S M E . 123-131.

C ao, Y . (2 0 0 2 ) . In flu en ce  o f  Structure o f  P allad ium  and N ic k e l B a se d  M em b ran es on  
H yd rog en  P erm eation . D epartm ent o f  M in in g  and M eta ls  and M aterials  
E n gin eer in g . M on treal. M c G ill, 200 .

C h en g , Y . F. and K . L . Y eu n g  (2 0 0 1 ) . E ffec ts  o f  E lec tro le ss  P la tin g  C h em istry  on T he  
S y n th esis  o f  P allad iu m  m em branes. Journal o f  M em b ran e S c ie n c e , 1 9 5 -2 0 3 .

D a ya l, R . K . and N . P arvathavarthini (2 0 0 3 ). H yd rog en  em b rittlem en t in  p o w e r  plant 
ste e ls . Sadhana, 2 8 , 4 3 1 -4 5 1 .



78

D o g a n , M . and ร . K ilica rsla n  (2 0 0 8 ) . E ffec ts  o f  P ro cess  P aram eters on  T h e sy n th esis  
o f  P a llad iu m  M em b ran es. N u c lea r  Instrum ents and M eth o d s in P h y sics  
R ese a r c h . 3 4 5 8 -3 4 6 6 .

D uarte, H . A . (1 9 9 7 ) . T h e  E ffec ts  o f  O rganic C o m p ou n d s o n  In h ib ition  o f  H yd rogen  
P erm eatio n  T h rough  a M ild  S tee l M em brane. Journal o f  E lectro ch em ica l 
S o c ie ty . 2 3 1 3 -2 3 1 7 .

D utta , R. ร . (2 0 0 9 ) . C o rrosion  A sp ects  o f  N i-C r-F e  B a sed  and N i-C u  b ased  Steam  
G en erator T u b e M ateria ls. Journal o f  N u c lear  M a ter ia ls. 3 4 3 -3 4 9 .

E leb o u jd a in i, M . (2 0 0 0 ) . H yd rog en  Induced C rack in g  and S u lfid e  S tress C racking. 
U h lig 's  C o rrosion  H an d b ook . 2 0 5 -2 1 9 .

G unter W .D ., M . J., G irsp erger ร. (1 9 8 7 ) . H yd rogen : M eta l m em b ran es. N e w  Y ork. 
U S A . W iley -In tersc ien ce . 120.

H ahn, ร . J. (1 9 9 3 ) . H y d ro g en  D a m a g e  o f  w a terw a ll tu b es. H an d b ook  o f  c a se  h istor ies  
in fa ilure a n a ly s is , 4 9 0 -4 9 2 .

H u an g , I. B . and ร . K . Y e n  (2 0 0 2 ). D iffu s io n  in H o llo w  C y lin d ers F or so m e  
B o u n d a ry  C o n d itio n s  I.M athem atical T reatm ent. M ateria ls  C h em istry  and  
P h y s ic s . 2 8 9 -2 9 9 .

I lic , B ., P. N e u z il ,  et al. (2 0 0 0 ) . Preparation and C h aracteriza tion  o f  P la tin u m  B lack  
E lectro d es. M ateria l S c ie n c e , 3 4 4 7 -3 4 5 7 .

Ish ik aw a, T . and M c le lla n , R .B . (1 9 8 5 ) . T h e d if fu s iv ity  o f  h y d ro g en  in  cop p er  at lo w  
tem perature. 4 6 , 4 4 5 -4 4 7 .

Joh n son , H . (1 9 8 2 ) . H yd rog en  In S teel. A m erican  Institu te o f  P h y s ic s . 1 3 1 -1 3 3 .
K o n g v a rh o d o m , c. (2 0 0 9 ) . M easu rem en t o f  the H yd rog en  D iffu s io n  through  V ariou s  

S te e ls  w ith  and w ith o u t O x id e  F ilm s. T h e P etro leu m  and P etro ch em ica l 
C o lle g e . B a n g k o k , C h u la lo n g k om  U n iv e r s ity .

K um ar, p . and R. B a lasu b ram an iam  (1 9 9 7 ) . D eterm in a tio n  o f  H y d ro g en  D iffu s iv ity  in  
A u ste n itic  S ta in le ss  S tee ls  b y  S u b sca le  M icroh ard n ess P ro fd in g . A llo y s  and  
C o m p o u n d s, 1 3 0 -1 3 4 .

L e w is , F. A . (1 9 6 7 ) . T h e P a llad iu m  H yd rogen  S y stem . N e w  Y ork , A c a d e m ic  P ress
L e w is , F. A ., K . K an d asa m y , et al. P latinum  and P a lla d iu m -H y d ro g en , 2 0 9 -2 6 4 .
L iu , c. z. and L. Q . S h i (2 0 0 4 ) . K in etics  o f  H yd rog en  U p ta k e  for G etter M aterials. 

V a cu u m  S c ie n c e , 4 3 -4 5



79

M a m an i, ร . c .  (2 0 0 5 ) . ร ณ d y o f  H yd rogen  P erm eation  and D iffu s io n  in  Steels: 
P red ic tiv e  M o d e l for D éterm in ation  o f  D eso rb ed  H yd rog en  C on cen tration . 
M -S c. T h esis  in M ech a n ica l E n g in eer in g . U n iv e r s ity  o f  Puerto R ic o .

M an n in g , J. R . (1 9 7 3 ) . T h eory  o f  d iffu sio n . A S M , 1-24.
M arcel D ek k er , I. (2 0 0 9 ) . C anadian  R esea ch  K n o w le d g e  N etw o rk .
M arch i, C .S ., S om erd ay , B .p . and R o b in son , S .L . (2 0 0 7 ) . P erm eab ility , so lu b ility  

and d iffu s iv ity  o f  h yd rogen  iso to p es  in sta in less  s te e ls  at h igh  gas pressures. 
H y d ro g en  E n ergy , 3 2 , 1 0 0 -1 1 6 .

M atei, D . G . (1 9 9 9 ) . C orrosion  G enerated  H yd rog en  F lu x  M ea su rem en ts U s in g  A  
V a cu u m  G radient, P h .D . T h esis  in  M ech a n ica l E n g in eer in g , T h e U n iv ers ity  
o f  C a lgary , 2 3 -2 4 .

M ears, D . (2 0 0 9 ) . H an d h eld  X -ray  te c h n o lo g y  id e n tifie s  a l lo y  c o m p o s itio n  o f  critical 
m etal p ip in g  in  p etro ch em ica l p lants. M . P erfo rm a n ce .

M eta ls-h a n d b o o k  (1 9 8 7 ) . C orrosion , M etals Park, O h io  A S M  in t.
M orreale, B . D ., M . V . C io c c o , et al. (2 0 0 3 ). T h e P erm ea b ility  o f  H yd rog en  in  B u lk  

P allad iu m  at E leva ted  T em peratares and P ressu res. M em b ran e S c ie n c e . 87 - 
97 .

M o u sa v in eja d , R . (2 0 0 5 ) . G as P h ase  h yd ro gen  P erm eation  in P d -2 5 % A g , M .S c . 
T h e s is  in  M ech a n ica l E n gin eer in g , U n iv e r s ity  o f  T oron to .

M eu n ier , G. et al. (1 9 8 0 ) . C om p arative ร ณ d y  o f  T h e D iffu s io n  o f  H yd ro g en  T hrough  
F ilm s o f  P D -A G  a llo y , N ic k e l and M o n e l. Journal o f  T h e L ess-C o m m o n  
M eta ls . 7 7 ,4 7 -5 3 .

N e lso n , H . G . (1 9 7 3 ) . G as-p h a se  H yd rogen  P erm eation  T h rough  A lp h a  Iron,4 1 3 0  
ste e l, and 3 0 4  sta in less  stee l from  le s s  than 1 0 0 ° c  to  near 6 0 0 ° c ,  N a tion a l 
A ero n a u tics  and S p ace  A d m in istra tion .

N e lso n , H . G . (1 9 8 3 ) . H yd rogen  E m b rittlem en t. T reatise  on  M ateria ls S c ie n c e  and 
T e c h n o lo g y . 2 5 . 2 7 5 -3 6 1 .

O ck en , H ., B . G . P ou n d , et al. (1 9 8 9 ) . D e p o s itio n  and C h aracteriza tion  o f  E lec tro less  
P allad iu m  on  A u sten itic  S ta in less S tee l. T h in  S o lid  F ilm s , 3 1 3 -3 2 2 .

O riani, R . A . (1 9 9 4 ) . A  B r ie f  S u rvey  o f  U se fu l In form ation  A b o u t H yd rog en  in 
M eta ls . International S y m p o siu m  o n  C o ld  F u s io n  and A d v a n c e d  E n ergy  
S o u rces , S alt Lake.



80

P an en i, M . (1 9 6 9 ) . H yd rog en  R em o va l From  S teel. D ep artm en t o f  M eta llu rg ica l 
E n g in eer in g  M o n tr e a l IVlcGill U n iversity .

P arvathavarth in i, N . (1 9 9 5 ) . C haracterisation o f  9% C r-l% M o  ferritic stee l w e ld m en t  
for su sc e p tib lility  to corrosion  during h yd ro gen  ch arg in g  and repair w e ld in g . 
Indian W eld in g . 9 -21 .

P in eau , A ., N . K anari, et al. (2 0 0 7 ) . K in etics  o f  R ed u ction  o f  Iron O x id e s  b y  
H yd rogen  Part II. L ow  T em perature R ed u ction  o f  M a gn etite . T h erm och im ica  
A cta , 7 5 -8 8 .

P io tro w sk i, K. et al. (2 0 0 5 ) . E ffect o f  G as C o m p o sitio n  on the K in e tic s  o f  Iron O x id e  
R ed u ction  in  a H yd rogen  P roduction  P rocess . H y d ro g en  E n ergy , 3 0 ,1 5 4 3 -  
1554.

S a lii, V .I ., G.el'd, p.v. and R yab ov , R .A . (1 9 7 3 ) . P erm eation , d iffu s io n  and so lu b ility  
o f  h yd ro gen  in  pure alpha iron. P. p. C orporation.

S ch om b erg , K- and G rabke, H .J. (1 9 9 6 ). H yd rogen  p erm eatio n  through  o x id e  ans 
p a ss iv e  f ilm s  on  iron. M aterials T e c h n o lo g y , 6 7 , 5 6 5 -5 7 2 .

S ch m itt, G . and K . K . M a (2 0 0 8 ). H indrance o f  H yd rog en  E ffu s io n  From  S tee l by  
C oatin gs and L ayers. N A C E  international C orrosion  C o n feren ce  &  E xp o , 
N A C E .

Shu, J., B . P. A . G randjean, et al. (1 9 9 3 ). S im u ltan eou s D e p o s itio n  o f  Pd and A g  on  
P orou s S ta in le ss  S tee l b y E lec tro less  P lating . Journal o f  M em b ran e S c ie n c e , 
1 8 1 -1 9 5 .

S p e id e l, M . o .  and A . A tren es (1 9 8 4 ) . C orrosion  in P o w er  G en eratin g  E q u ip m en t, 
N e w  Y o rk  P le n u m .

S to n e , J. M . (1 9 8 1 ) . D eu teriu m  P erm eation  and Su rface  E ffe c ts . E n viron m en ta l 
D egrad ation  o f  E n g in eer in g  M aterial in H yd ro g en , 8 3 -1 0 0 .

S tore, M . E. (2 0 0 6 ) . H yd rog en  E m brittlem ent o f  Ferrous m ateria l. B e lg iu m .
รนท, พ . ,  A . K . T ieu , et al. (2 0 0 4 ) . O x id e  S ca le s  G row th  o f  L o w -C arb o n  S tee l at H igh  

T em p eratu res. M aterials P ro cessin g  T e c h n o lo g y , 1 2 0 0 -1 2 0 6 .
T h om p so n , A . พ .  and I. M . B ern ste in  (1 9 8 0 ) . T h e ro le  o f  m e ta llu g ica l variab le  in 

h yd rogen  a ss is ted  en viron m en ta l fracture. A d v a n c e s  in corrosio n  sc ie n c e  and  
te c h n o lo g y , 5 3 -1 7 3 .



81

V o lk l, J. and H . W ip f  (1 9 8 1 ) . D iffu s io n  O f  H y d ro g en  in M eta ls. H yp erfin e  
in teraction s. 6 3 1 -6 3 8 .

V ija y , L. et a l. (1 9 7 9 ) . G as-P h a se  H yd rogen  P erm eation  and D iffu s io n  in C arbon  
S te e ls  as a F u n ction  o f  C arbon C on ten t from  5 0 0  to 9 0 0  K . M ateria ls for  
E n erg y  S y ste m s. 1. 3 2 -4 0 .

W ip f, H . (2 0 0 0 ) . S o lu b ility  and D iffu s io n  o f  H y d ro g en  in  Pure M eta ls  and A llo y s .  
P A C S , 4 3 -5 1 .

Y uan, X . (2 0 0 7 ) . P rec ip ita tes and H yd rogen  P erm eation  B eh a v io r s  in U ltra -lo w  
C arbon S tee l. M aterial S c ie n c e . 4 5 2 -4 5 3 .

Z hang Q ., T. R ., Y in  K ., L uo X . (2 0 0 9 ) . C oiT osion  B eh a v io r  o f  H a ste llo y  C -2 7 6  in 
S u percritica l W ater. C orrosion  S c ie n c e , 5 1 , 2 0 9 2 -2 0 9 7 .



82

APPENDICES

A p p e n d ix  A  C H E M IC A L  C O M P O S IT IO N  O F  M A T E R IA L S

Table A . l  T h e  w e ig h t p ercen tage ch em ica l co m p o s itio n  o f  carbon  s te e l and H a ste llo y

Carbon S tee l 
A S T M  A -1 7 9

H a ste llo y
C -2 7 6

c 0.91 -

M n 0.71 -

F e 9 7 .7 0 6 .3 2

p 0 .3 7 -

พ - 3 .9 7

Cr 0.31 15 .73

N i - 56 .6 1

M o - 17 .38
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Appendix B H Y D R O G E N  P E R M E A T IO N  D A T A  

Table B .l H yd rog en  p erm eation  data o f  all test perform ed

Test
No. Material Surface

condition
Temp
(°C)

Initial p 
(kPa)

Final
(kPa)

Duration
(ร) Least Square Eq. R2

1 c s Outer Oxide 
layer

MTL 964.3 732.2 950,807 p= 958.7exp(-0.001x) 0.994

2.1 c s Outer Oxide 
layer.

150 1017.2 598.3 685,872 p= 1048exp(-0.003x) 0.996

2.2 c s Outer Oxide 
layer

150 1003.6 792.7 600,344 p= 1013 exp(-O.OOlx) 0.991

3.1 CS Outer Oxide 
Covered

250 1087.3 113.3 258,876 P=1126exp(-0.042t) 0.999

3.2 CS Outer Oxide 
Covered

250 1089.7 165.9 173,623 P=1116exp(-0.04t) 0.999

4 CS Pd on the 
outside 
surface

150 1016.4 526.7 274,596 p=1035exp(-0.009t) 0.998

5.1 CS Pd on the 
outside 
surface

250 1121.8 159.8 81,304 3 = 1.060312 - 66.9421 + 
1131.8

0.999

5.2 CS Pd on the 
outside 
surface

250 1104.4 161.5 81,509 p =  1.0341t2 - 65.406t 
+ 1113.8

1

6 Hastelloy Outer Oxide 
Covered

MTL

7 Hastelloy Outer Oxide 
Covered

250 1142.5 772.1 666,218 P = 0.0014L - 2.239t 
1139

0.999

8 Hastelloy Outer Oxide 
Covered

335 1216.1 408.7 260,770 p = 0.0447+2 - 14.455t 
+ 1220.3

0.999

9 Hastelloy Pd on the 
outside 
surface

250 1148.7 772.2 658,920 p = 0.0009t2 - 2.202t H 
1142

0.999

10 Hastelloy Pd on the 
outside 
surface

335 1234.1 394.2 259,234 p = 0.0528t2 - 15.342t 
+ 1227.6

0.999
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T a b le  B .2 C a lcu la tion  R esu lts

Test N o. Material Surface condition
Temp
(๐๑

D iffusiv ity
โ™2 s ' )

Resistance  
(ร m '1)

1 c s Outer Oxide Covered M TL - -

2.1 c s Outer Oxide Covered 150 6.65x 10'13 1.13 X1 o9

2.2 CS Outer Oxide Covered 150 3.37x 10'13 2.23 x i o 9

3.1 CS Outer Oxide Covered 250 9.32X 10'12 8.07X 107

3.2 CS Outer Oxide Covered 250 7 .5 0 x 1 0 '12 1.00x10s

4 CS
Catalyst coating on the 

outside surface 150 2.05X 10'13 3 .6 5 x 1 0 s

5.1 CS
Catalyst coating on the 

outside surface 250 2.15X 10'11 3.49X 107

5.2 CS
Catalyst coating on the 

outside surface 250 2.02X 10-11 3.71X 107

6 H astelloy Outer Oxide Covered M TL - -

7 H astelloy Outer Oxide Covered 250 5.05X 10'13 1.49X109

8 H astelloy Outer Oxide Covered 335 3.54X 10-'2 2 .12x10s

9 H astelloy
Catalyst coating on the 

outside surface 250 5.35X 10-'3 1.40X109

10 H astelloy
Catalyst coating on the 

outside surface 335 3.87X 10-'2 1 .94x10s
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A p p e n d ix  c F L U X  C A L C U L A T IO N  P R O C E D U R E
T h e m easu red  v a lu e  o f  pressu re reduction  in  a se a le d  tube can  b e con v erted  

in to a m olar f lu x  o f  h yd ro gen  JH 2  through  the tube w a ll. T h is c o n v ers io n  is m ade  
u sin g  the a ssu m p tion  that h yd rogen  in the sy stem  b eh a v es  as an id ea l gas.

P rocedure o f  ca lcu la tin g  h yd rogen  flu x  w a s  as fo llo w s:

1 d n  V d P H2 
]li2 =  A d t =  ART  x  d t

w h ere  J = P erm eation  flu x  (m ol/h r m"2)
dn/dt = F lo w  o f  ga s (m ol/hr)
A = surface area o f  the m em b ran e (m 2)
V = V o lu m e  o f  pressu rized  ch am b er (m 3)
R = Ideal gas con stan t (m 3 P a K"1 m o F 1)
T = T em perature (K )
t = tim e o f  test (hr)
dp/dt = R ate o f  p ressure d ecrease  (Pa/hr)

C a lcu la tion  E x a m p le

H yd rogen  p erm eation  data o f  the test n o .3

p = 1 1 1 5 .9  exp (-0 .0 4 t)
dp/dt = -4 4 .6 4  exp  (-0 .0 4 t)
A = 0 .0 1 3 5 7 8  m 2
V = 1 .552 X 1 0'5 m 3
R = 8 .3 1 4  m 3 Pa K ’1 m o l'1
T = 523 K
t = 2 5 2 0 0 0  sec

Jh
[1 .5 5 2  X 1 0 - 5 m 3]

2 [ 0 .0 1 3 5 7 8  m 2] [ 8 .3 1 4  m 3P a  R - ' m o l - 1]

=  - 6 . 1 3 7  X 1 0 ~ 3 e x p ( - 0 . 0 4 t )

A t the tim e sp en t 7 0  hr, th e  flu x  o f  h yd rogen  w o u ld  be  

=  3 .7 3 2  X 1 0 ~ 4 m o l  m ~ 2ร~ 1

—4 4 .6 4  e x p ( —0 .0 4 t )
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Appendix D SOLUBILITY CONVERSION

Vijay et al. (1979) proposed the relationship o f  solubility o f  hydrogen in carbon 
steel as a function o f  temperature. The experiment was conducted by gas-phase hydrogen 
permeation. The tested was performed in the range o f  temperature o f  500 to 900 K.

Table D.l Elem ental com position o f  Carbon steel SAE 1095 and ASTM  A 179

c Cu - Cr Mn p Si ร Fe
SAE 1095 0.90 0.6 • ■ 1.65 0.4 0.6 0.05 balance

ASTM-A179 0.91 - - 0.31 0.71 0.37 - - balance

For Carbon Steel 1095

ร = 0.941 X  10-3 exp 19280n 
V RT ,

W here ร 
T 
R

Solubility (cm 3H2/ cm 3 metal) at STP 
Absolute temperature (K)
Gas Constant, 8.3144 J/mol K

At STP condition

ท p la tm  10"6m3
V  = RT =  8.205 X10“5 m 3atm ■ K~' - gm oL 1 298K  cm3

= 4.089 X1 (T5 gmolH2 /cm3 H 2 @ STP

In case o f  the atom ic hydrogen

c = 2(4.089xl0~5) gmolH/cm3 H 2 @STP

Thus, Solubility becom es

ร =  0 9 4 1 x lO -3exD| - 19 2 8 ๐ ไ  ^ 3H 2@ ST P  8 .1 7 9 x 1Q-3 gm olH
" "  c m W a L P a ^  cm 3H 2 @ S T PRT y
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ร  =  7 .6 9 7  x lO “8 exp ' - 1 9 2 8 ๙  
, RT ,

gm olH 1/cm 3F e -  P a  2

Calculation Example

ร =  7 .6 9 7  xlO ~s exp ■ 19280
8 .3 1 4 x 5 2 3

gm olH
c n r F e  - P a 1/

ร = 9 .1 3 4 x 1 0 . 10 gm olH
c n r F e  - Pa'

ร =  9 .134x10" gm olH  
m 3F e- P a ^
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Appendix E A PPARENT DIFFUSIVITY CALCULATION PRO CED U RE

D i f f u s i v i t y  B a s e d  o n  F i c k ’ s  F i r s t  L a w

F ic k ’s la w  for the m a ss transfer through  a h o l lo w  cy lin d er  w h ic h  is e x p o sed  
to flu id s at d ifferen t con cen tra tion s is g iv e n  b y

1 d r  d c N
r dr V dry = 0

w h ere  D  is  the apparent d iffu s iv ity . T he con cen tration  o f  h yd ro g en  in  th e  tube can  b e  
d eterm in ed  b y  so lv in g  the eq u ation  a b o v e  and ap p ly in g  the appropriate b ou n d ary  
co n d itio n s. T h e v a lu e  D  is  a ssu m ed  to b e  constant. T h e  fo llo w in g  e x p r e ss io n  for the  
m ass transfer rate is obtained:

dn 2̂ 1DH2 AC
dt ๒(r2 /r,)

T h e id ea l ga s la w  is  applied  to d eterm in e th e ch an g in g  m o le s  in h yd rogen  
in the tu b e  as d iffu s io n  occu rs.

and

dn_ v_dP 
dt = RT dt

S o lv in g  for the d if fu s iv ity  g iv e s

f  \ r P, ไV ln r2 In
น  J 1^2 J

I jüL X
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W h ere Dp = D iffu s iv ity  b ased  on F ic k ’s la w  (m 2/s )
Pi = Initial p ressure (kPa)
p 2 = F inal p ressure (kP a)
V = V o lu m e  o f  the p ressu rized  ch am b er (m 3)
ri = Inner radius (m )
r2 = O uter radius (m )
L = L en gth  o f  the tube (m )
t = tim e spent ( ร ) . .

C a lcu la tion  E x a m p le

H yd rog en  p erm eatio n  data o f  th e  test no. 3

P i =  10 8 7 .3  kPa
p 2 =  1 1 3 .3 4  kPa
V  =  0 .0 0 0 0 1 5 5 2  m 3
ri =  0 .0 0 2 2 8 5  m
r2 =  0 .0 0 3 1 7 5  m
L  =  0 .9 4 5  m
t =  2 5 8 8 7 6  ร

1„  5 1 f 0 .0 0 3 1 7 5 m  Y  f  1 0 8 7 .3 k P a ^
_ __________  2 1,0.002285m J น  13.34kPaj
= 2(3.1416Xo.945mX258876s)

=  7 .5 5  X  10’12 m 2/ ร

Diffusivity Based on Sievert’s Law
T h e f lu x  through  the m em brane is  g iv en  b y  the fo llo w in g  equation:
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T h e h yd ro gen  w ith in  the m etal m em b ran e is in the a to m ic  state, w h ile  in the  
gas p h ase  h yd ro gen  e x is ts  as a d ia tom ic m o le c u le  (H 2). T h u s, the ab sorp tion  o f  
h yd ro gen  b y  a m eta l in v o lv e s  the d isso c ia tio n  o f  d ia to m ic  h y d ro g en  m o le c u le s  in to  
atom ic h yd rogen . U n d er  eq u ilibr iu m  co n d itio n s, the re la tion sh ip  fo r  the con cen tration  
o f  h yd ro gen  in the m eta l (C ) and the partial pressu re o f  h yd ro g en  in  the gas p h ase  
(P H2 ) is  g iv e n  b y  S ie v e r t’s law:

C H, ~  K -Jp h,

T h e h yd rogen  f lu x  J H 2 through the m em b ran e w a s  d eterm in ed  b y

J -  v  dP " .
=  ART tit

A ssu m in g  eq u ilibr iu m  o f  a tom ic h yd rogen  at the e x p o se d  su rface , the eq u ation  
b e c o m e s

D h K  '1.
—  J

0  ( i / L - V F )  V 4 L  
=  RT AKt

w h ere P i =  In itial pressu re (Pa)
P 2  =  F in al pressu re (Pa)
D  =  D iffu s iv ity  (m 2 ร'1)
A  =  A rea  in sid e  the tube (m 2)
V  =  V o lu m e  o f  the lo op  h o ld in g  th e p ressu re (m 3) 
K  =  S o lu b ility  c o e f f ic ie n to f  h yd ro g en  in stee l  

(m o l m ‘3 P a'0'5)
L  =  L en gth  o f  the tube (m )
R  =  8 .3 14 m 3 P a K '1 m o l'1



91

T  =  T em perature (K )
t =  tim e  sp en t '(ร)

C a lcu la tion  E x am p le

p erm eation data o f  the test n o .3

Pi = 10 87 .3 kPa
p 2 = 1 1 3 .3 4 kPa
V  = 0 .0 0 0 0 1 5 5 2 m 3
K 9 .1 3 4  X 10’4 gm o l

ri 0 .0 0 2 2 8 5 m
r 2 0 .0 0 3 1 7 5 m
L 0 .9 4 5 m
t 2 5 8 8 7 6 ร

-0.5

(a/i 0 8 7 .3  X 1 o3 — J \  1 3 .3 4 x  1 0 3 ) P a 05 _____________ (1 .5 5  x l 0 ~ 5m 3)(0 .9 4 5 m )_______________
° H2 =  ( 8 .3 1 4 m 3P a  • K - ’m o r 1 ) (5 2 3 K )  (0 .0 1 3 5 7 m 2) ( 9 .1 3 4 x  1 0 - ‘, m o lP a 05n T 3) (2 5 8 8 7 6 s )

=  7 .8 4  X IQ-7 m 2/s

T h e  d if fu s iv ity  d erived  b y  S ie v e r t’s law  in d ica ted  in  th is  th e s is  is co n sisten t  
w ith  the transport o f  h yd ro gen  w ith in  the m etal. It is  a lso  u se fu l in  a ssu m in g  the  
h yd ro gen  transfer w h e n  the h yd rogen  is generated  as a to m ic  h y d ro g en  in  a corrosion  
reaction  at th e  stee l su rface .



92

Appendix F OVERALL RESISTANCE CALCULATION PROCEDURE

The mass transfer rate: dn _ _ AjAC 
dt = Rt

The ideal gas is applied to determine the moles of hydrogen diffusion within the tube 
as a function of time..

And

dn_ _v_ dP 
dt = RT dt

c = ~  = —V RT

Therefore, the equation for overall surface resistance becomes R,=- At
Vln ' l '

v^2 J

Where Pi = Initial pressure (kPa)
p2 = Final pressure (kPa)
A = Inner Area of the tube (m3)
V = Volume of the loop holding the pressure (m3)
L Length of the tube containing hydrogen (m)
t time spent (ร)

Calculation Example
Hydrogen permeation data of the test no.3

Pi = 1087.3 kPa
p2 = 113.34 kPa
V = 0.00001552 m3
A = 0.013578 m2
t = 258876 ร

R = (0 .0 1 3578m2 )(258876s)
1087.3kPa^(o.00001552m3) l n | j ^ 34kPa J

= 1.00 X 108 s/m
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Appendix G EQUILIBRIUM CONSTANT CALCULATION PROCEDURE

The dissociation reaction of molecular hydrogen to atomic hydrogen is given by:
0 . 5 H  2 ( g ) < - » H ( g )

Thermodynamics properties are shown in Table G .l.

Table G.l Thermodynamics properties (Perry’s Handbook)

Components
A G 298

(cals/mol)
a h /98

(cals/mol)
Cp

(cals/deg/mol)
H2 (g) 0 0 6.62 + 0.00081T
H(g) 48585 52100 4.97

R fd(๒ K)
298

-  i

T f

AH' dT

=  298

AH“ a b 
+ T + 2 dT

R (In Kj — In K29s)

-AG 298

AH 1° 1 b ^_ + a InT + —TT 2 298

R (In K t  — In RT ) =AH 1° + a Inf T A
v^o J

+ f ( T - T 0)

1 -IT _— AG,,8 AH ° { \ 1 ไ 1 f 1 f T ไ b / Vl n K r  =  ~~ 298 +  —U l _  - A - A  +  2L a ๒  A -  + _ ( T - T 0 )RT R vT0 T j  R(_ { t J  2 V

Apply the thermodynamics data of the dissociation reaction into the equation

= AH 2°98 + J ACpdT
298
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p =  C P(H ) ~.°-5CP(H2) = 4 .97 -0 .5 (6 .62 +  0.0008IT)

= 1.66-0.000405T

= 52100 - 1.66(298)+ M ^ ( 2 9 8 2)

And Zv.AG,1 = AG„r -0.5AG.Î,
= 48585-0
= 48585 cals/mol

Thus, the relationship between the equilibrium constant ( K t )  and temperature is given 
by the equation:

In K t  = 0 .4 3 4 - ^ ^  + 0.838๒1-2.023xlO~4T
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A ppend ix  H GRAIN STRUCTURE OF CARBON STEEL AND HASTELLOY

Figure H.l Grain structure of carbon steel ASTM A-179 (Kongvarhodom,2009).

Figure H.2 Grain structure of Hastelloy C-276 (Zhang Q.,2009).
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