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APPENDICES

Appendix A CHEMICAL COMPOSITION OF MATERIALS

Table A.l The weight percentage chemical composition of carbon steel and Hastelloy

Carbon Steel Hastelloy
ASTM A-179 C-276
c 0.91
Mn 0.71
Fe 97.70 6.32
P 0.37
3.97
Cr 0.31 15.73
Ni - 56.61

Mo - 17.38



Appendix B HYDROGEN PERMEATION DATA

Table B.l Hydrogen permeation data of all test performed

Test
No.

1
21
22

31
3.2
4

51

5.2

10

Material

CS
CS

CS
CS
CS
CS

CS
CS

Hastelloy

Hastelloy

Hastelloy

Hastelloy

Hastelloy

Surface
condition

Outer Oxide
layer
Outer Oxide
layer
Outer Oxide
layer

Outer Oxide
Covered

Outer Oxide
Covered

Pd on the
outside
surface

Pd on the
outside
surface

Pd on the
outside
surface

QOuter Oxide

Covered

Outer Oxide
Covered

Outer Oxide
Covered

Pd on the
outside
surface

Pd on the
outside
surface

Temp

(°C)
MTL
150

150
250
250
150

250
250

MTL

250
335

250

335

Initial
(kPa)p

964.3
1017.2
1003.6

1087.3
1089.7
1016.4

11218

1104.4

11425
1216.1

1148.7

12341

Final

(kPa)
1322

598.3
192.7

1133
165.9
526.7

159.8

161.5

1.1

408.7

1722

394.2

Duration
()
950,807

685,872
600,344

258,876
173,623
274,596

81,304

81,509

666,218
260,770

658,920

259,234
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Least Square Eq. R2
p=958.7exp(-0.001x) 0.994
p= 1048exp(-0.003x)  0.996
p= 1013 exp(-0.001x) 0.991
P=1126exp(-0.042t)  0.999
P=1116exp(-0.04t)  0.999
p=1035exp(-0.009t)  0.998

3= 1.060312- 66.9421 + 0.999
11318

= 1.0341t2- 65.406t 1
11138

P=0.0014L -2.239t  0.999
1139

p = 0.0447+2- 14.455t 0.999
+1220.3

p =0.0009t2- 2.202t H 0.999
1142

p 005628t2 15.342t  0.999
+

1



Table B.2 Calculation Results

Test No.
1
2.1

2.2
31
3.2

51

5.2

10

Material
cS

CS

CS
CS
CS

CS
CS

CS
Hastelloy
Hastelloy

Hastelloy
Hastelloy

Hastelloy

Surface condition
Outer Oxide Covered
Outer Oxide Covered

Outer Oxide Covered
Outer Oxide Covered

Outer Oxide Covered

Catalyst coating on the
outside surface

Catalyst_coatin(f; on the
outside surrace

Catalyst coating on the
outside surface

Outer Oxide Covered
Outer Oxide Covered

Outer Oxide Covered

Catalyst coating on the
outside surface

Catalyst_coatin? on the
outside surface

Temp
(

MTL
150

150
250
250

150
250

250
MTL
250

335
250

335

Diffusivity
TMZS')

6.65x 10'B

3.37x10'B
9.32X10'2
7.50x10'2

2.05X10'B
2.15X10'1

2.02X10-1

5.05X10'8

3.54X10-2
5.35X10-3

3.87X10-2

84

Resistance

(m9

1.13 X109

2.23xi09
8.07X107
1.00x10s

3.65x10s
3.49X107

3.71X107

1.49X109

2.12x10s
1.40X109

1.94x10s



85

Appendix C FLUX CALCULATION PROCEDURE

The measured value of pressure reduction in a sealed tube can be converted
into a molar flux of hydrogen Ju2 through the tube wall. This conversion is made
using the assumption that hydrogen in the system behaves as an ideal gas.

Procedure of calculating hydrogen flux was as follows:

1 dn V. dPH
li2=A dt=ARTx dt

where J = Permeation flux (mol/hr m"2)

dn/dt = Flow of gas (mol/hr)

A = surface area of the membrane (m2)

Vv = Volume of pressurized chamber (m3)
R = [deal gas constant (m3Pa K"LmoF))
T = Temperature (K)
t = time of test (hr)
dp/dt = Rate of pressure decrease (Pa/hr)

Calculation Example

Hydrogen permeation data of the test no.3

p = 1115.9 exp (-0.04t)

dp/dt = -44.64 exp (-0.041)

A = 0.013578 m2

V = 1.552X10'5  m3

R = 8.314 m3PaK’'Imol'l
T = 523 K

t = 252000 sec

J [L552 X 10-5m3]
b [0.013578 m2][8.314 m3Pa R-"mol-1]

= -6.137 X 10~3exp(-0.041)

—44.64 exp(—0.04t)

At the time spent 70 hr, the flux of hydrogen would be
= 3.732 X 10~4mol m~2 ~1
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Appendix D SOLUBILITY CONVERSION

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

Table D.| Elemental composition of Carbon steel SAE 1095 and ASTM A179

c Cu -Cr Mn D Si Fe
SAE 109 090 06 1 1.65 0.4 06  0.05 halance
ASTM-A179 091 - =031 071 037 - - balance

For Carbon Steel 1095

= 0941+ 103exp,, L3280n
PV RT
Where Solubility (cm3H2/ cm3 metal) at STP
T Absolute temperature (K)
R Gas Constant, 8.3144 J/mol K
At STP condition
D latm 10"6m3

V = RT = 8.205 X10“5m3atm 1K~' -gmoL1298K c¢m3

= 4,089 XU(TogmolH2em3H2@STP
In case of the atomic hydrogen
C =2(4.089x10~5) gmolHcm3H2@STP

Thus, Solubility becomes

=0 941x10-3exD| - 1F328 N H2@STP 8.179x1Q-3  gmolH
T yemwalpan cm3H 2@ STP



-1928 gmolH

= 7.697 x10 “Bexp
) RT y cm3Fe- Pa

Calculation Example

119280 gmolH

= 7.697 xIO~sexp
8.314x523 cnrFe -Pa

- 9.134x10° 0 9molH
cnrFe -Pa’
- g134x10n  ImolH

m3Fe- Pa”

87
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Appendix E APPARENT DIFFUSIVITY CALCULATION PROCEDURE

Diffusivity Based on Fick’s First Law

Fick’s law for the mass transfer through a hollow cylinder which is exposed
to fluids at different concentrations is given by

1dr dCN:O
rdrv dry

where D is the apparent diffusivity. The concentration of hydrogen in the tube can be
determined by solving the equation above and applying the appropriate boundary
conditions. The value D is assumed to be constant. The following expression for the
mass transfer rate is obtained:

dn  2IDHAC
ot (r2lr))

The ideal gas law is applied to determine the changing moles in hydrogen
in the tube as diffusion occurs.

dn_ v dP
dt = RT ot
n P
C:—:——
and V. RT
P2 t
lip2dD | Jat
nP ¥ gl 22| 0
I
Solving for the diffusivity gives
f
Vin 2 'R
J 172

| julX



Where Dp
Pi
p2
Vv

ri

Calculation Example

Hydrogen permeation

Pi
p2
Vv
ri
r2
L
t

89

Diffusivity based on Fick’s law (m2s)
Initial pressure (kPa)

Final pressure (kPa)

Volume of the pressurized chamber (m3)
Inner radius (m)

Outer radius (m)

Length of the tube (m)

time spent ( ).

data of the test no.3

1087.3 kPa
113.34 kPa
0.00001552 m3
0.002285 m
0.003175 m
0.945 m
258876

1,5 110.003175mY f1087.3kPa®
2 10002285mJ  13.34kPgj

=T 2(3.1416X0.945mX258876s)

= 7.55 x 10'2 m2/

Diffusivity Based on Sievert’s Law

The flux through the membrane is given by the following equation:




gas phase hydrogen exists as a diatomic molecule (H2). Thus, the absorption of
hydrogen by a metal involves the dissociation of diatomic hydrogen molecules into

90

The hydrogen within the metal membrane is in the atomic state, while in the

atomic hydrogen. Under equilibrium conditions, the relationship for the concentration

ofhydrogen in the metal (C) and the partial pressure of hydrogen in the gas phase

(PH) is given by Sievert’s law:

CH ~ K-Jph,

The hydrogen flux J H2 through the membrane was determined by

Assuming equilibrium of atomic hydrogen at the exposed surface, the equation

becomes

where

& = SRR
= ART it

NN MRy ERe
= RT AKt

Initial pressure (Pa)

Final pressure (Pa)

Diffusivity (m2 ')

Area inside the tube (m?2)

Volume of the loop holding the pressure (m3)
Solubility coefficientofhydrogen in steel
(mol m‘3Pa'0%)

Length of the tube (m)

8.314 m3PaK'Imol'l
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—
I

Temperature (K)
time spent ()

—
1

Calculation Example

permeation data of the test no.3

Pi = 1087.3 kPa
p2 = 11334 kPa
V.= 0.00001552 m3
K 9.134 X104 gmol 05
i 0.002285  m
2 0.003175 m
L 0.945 m
t 258876
(di087.3 X103 —3\ 13.34x 103)Pals (1.55 x10~5m3)(0.945m)

"W = (8.314m3Pa K -"morD(523K)  (0.01357m2)(9.134x 10-molPa05nT3)(258876s)

= 7.84 X10-7m2s

The diffusivity derived by Sievert’s law indicated in this thesis is consistent
with the transport of hydrogen within the metal. Itis also useful in assuming the
hydrogen transfer when the hydrogen is generated as atomic hydrogen in a corrosion
reaction at the steel surface.
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Appendix F OVERALL RESISTANCE CALCULATION PROCEDURE

. AN
The mass transfer rate: 4 == "y

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

dn_ v (P
dt = RT dt
And C:vzﬁ.l.
Therefore, the equation for overall surface resistance becomes R =- |Atl |
Vin
VA2 ]
Where Pi = Initial pressure (kPa)
p2 = Final pressure (kPa)
A = InnerArea of the tube (m3)
V.= Volume of the loop holding the pressure (m3
L Length of the tube containing hydrogen (m)
t time spent ()
Calculation Example
Hydrogen permeation data of the test no.3
Pi = 10873 kPa
()/2 = 1334 kPa
= 000001552 m3
A = 0013%18 m
t = 258876
_ 0 '013578m2)(2588;%Sl2P .
- 3kPa
(0.00001552m3) In 3P ]

=1.00 X108s/m



Appendix G EQUILIBRIUM CONSTANT CALCULATION PROCEDURE

The dissociation reaction of molecular hydrogen to atomic hydrogen is given by:

0.5H 2(g)<-»H(g)

Thermodynamics properties are shown in Table G .I.

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

AG 2B ah/®
Components  (cals/mol) (cals/mol) (cals/deg/mol)
H2(0) 0 0 6,62 +0.0008LT
H(o) 19585 52100 497
Rfd( K) / et
TTAH* a b
o T2
R (In Kj —n K2x) L o 7
AG
R(ncc—h RT ) =AH? +a|nfTA f(T-T0)

M A T

Apply the thermodynamics data of the dissociation reaction into the equation

= AHZB + JACpT

298

93
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p = cep)~"DCRAH) = 4.97-0.5(6.62+ 0.0008IT)
= 1.66-0.000405T

= 52100 - 1.66(298)+ M /(2982

And Zv.AG 1 AGr -05AG.T.

48585-0
48585 cals/mol

Thus, the relationship between the equilibrium constant (« «, and temperature is given
by the equation;

. =0.434-""+0838 1-2.023xI0~4T



Appendix H GRAIN STRUCTURE OF CARBON STEEL AND HASTELLOY

X500 . S0pm

Figure H.2 Grain structure of Hastelloy C-276 (Zhang Q.,2000).

9%



CURRICULUM VITAE

Name: Ms Supawadee Ratanaphand
DateofBirth: February 11, 1986
Nationality: Thal

University Education:
2004 - 2008 Bachelor Degree of Science
in Chemical Technology, Faculty of Science,
Chulalongkom University, Bangkok, Thailand.

Proceedings:

1 Ratanaphand, ., Steward, F.R., Justason, A., McKeen, K., and Rirksomboon, T.
(2010, April 22) Increasing Rate of Hydrogen Permeation through Pipe and
Vessel Walls. Proceedings of 14 National Reseach Symposium on Petroleum.
Petrochemicals and Advanced Materials and 16t PPC Symposium on Petroleum.
Petrochemicals and Polymers. Bangkok, Thailand.

Presentations:

L Ratanaphand, ., Steward, F.R., Justason, A, McKeen, K., and Rirksomboon, T.
(2010, April 22) Increasing Rate of Hydrogen Permeation through Pipe and
Vessel Walls. Presentation of 14 National Reseach Symposium on Petroleum,
Petrochemicals and Advanced Materials and 16t\PPC Symposium on Petroleum,
Petrochemicals and Polymers, Bangkok, Thailand.




	REFERENCES
	APPENDICES
	Appendix A CHEMICAL COMPOSITION OF MATERIALS
	Appendix B HYDROGEN PERMEATION DATA
	Appendix C FLUX CALCULATION PROCEDURE
	Appendix D SOLUBILITY CONVERSION
	Appendix E APPARENT DIFFUSIVITY CALCULATION PROCEDURE
	Appendix F OVERALL RESISTANCE CALCULATION PROCEDURE
	Appendix G EQUILIBRIUM CONSTANT CALCULATION PROCEDURE
	Appendix H GRAIN STRUCTURE OF CARBON STEEL AND HASTELLOY

	CURRICULUM VITAE

