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Analysis of Influence Factors on Hydrogen Embrittlement of Pipe Steel
according to Hydrogen Pipeline Operating Conditions

JONGHYUN BAEK ", YUNCHAN JANG, CHEOLMAN KIM

KOGAS Research Institute, Korea Gas Corporation, 1248 Suin-ro, Sangnok-gu, Ansan 15328, Korea

TCorresponding author :
jhbaek@kogas.or.kr Abstract >> Pipeline steels for hydrogen transmission may cause hydrogen em-

brittlement due to absorption and diffusion of hydrogen through metals. Hydrogen
Received 4 March, 2024 . . L . . . . .
Revised 24 March, 2024 pipes exhlblt.ed S|m|I.ar mechanlc.al properties to atmospherlf: condltlgns in
Accepted 23 April, 2024 terms of tensile and yield strength in a hydrogen atmosphere. This paper aims to
provide relevant information regarding hydrogen embrittlement in hydrogen
transmission pipeline.

Key words : Fatigue crack growth rate(Z| 2 # B4 % &), Fracture toughness(I} 1| 9!
X)), Hydrogen embrittlement(4- 4 % 4), Hydrogen pipeline(4 A b 2),
Tensile property(21 % E4)

1. M 2 =7He A4S} o] o o] At Bt 2271 2C
ol AEdtAl g 2AVIA HiEES AL
AN A S Egoto] paE A A9 At 2 53k Aol F23th European Union 7339
Sl ZaH] Ao A FEA(COx-free) ofUA o= & 3= 20309744 Bha viEFS 19909 42
$2 ¢ JeHRE i A YA A H] 55% Z5sk7] 918 Fit for 555 HESIATE =
olty. Iyt F=8 oA s T Bdd Ao g vig fAI7F 245 w92
o] F AL E TFHE AL o ER A e TRt RS AAlskaL ok Al102} e
WAgeR Hele Taseln dY wEAd ol SEsRAS] e AR eAsks ijE 2R
sfojof BTk e MEAS UG P St DHS Slalol Aol Ale] ST 2044 TWh
2 o0 A o] MG AGIO) SaB AL 2 el Hk ol AR 2307 TWh g
o4 A W TR Wil A, 0@ e uHiTolT) T U3 A0S 918 ligui-
2] 7] 33 F Conference of the Partieso| 4] 1967} fied natural gas (LNG) £3 @A 7)== HAA7F20)
216

2024 The Korean Hydrogen and New Energy Society. All rights reserved.



1

o

il

rir

O

il

= I

oo

o

4

\‘ .

JF

o,

o
oy K

ST~

oA 4=
249l oot 5 shtol
AL s toR AulgelA] Sdshe
o| FashH ujth e ¥ AAdS LT o
Ao o5 9 A iAo P
European hydrogen backbone-> =4~ =
& A7 kA B8R Ao] Al v
AZdof Blsl 75-90% FAMR] Aito] o fEal H
askgleh YE=of A7k 29I Gasunie=
ssn 2o 9J5ho] 7 3091%), w3k Zo] 1,183
kmof| tigt BAY 24 A3} 7)E DAk &
§ Al AV S o] 14 EApuZh 208tk
B, AR £ F AA7kx vl 4
Ysto] LNG a4 3 w7k AL 556
ik A Wlg A3 oF v A e
o 4 glek 4] A
I A A7FA35 MI/md)o]] ]
3 13 Az 27| gZo] FAACs agAdS 4
= 77 e ARgo]
4 EL 7|2 Aelrha
of 4 &Y Fgol e 8 B o= v A

Aol A= A W, A el AR

£ £
4
o
o
% ol
i
o
it
o

Beowt N oy

i
o
%

N

;

N

=
i
=

©
30
)
2
X
S
i

=

Petroleum Institute (API) v 2,
A A3 A7} 1A SAufEke] 7] AH B4
[e]

Vol. 35, No. 2, April 2024

FAavjd-2 API 5L, product specification level
(PSL) 22 A=}, PSL1o] 1]5}o] PSL2 e
& AdEet I Aol HYghke sk Sl
Aol A 3 7] HAE fIste] 0C B 11 ©]
3} oA charpy V-notch (CVN) %24 Algi}
drop weight tear test (DWTT) A& Q5131 Qith
American Society for Testing and Materials (ASTM)
E23 q1-A0f 9|7 AAIgH CVN AJ§l3} API SL3 414
of W} DWTT AJ§ & sherlo] o) 85% o4 Agh
wh-g tpehfiol gt PSL2 G wie] of
3 24 FAF4YAKY, Iy APLSL 2] 7
=] o 217 762 mm S API X70 5+ ©fs}
wjze] 79 27 1 ojiro @ Askn ek, wjz

AR 29 Aol s FYshe dFE 3ol

K,,=0.000267 X 0,7 < D*® for Grade < X65 (1)

K, =0.000321 < 0;,° X D"? for X65 < Grade < X170 (2)

1/3
K= 0.0000357 X o < (%) for X70 < Grade < X80 (3)

&J7] A] owe= hoop stress (MPa), D= outside diam-
eter (mm), f+= pipe wall thickness (mm)o]t}.

Fratfiol] iRk A, Ad 9 Gl it 4
(code) Tr= FX4|(document) 2= 1]=+7] A 8HS](Am-
erican Society of Mechanical Engineers, ASME)o] 4]
T3 ASME B31.12, S97FAAS R A7 3
(Deutsche Vereinigung des Gas und Wasserfachese,
DVGW)ol|A] 743 DVGW G463, G714l o]
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218 LAHBH2Y X
2] 3)(Institution of Gas Engineers & Managers,
IGEM)9] IGEM/TD/1, -3HAFI712¢ 3](European
Industrial Gases Association, EIGA)oJ|4] 27t EIGA
IGC Doc 121/14, n]=-¢t=712¢ 3](Compressed Gas
Association, CGA)2] CGA G5.6-R2013 “12]1L oA
OFAFY 712~ % 3](Asia Industrial Gases Association,
AIGA)2] AIGA 033/14 So] it} ASME B31.12
= ekl A B 2% T ASME B3LS
& Aoz AEEiglon) A AAH o g o
Wb o g AHgsh= sAuld FHLSE general re-
quirement, industrial piping ~12]1! pipelines2 -4
wlo] 9lty. ASME B31.120] w2 HE F& 27
L REO| Holt QA SAF Aol WAYsh 717
St BIYL At ARDE AT0E B, &
H QAN (L2 E Lo E AY, 12 wt.% o4 Ni &
831 316L FA), @427, AT, 8 g L g
B ghgol FHEh

ASME B31.129] part-PLo|| w21 100% Z=4 E

L 10% ol £47} BE TRk, 2 9 21
MPa ©]3}, -62°Coj|A] 232C 2] & H9 Ja]m_ 20
pom ol8F -8 4 4 4 185
Al F2olT), SAuEhe AR
sfo] kel o] WaF §41< HAPHT 12 m
HhEe A WA A% S A
ol Seaufpho] Qo] ek Mol U WAk &

e dHE e ik

&H(carbon equivalent) <=2| & A|gkgich. vl mAjE
o] 'ha ol 0.12% o3kl -p-ofl= CErem (0.25
olah) 1]l B FHFo] 0.12% 2ol Ao
CEmw (043 o]3hAlS Hgatet’,

Si Mn Cu Ni Cr Mo V
t—t—t—t—+—+

Mo +V Ni
cenil C+m+(0r+so+ )+( |1+50u) 5)

|D

> SRS AYAOLIR|3E] =27

)I

2101 M2 Hi-2Z0] +AF-Q0 DXz S AR

2.2 FAHjE FH

S4ufEe] £/ ASME B31.129] PL-3.7.1 F
B2 Agstol 4 (63 Zo] ALteitt.
. __PD

~ 28FETH, ©

o] 7] 4] P design pressure, D=
+ specified minimum yield strength (SMYS), F=
design factor, F+= longitudinal joint factor, 7+ tem-

outer diameter, S

perature derating factor, Hr= material performance
factoro|t}.
22 aH) T 99 A] Lo

grelef o3| WAEE 9
i)l

Fo90l 40% SMYSEH & 4-olle

Fig. 1. Cross-sectional optical microscopy image of (a) longi-
tudinal weld (SAW) and (b) girth weld (GTAW+SMAW)
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Aol & £J5}te] option A (prescriptive design method)
E+= option B (performance-based design method)
oE SaiE A AN Mokl
B9l Hol & 23Rt Saujzie] 49 47
= w53l @t option AoA & Hf—O 542
oA H=1.0 Aolo] 7t& 83k APL X52 5
ost Bl A F=o] 2,000 psi (13.8 MPa) OIOP‘L
A9 He1.02 243tk 2149} Ajo](britde frac-
ture contro)E 3 0C E= XA AFE 204
CVN A&} DWTT Al & 247} 80%2} 40% o)A
Aot RS Uehol stk dduhy 47
(ductile fracture arrest)S 2J3}F Ky= 4] (7)0)|4] 4H&
gk o qA| o)/folofof gt

o lo

K, =0.008 X 02 x (Rt)"% )

o]7] 4 Ky full size specimen CVN energy (fi-1b),
on=hoop stress (ksi) due to design pressure, R ra-
dius of pipe (inch), #+= pipe wall thickness (inch)©]t}.

Wi %70] 1,422 mm olalel ¢ S7He] Ky
=27 ) olFer sk k. i mAjRe} &
AEY o oA 7= 100 ksi (695 MPa) ©]s}
JeEa A A 5 7=+ 70 ksi (485 MPay7t
Auk g3 5 ol

Option BollAl= 4=k 7] A14F A Wit 53
9 A7 el BAgle] Hel0o) ghe Agdh
chit Hel0S 28517 $18144 ASME B31.129]
A Q551= (threshold stress intensity factor for hy-
drogen assisted cracking Kiy)7} vlj3 A5, 545
g JoJaktlo] tiste] 50 ksivin (55 MPavm) ©]A¢

& Uepolof gtk wjw mAle} g3ke) o)
o1&} 7= 110 ksi (760 MPa) |3} 123l X4
A & 7= 80 ksi (555 MPa)7HA| et 4851
l(phosphorus)2 0.015 wt.% ©|3}& 3h-q-5to]ok 3t
o}, #4uha) Alojel 4T ] 7122 option A
o} .
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e RaRAL B4 EH
A AR sfEEo g4 Wie 3

o] AA(ductility) S ABFAIZE B
1875d Johnson©| H(iron)d 7J(steel)= FAH
Abol| T2 & 2730 o] X(toughness) T} ¢4 (ductility)
o] Faxsh= 7IAA &4 FIFE W o] i

=
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2z Aro|tf. FEA} S0 9
3 7141 AdHEol AstE= A Q] °l&2 high
temperature hydrogen attack (HTHA), hydrogen in-
duced cracking (HIC) % hydrogen assisted cracking
(HAC)o|th. HTHA= S4417F 200C o)) 2=
o esd 3F 5% Wi ge=(MO)o] 40t
w85kl CHas FAdste] 5 WiollAl st dol &
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Basit +AH4Y R o2
enhanced decohesion mechanism (HEDE)J,} hydro-
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3.2 2AHT AVYE EY

Sau ol thek o EAL ASTM G129 E:=
ASTM G142 A= E3) H7RIP0. ASTM G129%=
ASTM E8 #2740l oAz} A2kgt IAIE S o
A E-9]710 4] 2.54x10° 5] 2.54x10° mm/s ]| A
£ HIPFZ oA EAS Hrlels /\]51};]-]0]]:}_3537)
ASTM G142+ 274 6 mm HMJXOL e

7}

wu Al
] BHol AL 0.002 mm/s HEE AIAEAL =
A FHE A8 7]9] crosshead 41 0.02 mm/s

2 Axate] 7] FERIA)T 4489704
relative notch tensile strength (RNTS)%} relative re-
duction of area (RRA)E E3f 1% EAIS H7|sich

017} EAS deys}q

R l:u
rﬂn

J})

T75= N5y 8
RNTS= NTS, ®
RRA= fdy 9

RA= S 9

NTSu: notch tensile strength in hydrogen

NTSr: notch tensile strength in reference

RA4y: relative reduction of area in hydrogen envi-
ronment for the smooth tensile specimen

RAR: relative reduction of area in reference envi-

ronment for the smooth tensile specimen

Table 10f W= RNTS7} 1.0- 0970]‘11 f;}
o] $1a1 0.96-0.900]H =4 FgFo| o 0.89-0
Table 1. Hydrogen embrittlement index

Hydrogen embrittlement category RNTS range

Negligible 1.00 to 0.97
Small 0.96 to 0.90
High 0.89t0 0.70
Severe 0.69 t0 0.50

Extreme 0.49 to 0.00

>> et AR MOLARtE] =

il
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a1 0.69 °]sh= o] thiek
ol Fistal él;‘fﬂ Aoz BEsta gep.
Table 2] F=4E-9)7]ofA] SAjTO R AMEE
L API X42-X80 uljiol tfgt g7t i,
Arlg 9T HaE A ﬁﬂfOﬂ o=r # o

SN
2

Wb} aw e o gase
o

)

S iz Az, AH B 2o F Hjnhy
HALRRE HEEA] 23t dgho] 24T 4 9k
Savliel] sk 24 Al 29 oY B o
Soll oJslf Aol AH 4 Stk aEL)7NA =
w4 Aol tiFt AES UEhdie T4 (Kio)

o] tf7] Foll Hlgte] 47-70% sk AFS 2ol
Itk gl HyH= BS 7448 E= ASTM
E1820 o] wpe} o] oA, i aulke] 4

2wyl Hrh= UukE o F crack tip opening
displacement (CTOD) Al&-& 3519 Juis AHES)
LA (10)-(12) BAE ©]83F Kic, Juir B KscE
ghibsto] o] ozt
EJ(,’rit
o= 13‘_1/2 (10)
Joit= M erop * O ¢ Oerit (11
m . e ..o F
]((SC: \/ CTOD 10'i1j2 crit Y (12)
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o714 Kjc= equivalent Kic computed from Je,
Ey+= Young’s modulus at the temperature of interest,
Juiee= critical J-integral value, Ksc+= equivalent Kic
computed from Jui, Vi poisson’s ratio, mcropt=
conversion constant (1.4), op= flow stress, Oeitv=
critical CTOD value©|t}.

FaE7IAM HE G Al(crack arrest) 542
ASME Sec. VIII Div. 3 KD-10 2 ASTM E1681 &
A5 B KnZS B7RIHY. K AFHS 0, 1
ppm ©]&}, CO, 1 ppm ©]3}, CO 1 ppm ©]3}, H,O
3 ppm ©]3}9] 7tA FAS ZF= 99.9999% A E9
71oA 'k Azl A9 1,000417E FAIAX]

F 39 272 Zo|7 025 mm ofdto] Sulzko.

=
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roh
ok}
T2t
o
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E
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2 Hglel Z1o& Rk ASME B31.120]A] vja &
A AL Al grarol] ofgh S AR Y= op-
tion B AAHol|A] H=1.0Z 48317] $JalAlE= Km
7} 50 ksiVin (55 MPavm) ©]AFS UpEljo]of Stc}.

Table 3> API sfj3thof| tsto] =4x QFeln} E3t]
gof| w2 w7 Qld WIkE YEkd Zoltt 6.9 MPa
or2]o] 100% =229 79 API X42-X80 Hj3-o] Al
w8 SH(EE) STl wE T Qld HIK95-111
MPavm)t= ZA] bt A] eokeb ™. A ed7paug
o] Ao odAMuly] HAE WR|EH7] ¢J8F CTOD Fk
2 0.05 mm o aFsta e

Table 4= API X42-X80 vjj3to| tj3le] CTOD7}
0.05 mm% 7 BS 79102} API 5790]| 4] ¢] 3hAtA]

Table 2. Tensile properties of API pipes under various hydrogen gas conditions

Pipe grade | YS (MPa) | UTS (MPa) | Elon (%) RA (%) Gas composition Specimen type Ref
332 5452 323 77.1 Air, Ambient
333 5434 323 77.6 0.1%H>-CHs4, 10 MPa
API X42 330 5352 312 74.2 1%H,-CH4, 10 MPa Smooth 39
328 536.7 31.0 68.4 30%H,-CHa, 10 MPa
325 536.2 253 41.9 100%H,, 10 MPa
450 540 16 55.2 100%H,, 10 MPa
Smooth
450 540 21 76.6 100%N, 10 MPa
API X60 40
550 655 0.65 mm 52.0 100%H,, 10 MPa
Notch
550 655 1.1 mm 72.1 100%N, 10 MPa
448 546.9 29.3 79.3 Air, Ambient
450 543.3 28.9 78.2 0.1%H>-CHa, 10 MPa
API X65 452 548.8 29.5 73.3 1%H,-CH4, 10 MPa
459 542.2 255 55.5 30%H,-CHas, 10 MPa
450 541.5 234 435 100%H,, 10 MPa 39
607 632 24.6 82.3 Air, Ambient
605 624 22.4 81.7 1%H,-CH4, 10 MPa
API X70 Smooth
604 627 21.7 81.5 30%H,-CHas, 10 MPa
602 628 17.6 40.2 100%H,, 10 MPa
523.90 656.39 26.88 77.77 100%N, 12 MPa
518.56 666.00 24.58 75.13 5%H,-N, 12 MPa
API X80 525.52 657.81 23.85 74.41 10%H,-N, 12 MPa 67
524.83 656.06 22.19 65.42 20%H,-N, 12 MPa
523.67 661.54 2191 64.73 50%H,-N, 12 MPa

YS, yield strength; UTS, ultimate tensile strength; Elong, elongation; RA, reduction of area; Ref, references.
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Table 3. Fracture toughness properties of API pipes under various hydrogen gas conditions

Pipe grade YS (MPa) UTS (MPa) Kic (Ha), MPavVm Gas composition Ref.
API X42 366 107
API X52 469 102
API X60 473 104 100%H,, 6.9 MPa 46,47
API X70 584 95
API X80 676 111
200 Natural gas, 6 MPa
API X70 482 565 150 50%NG+50%H,, 6 MPa 48
100 100%H,, 6 MPa
422 560 153
API X42 (L290NE)
156 (SAW)
297 466 88
118 (GW) 100%H,, 10 MPa
API X42
115 (HAZ)
104 (ERW)
API X52 (L360NE) 445 570 151
486 615 99
API X56 122 (SAW)
132 (GW) 19
517 663 148 100%H,, 10 MPa
API X60 (St60.7)
129 (WM)
488 652 104
API X65 (P460NH)
154 (WM)
508 616 138 100%H,, 10 MPa
132 100%H,, 1 MPa
146 (SAW) 100%H,, 10 MPa
API X70 (StE480.7)
190 (SAW) 100%H,, 1 MPa
139 (GW) 100%H,, 10 MPa
145 (GW) 100%H,, 1 MPa
299 (0.459)*
607 632 281 (0.404)* Air, Ambient
284 (0.414)*
204 (0.214)*
API X70 ¢ ) 30
605 624 209 (0.226)* 1%H,-CHas, 10 MPa
194 (0.194)*
156 (0.125)*
602 628 100%H,, 10 MPa
194 (0.194)*
*CTOD (mm).
> otmp AN UK =2 X353 H2E 2024 4



243510 Kae2 A3, BS 7910914 Kse
AL A] flow stress (o= SMYSE A-835}90m m

flo o o

—0.3188
Ys ) (13)

m = 1.517(m

CTOD7} 0.05 mm®! 7<% BS 79107} API 5799
A API X42-X80 vjo] A Q7 K= 74.5-99.2
MPavmolt}. w3 5] F7kgo] whet H4 a7
Ksc= S7F5F3iTh

Table 3& HH API X70 vjollA 7] & E=
AAZEA E91710l vlste] 100% $=22-917]9] 735
23] A (Kie) 50-60% FHAdhe Hee Hiout
10 MPa, 100% Z=25-9]7]o| A= 156 MPavm ©]A}
O] T Q1S UEhaL A3lem API X70 Hja-e]
A Q7 Ks=93.4 MPavmETH =2 ZHS Uehy
o] AR 7oA E o] gl SIS Hof Frt

o 1%
> g

Bl &=

ne

oL

O:
o
1o HT OB 2

X oo

2 24 442 ASTM Ed68 7f

St o A & H2 o
ASTM E647 -2 0.8 g7,
% Fig. 29} gol ¥t A=, vijd A4 %
of oJsf uiitk Wielftell Y 2o

SEG

Ll

B

ok fr 4> &
4

o= H&
2
e} >

A

L

O:

olek. ol AlEl SauiEhe £ o wsle} M
AR 5 Ol 515 stel T S2 wislel e}
shzte] EAI5H: FAR Aol AR 4 (1492
Abgste] M 2 A SRS Bstel Sav

da/dN= C(AK)" (14)

71X da/dNS rate of crack growth rate, a+=
crack length (depth), N no of fatigue cycle, C, m<
material constant, AK+= Kyux-Kmin, K+= stress in-
tensity factoro]ch.

i A% 29l K g2 o] whE A
o] A% SE(da/dN)7E 107 micyeleq] 9ol

2C ta

—

Py, Pipe inside

Fig. 2. Defect with crack length (2c) and depth (a) at pipe in-
side

Table 4. Minimum requirement fracture toughness of API pipes to avoid non-ductile fracture initiation

Pipe grade SMYS | SMTS | Flow stress, E m m CTOD | Ksc(BS 7910) | Ksc (API 579)
(MPa) | (MPa) | (YS+UTS)2 | (MPa) | (BS7910) | (API579) | (m) MPa\m MPa\m
APIX42 | 290 415 3525 1.701 74.5 74.6
APIX52 | 360 460 410.0 1.640 81.6 80.4
APIX56 | 390 490 440.0 1.632 84.7 833
APIX60 | 415 520 467.5 205,000 1.630 1.4 0.00005 873 85.9
APIX65 | 450 535 4925 1.603 90.1 88.1
APIX70 | 485 570 5275 1.597 93.4 91.2
APIX80 | 555 625 590.0 1.576 99.2 96.5
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224 AABE 2% Z0| M2 HEZO| 2AHEY) 0JF|= U3 OIX} 2

AT 4ol gl AOR WIS ofuf o] AKE
MKy A, whate] #Aq Aol 24 7
9 Akl wiste] SaufEe el I3t
9 4% £t 10-1,0000 whech 9]z 29 4

|
A Hrl 28 HBKE, 4 oY, nH|2E], B4
7ha gAY & S gake e,

S8 WBlEd S oY F7Ms FE AY SE
%7t A0S Uyehdth 593 4 T} 54 2
oF 2| Wi = Wsle] wels 2 72
AR HEl 2 WIS HolXE gtk Saul
o] 029} CO BaEo] 24T A9 F& HHo| A
shue GAstol T4 YRR 40 WE A
ARSI FE Y EEE FAA7E BIE Ve
Witk whdel] CO0F oSt 48 A% $=2 Z71H4]
7)1 B3-S UERAC) Fig. 29F o] Sk 2
o] Wrgko 2 Agto] 2AT AL A AF 2719
Zol= 025 to]ar ol 15t #of Firf. 4

| o

(145 B3l H7he 9= 2
Edehs d Basgh Alo|F =0 =
FA9) 25% E= A 4 Zolo] 25%e] Edshs
o Zasgt AtolF 4= 7k A ke H83t

o] ofgt U2 4 4% Sk IGEM-TD1Y
ASME B31.12, tj7] & gta7tol gt vz < 4
Z &x= APL 579} BS 79109 AAE o] lom
Fig. 33} Table 5] A &|atgict.

BS 79103} API 579041 m&o] o3t Fgo]
A3HA] ok AKy=2 MPavm= A4 3}5ict. IGEM
of wt=d SRR AK| we} o AR
(Cm)yE ARshH SAujae] & ¢glo] 13.79
MPa (2,000 psi)7}%] Z&Ect ASME B31.1204]
o] M2 F49 AY S Yy 059 w9
oFg] 20 MPa (3,000 psi)7FA|qE 2835k} 4=Aua
oA #+EH Aol AT A B g7 4
W W71 984 AK<4 MPavm?l F-7tofl A= API
5792 Z43}3 11 o|Alo| A= IGEM (R>0.5)2 2]
§dt= Zlo] Bgd Zojch

N,
o

o2
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i
st
-

)
F‘F

S

> SRAAUMO|LIX/3tE] =27
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4, AU J|AH 24 B4
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A Slck. wpke] A9 197598 71doz A 0 A
AN MR F, Qn g BéEo] Fashn
U Aol Fo A F7het vlo] shujely
o] GAH AT gl e o1
W 0 A% wyEe] e fauw g% g
20-72% 9919 AFgHo] WAL AL 05%
olste] MHE 2| A W LGk ASME

B31.12 @ EIGA9| A= API X52 S o]a} w3 A}

i
NI
N
Ir

42 sty Yot dAD)I FAME 2
Ttk AA Pl o8 AF-EH(ont 2
o] WeF 3=(cu)0] WAETTE
PD
o= 7 (15)
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