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Thermodynamic Analysis of Pressure Change in an In-vehicle Hydrogen Container
at the Crack Outbreak
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Thermodynamic simulation on the transient of pressure and temperature of an in-vehicle

hydrogen container with the hydrogen leak from a crack was performed. It is assumed that

the volume of the container is 40 L, which is filled with hydrogen at 70 MPa and 50 °C as an

initial condition, and the crack area is 1 mm® or 10 mm?. Hydrogen at 70 MPa and —40 °C is

supplied from a refueling station with the flow rate of 2 kg/min or 6 kg/min. Conservation

equations of mass and energy were solved using a thermophysical property database

compiling an accurate equation of state. Moreover, the results were compared with those

calculated by the ideal gas equation of state. It was found that the pressure of the real gas

decreases more rapidly than that of the ideal gas.

Key words: Thermodynamic simulation, High pressure, Hydrogen container

1. #&

i

PREIEMBEEEDE K E BfE L, mEKRERTET S
BHERBROR MOV TR X REMThh S,
FASWoodfield (1,2, 8], Kimb[4lid, 528 JUSKE
VIal—varEANT, AEFREROBEERFROR
EVRFIEIC B B RZE A S L QU D. ET2, Peneaub (sl
%, BERDDARE R UBEoKEOZEENZOWTY
Jalb—valEToTn5a. LiL, KEREFHCE
PRAY: s i (RN NG =7 N [ A A e Wl A VAV | T [
T TR, KBRS WO T BEIRAERIC, 588
HNOKFRORIEE L ZBA SN L TRL Z &I, &4ttt
DORFFCREDIELE A > TV ETURERITRTH

20114E8H 30 A 523

5. T TARETHE, KEFTEPOEFATI RN
FAELUEESZEAEEL, FTEEER L UBZMmEREE
TRA—F—IT Lo T, BEENOKEDOES TR LIONREE
DN TV I 2 b— g U a T T,

PREVEM B B E CHL Y ) O mEE COKRBEOYIMENT,
PHARKEOYME L 1T RE S ERY, #2170 MPa, 50 °C
T, EARR L EEREROBERZEITR %l b7 5.
Woodfield & I3 EIERAEDREE TR E AV TRET 21T
STVER, HHABR~DOKEOTEETIIFEHINLD
KEOHHICET AL I 2 b—arngid, BER
ROIRREHFERRS, SRALREEFRERD & 5 72, HlRHE
SRATED LA SN DYEEEZ VTS OREIRT
b5, AT, KBROWMHEREIL, RIGRKE, L



KB RALEF—L 25 A Vol.86, No.3 (2011)

MR, BEEEIEETERT KRB ERA s
4 —(HYDROGENIUS) & ® 7 v— 7 CRA% S -k FE
YT — & =26 E Ve, Ez, ke LCEER
ROREEHEXE HOTEREZITY, EOBNHTONT
HER LUK, AFEYET—F -2, AT —%
N—ZTHHPROPATH [TI0& RARKICER Sh, &
BRSO L OFERRSIATAD. £, ZO
FeB =R, ELERLTWDEREEY 7 N THD
MS Excel ECOEITHFRETH D, AT, o
BEEFIA L, HEMB L ORI S E
B AMS Excel E CEIEANCAELS 2 & T, HHAROE

SURAERATIST DIES R JONRE DR L& FHE L.

HFEOXLT BT« X h—7 ZDOX, =RVLF—DOR%E
EREE UG, IRESMR E DT 21T o2 b
BETHIN, AEOL S, BIRAEATERY 7 b
RV Z L2 SRR TIE CIRIEZ LM HER FIREC
boL, BUTHMOHBEISH LT, LVbigE
ERIIBOT, BEGETODOF ARy —Ilkd
EEZBND.

2. BITETIVEEER
2.1. fR¥TETIL

AV 2 b—ya UV CHWEBITE T VR RLIRT

FEOWNAREVIFOLE L, FIEISEe=0s) & L TESIP=
TOMPaD/KFEHNEET=50°C THEINTRY, WimmfEd
& 1, 10 mm®) DRRME Ul & & ORBNOEAB IV
EEORMBLEEHETS. F7z, EHNRRETD
WKFEAT— 3 AN BIXTIOMPaT, L7 —LEh
7o 40 COKRFEHE LT H b D& L, KROUEE
% m, (=2,6kg/min)& 3. EBRKZIL, KBRRIZEVE
BRNDRENTRETD, N LEEPMHGESND.
Woodfield 5 [311 %, BEHAEIKFELZTHE LT & s
BIOBEHZONT IRBFEOIT 21T TR Y, KR
2R L THN550 STREE E CWBWDIREE & RE L CEHE
LCHEANE - BiFe—BE R L TWD. 22T, A
ZECIE, B Z10s WO ERRICT 5 2 &b, &
BOWEESNIDREE(Q = 0N H D LIEITE B L LT
HEEAToTe. EFaNOBEEIT L L, S
WHDEEL TN D.

B FERR 3L

mout > hout ’ Sout 4 wout A

4> B=01MPa
0

X1 fEFETIV
2.2 EEE

BENZEB L ORI n, Eaato),
@ L5,

dm

G — 1 @
dt m;, mout

d(:Zu) =7hinhin _mouth—l-Q [2}

HATEESY bre—2he L, METEFEREFLL
2o,

Sout = Sin ®

h=h,, + You @

2

DRV S0, A TOEERE M, 1T, BZWTEREL L
HOTOKBROMEEyY,,, TEw,, FANWTRETE
5.

Mgy = (1 Vou WWou A ®
PLEDOREMEL Z & T, KRIRERHIIT 252N DK
ROREEACEFET DI ENTE 5.

3. FMRAE

KO, @15, Wy At BOBEBRNHOEEm B
FOWEB R K — (mu) 1%, RO, DO LI IcFRSZ &
DTED.

m =m+A4m
=m+(m,, —m,, )4t ®
(mu)' = mu+ A(mu)
= mu + (i, h, —m h)At
ZDEITUT, My NS At R OIRREEZ R~ LEFET
52 ET, KO, QTRINDIFEF DM HEXEE
ERNCAEL . EREOHEFIEDO 7 1 —F ¢ — b Z AR

@



AKBZRXNLHE— AT A Vol.36, No.3 (2011)

¥ Step 1 CHISAEC=0)1T381) HIRKEE L NIk TE
OEERFHE L%, Step2CTHODES P, LIRET,,
FEETS. BRI DIWR LIKRIERE T T,
BHENITBROENGEFTET NV TIIRERE) £ 725
2, ZIZTO P, NIRGETITRL, RO), Q%= TE
HThsb. ooz hrbv—;s 13RO L VM TH
20T, RDEMHZT P, 2V RLEEIC IV KRD .
A5, P ZBBWEL, TulPusSon) > WouPuuwo Tou) »
Frow (Poi> To) BZKBET —Z N— X LV EHT 5.
hy, +wl, /2 BEHELT, R@OERZIRVEEITL,
WD P, EAE L TRBEOREEITD. IIUDICP, %
BEBNDENEIRELTh,, +wl, /2 BFETDHE, &
BWNDOTUZLE—hE Y bREVEL RS, £ZT,
BEICEIERS LTIT L, DD P, Thyy + W, /2

out out out

BrE Y H/HELRBOT, §itkO P, ZFAVT, Tk

AT L, NOEWRTD P, ZROHILENTE
5. —F, BREKEOBAI, KBt QRTHFO%
Br=192FNT, REOUOMRY STHOOT, Rl
LB IRLUEHERITY 2 & 72K, HATOREENE
HTE5.

T o2 _g33 ®
T k+1
P _ (_2_)“1 =0.528 )
P x+1
1
LA (—2—)”‘1 =0.634 (10)
Vout K+1

HOToOP,, T, BRED L, Step 3THAEREyY,,, B
Hw,,, BEWEEAZAOCRIEESNDKROEER
B, ZFET S, Step 4Ty, m,, h ZAVTH
/NI At B OB Em' B IO RV X— (mu) &3
©), D HEHETS. Step 5THRBNOHIATE Y Z51HE L,
u MORBNO P, V), T'W,V), WP, T, s'(P,T"
FHETHZ LT, HE A OREENBELNDDD,
INE BRI LT BRI CIX109E TR R LTS .

IKEBIET — Z_R— AT, WL ODOFBEDIREES
BATHETEX X9 TR TS, AT, Kb
# L\ Leachman 5[8]0 / —</LkFEDRIESH A H
VWV, Z i HelmholtzBRE TRl S - ZIEABI DR EE
2T, EASFIX=ER(14K~1000K, 2000 MPa T
3. ¥1-, HEISNAIBEOTH)SIT, BEICIIER
WX TRRD DD, AR TR E LTI,
0.1%d& 0 b/hEV. ZOREESF RO AN HRE &

Wt Fe.am 3C

BETHDID, HATRLEZL I, RO-OEHEEE
1ZhE, PR —u b AEE D DIRE T(u, v) 23K
70, EAPE =y b —shHIRET(P,s) 3ROV
THIR SR ENNE L 12D, KBRYET —F—
AIZNE, TNHOREEITO ZENTE 2ME DR
HY TUV(y, v<°HY TPS(P, s)23ExceliZ AGAEIL TV D
DT, BHCEHETES.

Step 1
PEIEe= 0 LTEHRNBOP, T 5 X,
(P, T), WP, T), s(P, ), WP, T), m(=V | )& 3tH&

-

Step 2 \
| HODP,,, T,k 38 |

Step 3
VoulPout > Toud » WoulPour» Tnd EFHEL, BZMAE
BAZ AW,
Mo = (U Yoy YWy A
EEHE
Step 4 ]

WS At B O m',(mu)' & EHER(), DD S
m' = m + (i, — 1, ) Ats

(mu)' = mu + (m, b, —my,h)At

WX VEE

Step 5 Y
V=V/mEHEL, BEMTHIMIER Y,V

DHERADP W', V), T'W,V), (P, T,
s(P,TYEHE

Step 6a

RIRRERE (=1 + 4D
BT AREED
HEEBWRT D

HER L TR
ZHRR?

Step 7
| BRI E CORERZRE ]

2. FHHEFIR

4. FEATEER

KEAT—a BN, BREOTIEHRELEZD
B 1y, = 2 kg/minds L OMBFBHIEFT A L GRE D3(E)
ELTHWDBNRS Z & DE O m, = 6 kg/mink FEE BT
BE L, BRNEINEY Ui 2 ROROBHBET
A U=10mm) &, FEEDREIC X o TIBBNESN
FRTBEEZONB/NABRDOEZMU = 1 mmNTDOVNT
FHEE T, Fiz, MUINRH 42 13005s& L7z, [X3,4
124 = 10, 1 m? COREINDES L IREORREELEZ
NERY. Fithiil LT, ERAKEOREFERE
FAWRERLRL TS, A=10mm?DFEITIE, My, =6
kg/min /KSR Z FE L QWO CHEATEGRBA & 720, 10



KFELRALF— 25 A Vol.36, No.3 (2011)

SBIZIX17 MPaE Tl 5. my, =2 kg/minDFEITIE,
108 DENISMPaE T T 5. MBIAKEDOES) L HBE
DERE TR LIzPp R L, 4=10mn?’, 7, =6kg/min®D
BADBZIFAEITHE D BBNOKROBERLE, FE
SR L FAESEOTHIZOWTRT, BRNOBEE(L
1305 SRR Gy FLTEY, ZORERKE L HESR
{RDIEHZEZ KGR LTz, EERIK L BRI DOFE 2
i3, BEFRAESNORELRY, 2 sBITHERTI MPa
WCET A, ok, HEKMEE LTHRS &, EIBRT
DEEIPNEL BEL N TLEY, et Rares
BT, EERBOYEEE AV LERSD. K30
T, FERE L RS E CRER ORI KR E 22
BRONS. BEKATIE, HBS—EE LTHELT
WA, ERKZE, HEVHEER S OES ORFEE R
T m,=6kgminD & X, IRIRBHEERDEEREDE
FEH B IFARKAE D ERELZY103 Wikg K)& D4 %kE
WIS, FES SIRE DR THEDELELL, 10s
#% CIIEEREOERBVIEERA L V4 Wwh SV ViE
FCEMT D, my, =2 kgmind & =, 10 sEOIREIL
~80°CLIERITIEL IpoTWVB. LML, DX 57224
IR0 LG, ERICIIN R EMIE I D1
PTHHND, BE, EALBIHEELIY bE< 2D
EEZBND. ZO%E, AT ERAROCERE
BHELMTHD L&, ROQD Q DIEARFED b, RE,
JEND X 0 IEMZRFRENTREL 2D,

A=1mn?, rir, =6kgminDFEITIE, RAUTRT LI,
FIRAOENETIL 725, NPT H5AI
1T, SEERME L ERREOYEEDOEITZ HITRELL
BHDT, AVOENZEGBIRT 2EMICHD. BEND
FEABERELTHBDIZH L, K40 TIHRER TR -
TWADR, Z UL, 77 —MIZd D —40 CTmesh
TARBEFTHELTNBDTHSE. A=1mnd, iy, =2
kgminTIE, & A CEABEIET, 20k RGE
21, FERE L ERSEOESEDIZE A LB
fERE oM. ZNH—EOREIL, FIHSREL LTGR
ELEHE—ECLTToTEY, BEE—TEILLizb
DOTIFRV. RREOHEEZ T HIFEITIE, BaNDK

ROBEELFERE L BREKAETELSTOBERD D.

L, EBTRLIZE 91, FEERIET0C, 70 MPad
WRRED/KSE & MG ESEARTIARREEE LTFELTWVD
LIRELTZE &, [FILS0°CTE/NFA9 MPak HEH X4,

FEEKAR L BEHETAETRESERD. Lo T, £

it

DARBEEDRE SN TV HBRADRIBEORST T,
R BBV BODBUETHB.

=100
Ay L
& 80
e >
2 60
8
& 40_
E 20
& 1
O 1 1 1 L
0 2 4 6 8 10
Time (s)
Real gas ----Ideal gas
@ FENZ(E
o
°
g
2
g
=
]
Time (s)
Real gas ----I1deal gas
) IREZA L

(3. A=10mm’ CORERNDES], BEEL

=100
[a )
g 0
u ]
a 601 _
- V ]
ey | | -
 20f i =2 kg/min ]
¥ ]
L
0 2 4 i 8 10
Time (s)
— Realgas ----Ideal gas
) TP
_ 2
—~ 60 T T v T ' I ' II4 _ llmm
o . = 6 ke/mi
: - i = P KE/IN
g ----------- ==:=-‘
g 40 --:::‘:::::::: """""
E 30- R —
g 20l Fi = 2 Kg/min !
[ T et
0 2 4 6 8 10
Time (s)
Real gas ----Ideal gas
b

4. A=1mm* CORBADES, BEE

==3

>



KFEZRNAE—T ZXF A Vol.36, No.3 (2011)

100

o ®
S S

Pressure (MPa)
B
[

Density (kg/m3)

iR
BREEITHESIBEEL:

O Real gas, 4 = 10 mm?, 7iz;, = 6 kg/min

Real gas ----Ideal gas

A Ideal gas, A=10 mm>, my, = 6 kg/min
5. FKFEDOP-pIHR & A=10mn?, 7, =6kg/minDEED
BIIEANE S BRaNROBEZL,

= A =10 mm> r;, = 6 kg/min

& 10— A — T

= oDog

. 8 o g

S ]

5 0 o,

- 4f" DDDD

|w o

g 2 Ao

:§ L 1 1 ' | ' 1 L

o= 2 4 6 g 10
Time (s)

6. A=10mn?, 7, =6kgminiZ}iF 5, EIERMALE
KB DRZRNE ) D

5 5 i

IKSRTHEN O REAR BRI TE LIEREHEL,

FRIEREE RS L VBB A T A—F —t Lo, &
BADES], BERIZONWTY I 2 b— g U &{To
o, AT, AEPET—F_—2EHANT, &
BEIRREEFREAD OB N MIMEEE R Uiz, £kt
& UC, BRREOREES A VR A T o7
HARSIRDBFEITIE, FERKEL D DBV NS B
HONTLES ZERHY, BElERBEEIEIC AV LR
5 & D REEOKF LI 5 GEITITEEREICL S
FHENRAIRTHS.

SEXH

LA, M, Woodfield, Y&, AAMIRTS20065FE
YRR ERIRR SCEE(), 375 (2006)

2. P. L. Woodfield, M. Monde, Y. Mitsutake, J. Therm. Sci.
Tech., 2, 180 (2007)

3. P. L. Woodfield, M. Monde, T. Takano, J. Therm. Sci.
Tech., 3, 241 (2008)

4. S. C. Kim, S. H. Lee, K B. Yoon, Int. J. Hydrogen.
Energy, 35, 6830 (2010)

5. F. Peneau, G. Pedro, P. Oshkai, P. Benard, N. Djilali, 34,
5817 (2009)

6.7k, BAR, LD, i, RIFEESIHICEE No.0983,
205 (2009)

7. PROPATH Group, PROPATH: a Program Package for
Thermophysical Properties of Fluids, Version 12.1.
PROPATH Group, 2001

8. J. W. Leachman, R. T Jacobsen, S. G. Penoncello, E. W.
Lemmon, J. Phys. Chem. Ref. Data 38, 721 (2009)

"E%E

A TR, mo’
BT L A AE— Tke

m  VEERE, kg/min

P EJ,MPa

QO E(TREENT- D OBE, Is
s tHemy R e e YkeK)
t s

T HEE,C

u PR R L Tkg
v A, mikg

Vo RENAEL

w I, ms

p EE kg

At

rORFR 4

T

n CHRA

out i



