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ABSTRACT

Abstract

On-board hydrogen storage system is an important part of hydrogen fuel cell
vehicles, and its ultra-temperature and structural failure during hydrogen refueling
directly affects the safety of the whole vehicle. Hydrogen storage system is sensitive to
temperature, pressure and external vibration. Rapid temperature rise and overpressure
may lead to the damage of core components such as gas cylinders, and the vibration load
is easy to trigger system resonance, leading to vibration fatigue and poor contact failure
of components. Current research focuses on the temperature rise phenomenon and safety
verification, but does not analyze the temperature rise characteristics during
hydrogenation of gas cylinders and the failure mechanism of the system structure, which
is difficult to provide effective support for the optimization of structural design. This
paper combines theoretical analysis and experimental comparison, and uses finite element
analysis to simulate the hydrogenation temperature rise and structural failure of hydrogen
storage system. Through thermodynamic and structural mechanical analysis, the
temperature rise characteristics and failure mechanism of the hydrogen storage system
are investigated, and the safety of the system is evaluated. The results of the study provide
preventive measures for hydrogen over-temperature and system failure, as well as
theoretical and data support for the optimization of hydrogen refueling strategy and
structural improvement.

First, this paper studies the hydrogen refueling temperature rise characteristics of the
on-board hydrogen storage system using 210 L commercial vehicle type III hydrogen
storage cylinders and 57 L passenger vehicle type IV hydrogen storage cylinders as
research objects. The study shows that the cylinder temperature rise is linearly positively
correlated with the hydrogen refueling temperature and linearly negatively correlated
with the initial cylinder pressure. Hydrogen pre-cooling to -10 °C or maintaining the
initial cylinder pressure above 20 MPa can effectively control the hydrogenation
temperature rise to less than 85 °C. However, the higher the rate of hydrogenation, the
higher the temperature rise. However, the faster the rate of hydrogenation, the greater the
temperature rise of the cylinder. The length-to-diameter ratio also affects the temperature
distribution of the cylinder, the bottom temperature of the cylinder is high in large length-

to-diameter ratio, and the temperature distribution of the cylinder is uniform in small
I



ABSTRACT

length-to-diameter ratio. Therefore, the hydrogen pre-cooling and hydrogenation rate
control strategy is effective for temperature control, and the reasonable design of cylinder
length-to-diameter ratio is conducive to the uniform distribution of temperature, which
improves the safety of gas cylinders.

Then, taking the 210 L hydrogen storage cylinder and the hydrogen secondary
pressure reducing valve as the research objects, the effects of different pressures and high
and low temperatures coupling on the structure of the components are investigated and
their safety is evaluated through the transient structure of the cylinder and the heat-solid
coupling simulation calculation of the pressure reducing valve. It was found that under
extreme conditions, the stress concentration was obvious at both ends of the cylinder body
and the internal structural mutation of the pressure-reducing valve, with the maximum
stresses of 435.41 MPa and 614.47 MPa exceeding the yield limit of the material, which
could easily lead to tensile fracture of the composite layer of the cylinder and cracking of
the pressure-reducing valve shell, and then lead to the leakage of hydrogen gas. The
comprehensive assessment of failure severity is 10, very poor safety, and it can be
structurally optimized to reduce the risk of failure.

Finally, the on-board hydrogen storage system of commercial vehicles and passenger
cars is taken as the research object to complete the multi-dimensional random vibration
simulation of 12 road conditions, to reveal the failure mechanism of the system and to
analyze its safety under the vibration environment. It was found that the maximum
equivalent stresses in the stress concentration zones under pebble road A and stone road
B reached 134.77 MPa and 344.45 MPa for both commercial vehicles and passenger cars.
Cylinder saddles and system brackets are prone to deformation and fracture under the
influence of vibration loads. This leads to poor connection between the system and the
vehicle, system collapse and gas cylinder dislodgement. Its failure is due to resonance
and high frequency vibration, and the comprehensive assessment of failure severity is
7~8, with poor safety, and the support and connection structure can be optimized to

improve the vibration resistance of the system.

Keywords: on-board hydrogen storage system, finite element analysis, temperature rise

characteristics, failure mechanism, safety
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%%&ﬁﬁ%ﬁm,m{m-fj dm,, =0, Pt 3-2 Afaith AL 3-3.

2 2
5Q:d(AE)—£h+V%J dmm:d(AE)—hmdmm—(vg;‘“ ] dm, (33)

in
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A PP N e DAY 'S
Hh RG R IR N AE=AU+AEAE,, I\ AU NER N EERLE,

AEx NES SRS, AE, NRGRARKAI BEAGSE, HTENITEF R

GihrBRAS, Kt AE,=0, AR5 3-4,

v 2
5Q=d(Au)—@ﬂmm+LuAE)—ﬂ%?J dmmJ (3-4)

2
ﬁ¢ﬂﬂw{%?]w%zﬂﬂm,ammﬁig%m&%%$@%%%ﬁ
NReM B L E, FbRERER AT F i 3-5.
V,2
5Q=d(AU)—@ﬂmm+LﬂAE}{}%L}cm%] (3-5)

W BT R, A EURINE A BEA AR L th =AU« RG-S 4 534
BEHEAT I IAE RS, HE A SO N B S TR 4 A DL SR HE- i Wb N 5 R (45 A2
ARHENHZRA I B RER AL A BER .

PRIt fEPREINEIERE R B =M IR, AR ERESR BT K
—R AR YGRS A AR, ARSI RE R A Oy A REEE I AR KRR TR
AR RE oSSR A U A B 4, SRR R R s, HAB 2 S SR T R
HI KB R . H =R ARSI SN B U H - i RN, 2l
RN F 251 KR A RAE, B BRI . AEFIERE T, 2R
RS R AR, RE AT s, B EATIRR ) £ A H- 1 i i
FH (ALK RS IR e 20D, B RE & DK, 6
B2 T i o G PN IRLE B T 5 B B 25 IR BE 7 e, AR P9 AP 0 P A 1)
SO AT RENE, SRR 7> AR B A7 e b, & S BUURIR TS
i Eprid, SRR NS AR T 5 AR AR B E G BT B -
QR RN HE N BTSN RE ] N REHIFEAL + PR ) s 4 94 DL R i B T 55 2
AR G

33 ESMMESREEE
3.3.1 JUMEELER St

H 57 E N Mg S A S5t 5N T AU TV RS0, FitkAsz DA 100 24 210
L P H A0 IV 8 57 L 3 4 il SO VT A0 G e Sr 45 OB . R B S0 A 4
KEFRET LA S5 1), SRR AL S R 2B FRME . BRIt TH5, PR
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Al 7y A SR A 1S
TR IREE, R ORAER i O TH SRR ARIRG L, it S2Un 2= 0 sk ] — 4 2 o o
Y o B = o (] T A g A I, O B AR T DL e B U T
M, IIPRTE S HTIE R . BEAN, X AR CRAEY) B R R IR IR R, RE
PRI VEA A R 2 50, JCHRAE DA I S s A v BoAy B 22 N A (B 4
K 3-2 5K 3-3 s v fif S0 — 4R Frosi, o I RO IR a &, TV
BRI IE, S RANE S AR R SRR, W A B

— BTEATR
f o EALHIE \

P 3-2 210 L il SR — 2 ey o R p 7Y

BETHES S

K] 3-3 57 L i S — 4ERhon PRI

H T IS0 B HEE SRS EM R S5, WE R EERE R SR EREL
SUR M IEATE SRR IE S B3 3-1 FioR . SAREF BT R iR . JE T HF
SR, SARIPERE AR, SHASRKRAEEESR . NREEERKX
WS SAE o e SRR T (R AR ERARAT Oy SR FE AR AR A I B PRS2, DT 2 (4L B AS
W LA, SRR BSMARES T R, Bl Redlich-Kwong J7 #2081, 45 3-6
Fime HBNJIREEE . %R LA AN 5 30 R B0 IR AR AT A2 4k

RT a

P= - 3-6
V,-b TV (V, +b) (-6)

3
3

A PR AU, Vi REAEEIREIR, T RALERRIL, . b 52 Redlich-

- R’T? RT,
Kwong ##(, X TE S a=0.42748 PC , b~0.08664 I

c
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R e e AT

R 3-1 A BRI S H

K} 1 (kg/m?) EERE (V/kg k) FHAE(W/mK)
Rl ilE] 2700 902 238
L2 A )il 1061 2333 0.3
BT Y SR 1513 920 3.72

3.32 BB R MINE

f£ CFD i 5,  HEAT B A AAUNT, R AN B[R] 25 0 I 1 B i 2 1 DR A7 5L
S8 FERAVEA AT SEVE I OGP IR . A BT B B e AR IR ) A B, AEAE A
JoT B AR N L A5 RS R IR o Ik A AU DGV 1R A2 i A i P [R] A2 AR Bl
BAT N, JCIEW KB . T 1SR 184k, DRI () 2D K S 52 i oF 50k
FEo N7 ORUEDT A5 R IERAYE, 75 ZEEAT A& AT (] 25 K e R P SR IE
3.3.2.1 A& T K MHETEIE

DA% I G M 5 UE S I 0 EEAS [R] RS RS R TS SE IR, P S B R s
SO 25 RS o i TR I A B 2 T AR R E TR R, R RS S
FORTHE T, EERIE 2 B RS RS R AR AR TR K HL SRS HERA i 07 B 25 3R - SR I
RS IR ANAY, AR TR B T 3 1 (P S IE 7 7% o DA L5 R I i KR ot 4, Jd
T LU LA IR, AT A G PR BRHIE

L AR JE M BAIE 45 TR AN3R 3-2 BT o 3 T K0S [ I A i 6 17 .45 R R
W0, HA3E RS S A 92757 I, Aka3 ks st g 1P e m .
DRLE, 3 R PR TC OGP 225K o PR UETHSRORE BEFI AL, IR B A 2B 125653 1Y
TR TR RS SN BT E R, PRI TR 0.976. THEIRZER
N, HEE AT E R .

F 3-2 PR TC R B IE 25 SR

] LiE TR R i (K)
1 72344 0.945 375.86
2 79496 0.95 379.17
3 92757 0.955 381.92
4 125653 0.958 381.735
5 161241 0.9856 3823

3.3.2.2 BfE]H T R MG IE
TEBESAAL R, B8] 25K T S PRI IE [ A F 2, IR DK e B g 1 15 &5

24



R e e AT

SRVIIR TEAS AN S AGE M o QRN AP RGER, ml e BB I RE 1 B AL A AL
2 T B R PRIEAZA o TN TR K AR SR TR, (B RN 5
JRAS o LN EEAN RN )25 KT AU EE A, B8l 1IN e) 25K e O T 545 R 52
Mg AR, Haled 1 e a & i a2 a2 P AR IE R PR UE LS R AUNSR 3-3 fs. H
R FANS [N, P45 ARG, AR ZE N o (EANIR]IN [B) 25 K0 46
=002 NN i M T P3 7 S WSS e ] % N 5 S e = v o R = R A T PA R o
N ERE R, RZED, THEAIRBAER . BRI, EEOHE R B KON 0,05,
R 3-3 WA RIRNERIESS

5 )25 K I (K)
1 0.25 385.21
2 0.2 379.18
3 0.15 382.64
4 0.1 382.15
5 0.05 381.735

3.3.3 HA B EE

AT ISR E . WG IE J7 . BB IR B A AR b B fi SO E0R TSR,
R A SCRLIX DY S HON T3R5 A AT 01 o AT RE , XA R GE kAT B
EN RS

(1) PEGIRFE S M EUR N S0 EEEE N 293 K.

(2) HEEURSAERRH AR E Y 10 W/m* K.

(3) AR SR R, AR AENIEAS .

MR SCER A 45 AN IR Dn & a6 4, USRI 293 K, ¥R k714
2 MPa, JREEN 0.0125 kg/s I LHAENSHE T {HA—PMSEHL1
i, FARDNSERFEALL . BRI H TR B NE 3-4 s, RAIETTESH.
A, Xt E R EEAN R AT G R At A RSO ISR THRF %, I 3K AT EE /N
IV 8 57 L SR LRI T 2 210 L <UMAE BT %o

% 3-4 BT E TN

ZH TH1 T2 T3 T 4 TS T 6

_ . 00075 0.01 0.0125 0.015 0.0175 0.02
g E

kg/s kg/s kg/s kg/s kg/s kg/s

YIGEIE S 2MPa 8 MPa 11 MPa 14 MPa 17 MPa 20 MPa

IEEE 233K 243 K 253 K 263 K 273K 283 K
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S T PIPN 17 e A0AT S

B %1F UDF SLELT BIA R F6 e i B s ki 5, Hod v BIEIRAE R

HHE M NESIE 1A E] 70 MPa, I BYE0H NES)E F7iA 8] 35 MPa, JE¥E Sk
e SR = N 0= L 2P D -

3.3.4 HERALIIE

NIGUERE FORIN SR Y iR 07 FLAEWR I, AT CFD B4 R 5 SOk i &2
6 AR T 45 RBEAT IS EE, MU S LI IR THE S, FIRr AL R e . Seie
G T AR T2 A% RS R AR UM A B TR B B, xS e R &l 3-4 Jir
o NG SEYG IR il BE B IR, PRI SE I 45 RABAFAE — € R % . HAMUZ I
TS B (RO RICHE R SRR L2, [ AR I PAY 0 v T vt e AL U 3 2 0 A ey
—EMEEAER], S ECREAS PR, PRI SR S g 45 R A — € (RN .
1M AN B A G — g f AT REAT 1 R AMEG, I AR AR, AL IR T h 23 53 1k
af, ARZEBVIN.

1 &l 3-4 W, AR TS SERHR T B S B 30 s BIOINERIIR T B
AR BRSO, R TR 2. 30~60 s Sy i i, thiy
Beth FE N B AT e e R, AR DU R A T R R, B
NN RERIRERE D, BRIIR T E R IZWER. 60s J5, MMERER SR, N
MBI I B HGE FMARIE ST, A RBae ) L RAER BUS ish, R85 shig
AN RE. JF BRI AR R, S REINR B RO, #uviss, IR Tt
8. LR bortr, LR SRINERTHES — B H A FA R IR ZEAAE IR EE A, A
NPT ERER G SR G BT, BRSNS, AT T RSN R O i JAt 5

360 —
— ELWERE
350 } —— CFDi&EHLEE
340
¥ 330
i
g
29 320
g
Bt

0 20 40 60 80 100 120 140
RFlEl(s)

K 3-4 CFD 1f BT+ 5 5256153 FH%T L
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R e e AT

3.4 RIS REMSH

341 AEIRERE

b SRR IR ERIHE, Be T A PR B 58 SO S A 138 3k ST
) 0 R 70 Tk e AR RN PRI FR IS [R], (H 2 3 30O RS sl A o A
I, I 22 DU SE 7 N [A) SR S B SO A i - B e R i & SO
T TRV S 22 A A g, A0 1 AN A ST S SR A N S0 R . W B NS 2
354 0.075 kg/s, 0.01kg/s, 0.0125kg/s, 0.015kg/s, 0.0175kg/s F1 0.02 kg/s, 5%
T ARSI R ] )24 it 2 an P 3-5 B, &) BBt &bniE 1 ina
GE RIS PR R A e IR S, AR o B N 4 R I IR E 23 A = B A 3-6 Pl

HHE 3-5 a) AT LRI, ORI T & S 78 v] DL S BRI &y 18], {H [
W2 FEERWR T CH RSN B, PRl i A 2 S B R R 24T 5,
ZJRIRTHERIZET . BRIV B ST A0, EAE 3-5min N SERINE, SR
LR T2 KT 85 °Co id K I [A] K T 5 min, BE#E A 2% 6l iR THE 85 °C
DIR. HE b ATLVEH, BEE R ERERNEM, &KERAEZEZEHEDN 7] LT
M4 EE AR IA B — e ER, RS RAEET G Bk, & i Rt
TR AR SZIE I N, 0t i 3 2 46 v 0 20 26 DA AR & 18]

420

——0.0075kg/s —— 0.01kg/s —— 0.0125kg/s 395 |
—— 0.015kg/s 0.0175kg/s 0.02kg/s 2935
400} .
(%81, 393'521113.85, 390.31) 390
(134.9, 386.826)
380 (166.5, 381.735) —~385|
(214.25, 375.97) X
< ]
< 360 (310, 365.72) ?]Lg 380 | 381.735
i g
n8 *
340 g 375 |
320 370 F
soor %51 ses72
0 50 100 150 200 250 300 350 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022
AFiE)(s) REFRE(Kg/s)
— = 327V = = 327 = ¥ =) N
a) ANFINEER R T2 b) AFINEEE N SRR

] 3-5 57 L BB R A E 07 B4
HH ] 3-6 AT LUK I, 450 S SR, A0RBE T B AR T =y L = )
AR o S5 A AR FO R, fEARIARZM T, RInEid %S s aE %
R KT ZBE A 2t K. BB 3-5 A1 WL 0.02 kg/s 5 0.0075 kg/s IIEHEE T, &
KIEFAHZEIT 30°C, FUL T H RIS AR MINE AL, InE A
Ko SOMAEE AT AL AR BEE A 78 2 I AL B 25 BE T, JF 5 IR BT #as e
B 2, BEMNR B RE— 20K, B SR T o st 2 SO B TR
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Al 7y A SR A 1S

Temperature(K) Temperature(K)

392.0 392.0
382.0
372.0
362.0
352.0
= 342.0
332.0
322.0
312.0
302.0
292.0

a) 0.075 kg b) 0.01 kg

382.0
372.0
362.0
352.0
342.0
332.0
322.0
312.0
302.0
292.0

Temperature(K

)
392.0
382.0
372.0
362.0
352.0
342.0
332.0
322.0
312.0
302.0
292.0

¢) 0.0125 kg d) 0.015 kg

Temperature(K)

392.0
382.0
372.0
362.0
352.0
342.0
332.0
322.0
312.0
302.0
292.0

Temperature(K

)
392.0
382.0
372.0
362.0
352.0
342.0
332.0
322.0
312.0
302.0
292.0

Temper:;qu%(K)
izizg
0z
e) 0.0175 kg ) 0.02 kg
K 3-6 ANFE BB KR E A = B
NBSUEAS[E] B R A IR TR 52 e, X EE T SCHR 70 MPa Jii & i & i
FEE RO, 43R 3-5 fion. HERAT A, BEE R Em R K, SOfnE & KTtz
BRSO, BIARSCS SCEkA 9T g5 R A — 2
* 3-5 AEJHRERE AR5 gk

A 57 L. 70 MPa Sl Rk 70 MPa i
gL E(g/s) T K (K) JRE I (g/s) T KL (K)
10 375.97 20 374.5
12.5 381.735 30 378.3
15 386.83 40 381.4
17.5 390.3 50 382.8
20 393.5 60 384.1

LR b, ERMRIINEGER T, S UBH A EIN, 20T 2 8
AR AL REARXT AN, 724 (R S A TR, IR BT RS . HAR R
FIER T TN 8], AN U A e A AR RENS IR IO 2, T A R
AR T o 1 A8 e RN S R 3 SRR I A AL Ja el A S e 2, AT A
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R e e AT

MG IR, I ek, AR L R . R EUTI
EHER, PRI BT HONE s E RO, kSR N IR AN ) TR R, 5
SURMPRHAR F7 < SWEAN MR 5% 1P L, 19 AN ORUR RS o BRI, & PR A 20k
HRBENS IR il EUMIR B AE 22 VBN, Gl Tt iy BeAh, 3N Sd A RE
RESAEIEL R PSRN, B LS SRR 3 B0 R i e e, B RO
PRI S IS 134 50

3.42 AEVIBIEN

8 T A A SRS [ R 46 R ) 26 AR SR T sg i, B AE R AORE A
AR E R ARG 2GR RmERE N, “FORBRINEN HAFRESE
WG AN, X2 SN AL R R IR T B, AT 7 AR F
G0 SRR I S AR - ¥ B SOAIAE K /173 ) 9 2 MPa, 8 MPa, 11 MPa, 14 MPa,
17 MPa 1 20 MPa. A [RIHI46E K 7 56 AF hn & A2 i o th 2 2 n &8 st il <O
FE oA = B i 3-7 FE 3-8 Fis .

HE 3-7 a) AT LRI, SA0MHIGE B 8 m i, ORI EUE R iR A
B USRI, WIi6 ek, InanT ek . b mrAL, BRI E
JIFE s, AORINELSS AR B IR 2R R a3 . WIgh S S8 0 3 MPa,
KR TREZ) 4°C. BItL, MM RESELE 1/3 LR, 7] DI Rk il 54
InE RS, I\ T 85 CCIREEBIME, HASRRINER &, 2 Pl s 2K,

400 384
——2MPa 8MPa —— 11MPa (2, 381.735)

—— 14MPa 17MPa 20MPa

380}
(8,375.9)
n

3 =3
g 40 %372 (11,371.3) ® (14, 369.785)
368}
320}
364 (17, 365.4)
300 (20, 361.03)%
S —— ol S
0 20 40 60 80 100 120 140 160 180 0 2 4 6 8 10 12 14 16 18 20
AiE(s) HIRIETI(MPa)
a) AFEHIE SR T 2% b) ARG O

&l 3-7 57 L HI46 71 56401 B 45 R
] 3-8 R B2 50T = BT BAER W46 i 0 B AR A ORE R BE 7 AT 52 0 AN K
fift SISO BE TR B 70 AT 2 50 o (B BEAE W46 s I i T i, AN 30 2% s il 3
AR, FEFRRYIGE L8, TORETRRERE . A RN %K)
SRS AN, IR AT 5, BORIRBE BN . R, 5 8IS AT AR
S OL AR TN, W DU G n =0 B2 iR o
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Al 7y A SR A 1S

Temperature(K) Temperature(K)
382.0 382.0
372.0 372.0
362.0 362.0
352.0 352.0
342.0 342.0
[ [332.0 332.0
322.0 322.0
312.0 312.0
302.0 302.0
292.0 292.0
a) 2 MPa b) 8 MPa
Temperature(K) Temperature(K)
382.0 i - . 382.0
372.0 372.0
362.0 362.0
352.0 352.0
342.0 342.0
332.0 332.0
322.0 322.0
312.0 312.0
302.0 302.0
292.0 292.0
¢) 11 MPa d) 14 MPa
Temperature(K) Temperature(K)
382.0 382.0
372.0 372.0
362.0 362.0
352.0 352.0
342.0 342.0
332.0 332.0
322.0 322.0
312.0 312.0
302.0 302.0
292.0 292.0
e) 17 MPa f) 20 MPa

Kl 3-8 AN[AIRIHG 2 AR oA <
NS UESRAN T8GR THRF PRS2, X EE 70k IV Y 24 LX)
AN FEIHIA6 F JyaiE gl RO, N3k 3-6 Fias. R, S SOm A )46 7 )3
K, FRINE R KBTI ZE D o HEEAR RN NS, BRI AR S STkt 7t 45
R —5H.
* 3-6 SO FBIAE R N AR T b g R

A STL 70 MPa T ik 24 L. 70 MPa Ui
Y46 1K 3 (MPa) KR (K) W46 1K 71 (MPa) R (K)

11 371.3 5 376 3

14 369.785 10 370

17 365.4 15 362.6

20 361.03 20 3545

G RHA RN ATRD, WIE IR TR, NS B R, IS
LA 4 AR AR A AL /IS, S BRI e IR LD » AL, SRIRVERDR,
MRS At %, DR R A BN T 2, R TR R . BRIV UM N A7 AR AR
ST TN (R 22 S 6 i B R T T B B SURAA R R T . Hod
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K WA N e et VA e
SRR AT A 1 S U 7 A W 20, RO
Uk EAYHTTRL W1 E TR, SRR A AR , IV T 2 H RS,
N2 A PERRIT o HTHE FE I FE 20K, B3t bt IR FE 7t B ORI
SR R . B, A O E A iR AU DL RO
Tt SRR (R R GO A % A FUR s

343 AEIMEEE

BEXF TV BUE SRR K A2 L I T 2R il S0 I & i b i ) 27 F
%, HRTRAREE FH BA R 752 AR E AT IS . BT RS Eig
AR BRI T, B BRSSO IR 4G RS, — M TA- I Y B R -40 °C 22 0 °C.
AR NS R iT, P BUR BRSBTS R 4 4, AT A R i S A
T, BRSO TR PR A T2 AV U 72, SR TS S AR BRI AT Ak
T, (AT R REFEEUR 45 TR IR -5 38 B TilvA- T FE X I 20 A2 Se A %I,
U 2 38 I N & (118 78 AR « A LA TA SR T s R, N D AR
WHE N 233K, 243K, 253K, 263K, 273 K Al 283 K RN bl X & S AT T A
HFTE DL

PiEAE R 3-9 Fion, HE ) aTLURISINEIRETE 0 °)C KA UL R, 57L
SIS KR IR T TR R 85 °Co HEASTAE-10 °C, A LMREIESIR
A IS AR P BRI K TR B 85 °C. T UMARTA B BAREER, X
R T — P A%, AT 0 CR— M AR IREZ. HE b TUUEH, FEEIME
BT A, SORSONIR RS S, B KRS IMER S 2 LM A
TR B PR 10 °C, A INAESS A 0 B K IRL S P40 9 °C.

400

— 233K 243K —— 253K 380 }
— 263K 273K 283K 381.735
380 }— 293K

(166.5, 381.735) 370

=358.15K (169.9, 372.9) -
360 = (173.45, 364.1 é360 -

364.115

(175.95, 356) il
(180.15, 347.05) E 350
(184.05, 338.377), P

(188.05, 329.66)

%(340 I

320 |

330
300 1329.66
L 320 . . . . . .
0 25 50 75 100 125 150 175 200 230 240 250 260 270 280 290 300
A E)(s) IERE (K)
a) ORI I S0 AR T 2 b) AN INER T SO R OR iR B

Kl 3-9 57 L AR &A1 L 45
W 3-10 NInEgs w SRR E SRl S8 1RE S BT LR
B, INEGREBAL, SORBZET N, B IV BISHBE NIERI S &M R E R
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Al 7y A SR A 1S
JEAT R A, A RORI TR S iR S, R DR AR BEAEFF AR SR AT W] L
SR BFE RIS X ORI S IRAT BB ROR, A R 538 1 A4 1 A ] S
DA MEIETIRFHET 85°C, ARG R A RA ML,

Temperature(K) Temperature(K)
383.0 383.0
368.0 368.0
353.0 353.0
338.0 338.0
323.0 323.0
308.0 308.0
293.0 293.0
278.0 278.0
263.0 263.0
248.0 248.0
233.0 233.0
a) 233K b) 243 K
Temperature(K) Temperature(K)
383.0 383.0
368.0 368.0
353.0 353.0
338.0 338.0
323.0 323.0
308.0 308.0
293.0 293.0
278.0 278.0
263.0 263.0
248.0 248.0
233.0 2330
c) 253K d) 263K
Temperature(K) Temperature(K)
383.0 383.0
368.0 368.0
353.0 353.0
338.0 338.0
323.0 323.0
308.0 308.0
293.0 293.0
278.0 278.0
263.0 263.0
248.0 248.0
233.0 233.0
e) 273K f) 283 K

Bl 3-10 AN[R] FvA- T FE 25 AU R 23 A 2= ]

S UEA [0 &G FE X SO SR TR 52, X EE 70k TV Y 24 LS
AR E AR TA IR I AL 4E 103, gk 3-7 fioR. RN, BEE S S TA THE
AR, AR IS S RIR TR/, B 22 R s, RIScmk b & S A IR
BRI 20 °C, B NIRTFBRIRZ 14.5 °C, A S 5 SRk 70 45 SRk 3 — 3.

% 3-7 ANFREA AT AT b gt 3

A 57 L. 70 MPa Sl CHR 24 L. 70 MPa i
AATA IR (K) e KR (K) SATA IR (K) e KR (K)
233 329.66 233.15 328.8
253 347.05 253.15 343.26
273 364.115 273.15 357.83
293 381.735 293.15 372

L5 F AP IRTT o el A, Nl Xl R AT SR e I Al R
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Hedb L RS SR ST

T B PR R BRI, A RO 78 S0 AR P B0 T o I ELREWS BRI U A [ 0
I 8 v Bl LB DR B 5 T 3 B0 2 A . DRI UM 1S K 3 U TR
IR, S 51 R TIA RS ATREHIEAL o 10 TR RS P AR SRR T, PR
TSN ST, SETHInA At thhh, SATAA BT F ] O PR A
A, e R T UMIR AR AR 2 SO AN K, W ORI HLGR S, 4R T
A et BT ESRTIA FEBORMRERE, PRAE ORE SURIR BEAE ZORVEH A,
et 0 CHIVR MRS, & BEFA IR AU BES A IR T, RS
B AN EEREPIHAE -

3.4.4 A[EHCELE

D FEAN [RIKAR B SO & R IR B 4 A ) 2, DA R A 210 L fig SN
PR 57T LAEEURAB R %, Hod 210 L S AFRE 718 35 MPa, KAZ2L
N 5.14. 57 LS AFRKE SN 70 MPa, KiZH N 2.43, i@ MEE 210 L SN
SIS FRRR T 2R, XA R AR B SO &L 45 R B PR A = B, AT o dr
7 EE ST TE PR B o A BRI o 210 L SIS B 45 B K 3-11 Frow, Hit
BT AT R R AR ORISR E . 57 LA 210 L AURINESE K
ISR 70 AT = B W ] 3-12 P

HE 3-11a) ATLVEH, 210 L SMMEVIEI B, s R A 5. Ha
() PN AR B ORI FE R I 358.15 K, 2 S il el 3R &M i 4% , R DN &t 78 v e I
75 R R B . PR IR T i R mT 0, AN E R E A TR S MES R R
TR T IR T 358.15K. HE b) WLAEH, “OMANES PR E T T
KRR o AEINETE 2 P8 B IR B R B 5, TP A AN K. (R, W]
PATIGI 210 L SRS #2 HR i B o A A 3550

480 S 480

210LiESM&=REE —— 0.015kg —— 0.02kg —— BEEE
460 1 —— 0.025kg —— 0.03kg 460 L —— FHEE
a40} 0.035kg 0.04kg ries 4637
440 | 450.6 453.47
420
437.19
g 400t 4201 42555
i 380 = i 400}
W agol )/ W38N S— o8
340 2im /% 380 F
320 360 | o
300 i 350.6 351.78 352.4 353
N 0T sgpgs 34709 "7 "I
0 50 100 150 200 250 300 350 0.015 0.020 0.025 0.030 0.035 0.040
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HI P&l 3-12 I LA Y, ASFERAR R A B . Horp 57 L SR 5
AN, AN DAL S RHR B AT RS2/ . 210 L ATk
IR R Al T B AT, EL IS I SO 0 P A T vy, SR T X
FEfrim o T RAR UBOR UM B UM R, SE i - Ab XU i K
AP, WA RS, A S AR IR RS R Bl T S0
HG PR B AT RO S, BTN BN AR XA i B, A%
MR AR LT 00 FECE R AT AR, i ik SO oK
BE T3 BOR LR 2T e PRI, AR EUAUIN I Al B BE T 52 FACE 2 50, PR RE 75,
A BRI RN Ty R o AR EEBR I SN 2 77 25 R B e BN B v, R0
AN = At

Temperature(K)
382.0

372.0
362.0
352.0
342.0

332.0
322.0
312.0
302.0
292.0

a) 57 L AR E A =

Temperature(K)

442.0
417.0
392.0
367.0
342.0
317.0

292.0
b) 210 L SJREE A =
Bl 3-12 AFKAR HAERE 7 A =

Jshof B[R] 25 B AN [E AR B AU R IR TR, BLSCHR R 74 L AOMAEXT e ihig ™,
BT 74 L ASFRARHASOMINE S5 A 15 KR BE AP IR BT, W3R 3-8 s
AIRLE BRI E N RIS, KRR, HKAHIAR] 5 i KR
L F] 105.55 °CHFEE 1 85°C, HBEAE KAR EL HI3G IR BB WK, 1i-F il 46
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KAz (/D) KR (K) PR E(K)
2.4 344 343.25
3 3453 342.6
4 349.6 341.8
5 378.7 343
6 398.9 346.9
7 4113 350.5
8 415 3453

Zx FPR, AF7210L 5 57 L OB A4 RS 74 L SCERBE Fu 45 R AH TR, HSC
BRI 7T 5R A T A ST/ A2 R R AR AR A R e, 78 iE M A K4
BT il B 70 AT SN LR o BIRAR EL /N SO AR B AT B3 &), oA 22 a8
U o KRR IS, PEBEAT IR AR, 2 FBUUR A B IR AR
AT . XA SERMRIIREEHE 85 °CIt E BIE, KHIHIE & S E
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AR B, BRSO BE 7 A1 38 &) BRI A 2 iR B RE, (8 RE 42 Ttk
ARG 2 efE k.

3.5 RENG

AR FEERIT T i SOOI S I AR R IR I e T RS A R R R T B . 2 A A
JIEEER, e d TINEGE R R R . BL 210 LA 57 L SN &
K F B AS e AR 07 B o X b4 B SR 45 RIS UE TR HERR A, FFRIL T
ANFERERE VI E S IR ERKAR TR A 52 m . @t LA R 2644 F
FR0IR BE AA Je B KR T, #aom T A R SOMIR R PE R B2 IR o 20 A T IR fif
ARG, FEH TA SRR . RELILR:

(1) FEEURINEIR T £ I E e R4 R B W RN e . I
R, ARSI BE RN R T SR RS T, ShReE N RE,
SEURET o fEE - W 58 )2 o T A S T 5] R AR, s SO
S AR T

(2) RS S2aeinEa FExT b, w13 (0-30s) SR ERR, ETHEZL. h
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(3) MR THBE N EUIR BEANT 4G I 7T I K 22k VEAR i@ sy, S5 InaiR s &
AR, SHIGE SRR K. BVINEUR EREREIR 10°C, S KIREZFEK 9°C, %)
96 s I EERE N 3 MPa, S KR FEFEAR 4 °Co ORI B S N, (2R
JEE A A BTl o AN [RIAR U UM BE AT R 825, KR AR LU ORI EE A
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5, AN = AR
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42.1 JL{#R#HY

AFELL 210 L i HEE RS RS SRR g8 1R 9 xR ST
BRRIT/ PR . anlE 4-1 B g UM LB, ] 4-2 J9ia i 18 LA .
H G EHE BT M B 6061 56 &M E A M EHINUEY S H R 4-2 Fis,
JEIRANERT AR 6061 564, W ZEET M EL A 316 L A4E4N, 316 L A
AU 1S H0 I NIST ARG 22 Hh BT 32 it (1 A8 DS -

K 4-1 210 L fig S iAs Ay

a) Yl 1 A b) I3 I P S T
Bl 4-2 Ak s A

RYEEAR GB/T 35544-2017 (MRS N IRBRET4E 2 g8 5l ) 22K,
it SRR Z A 1 R ARTIAEE S, 15 BARKIES, 225 5AMIESTFEAG—
SEMIBREE . PRt X AT BRAS GM3N 1 B, WS R A N g S 2k
RGO FRRE I, BT AR R 2R m R AR E —E R, Btht s
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R 42 fEEAT RIS KL

wmE MCHE WER WK BB
R ME 7=
kg/m3 GPa w/(m-k) J/(kg k) (MPa)
6061-AL 2700 77 0.33 237 897 320
T700 1580 138 0.3 0.94 1.51 2100
422 B FFH

AR it SN I8 s 1R 7E 52 B IRt R v 1) 22 e R AT A O, T JHL Tt o 251 7 29
WHIIEIL T2 AT o W] 4-1 SO G s, =00 2 Ak &7 B3 Th ot o [ 52 24 K
T 4-2 a) 93 He 10 84 €4 TR i, S6F 9ok H 1 55 vy s /B8 % 322 Ak e f T Ttk o [T 52 207K
AR SRR 1R it 477 B34 S SRR

(V)X i S PA 508 PA JE B [T AN B SK [T N 35 MPa,  52.5 MPa Al 78.75 MPa £k 14
JEFH HE J38 A 24, EFHEA N 0.3 MPa/s, Wi 4-3 L0 s .

Bl 4-3 il SO A He 8 AT it I T
()X 98 18] A 508 — 28 ik s R 0% K s 970 308 50 0 B T e o s k7, ] 4-4 41
IR, JHEZ 35MPa, 52.5MPa fl 87.5 MPa J54E£F 3 min JE /JANAE . [F] %
VB0 [P 18 E A JR R B A A, R ) S AR BB 80 °C, 50°C, 20°C, -10°CHI
-40 °CHFH IR

B 4-4 ol 1) P s 285 an i i T
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WA 7% PR THAT SR ROHUER AT, Hth A7 e MR A

4.3 fESHRA S

4.3.1 SHRLMEELE

NI SR FAS AR 2R, 4T T 210 L AUMR/K ARG o S L 1 B
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75 HE o
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PSR 25 R N AR TR R G DL o RS TE IR -

a) SURHNHIKETH RSN 0.35 MPa/s, RESINEH 2SR ST+l
28 BRI B B s 77 (BT B, RS AR R A A5 1Sk
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Bl 4-5 AURNAZ A Al B s 5 ]
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TR AL 2, HARL AL 1 A0 2 59288 mihe 1A 3 A7 B o Hy AT RN SO /2 i
TR ARRR, AR BN A N e B2 sk it s i 1 A0 2 R o 1 MiAR{E 2
AG, REBUN. TSI AL 3 MR RAL 2 IRERUN, B AL 4 S
LRAL 2 REBCR. M R AT ey AL 4 AR v AR B, S SO AR (B A I A
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C: Static Struct | C: Static Structi |
Equivalent Stress Total Deform.
Type: Equivalent (von-Mises) Stress Type: Total Deformation
Unit: MPa Unitz rm
Tirmes: 360 Time: 360
2024/4/29 9:30 2024/4/18 8:51 -
43541 Max 11272 Max
38702 1.002
338.83 0.87674
200.54 075149
242.25 062624
193.97 0.50099
145.68 0.37575
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42,099 012525
0.81002 Min 0 Min
AL 72 — A —
a) RN B b) EELHE

K 4-8 210L fitrE i B 451
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a) N JJRER ORI b) SRS RS JR A
K] 4-9 210 L filr S0 R B e Rk gl R

HRFE R 18 46 R BAE R, BV RSN )« fe KA RN A48 Al e KT
UK 4-3 Pin. HERIE A, 90MSZE] 78.75 MPa [ J1#iami i, K5
RN JJ79 435.41 MPa, i T E& 4 NIH 320 MPa [ JE AR R . JE 55208 /) 3
W, RGN DI ARHE IR, Ko MR AT . Bl A BB AR
T, SREENIFERRAS. PRI, 7€ 2.25 A TAERII T, it S I e e 0 th IS /)
g, WIHR 73 RBUETF A= A RGO R B R o SR A PRHZ B8 32 25
KIEJER, 8 7T 2E-E& M RHZ R R IR IR J5 , P42 R AR, TR A W .
it SR AR T e 24 T 24040, 2 IR 1) P A i A R TR AR T IR R o e 4 R B0
KT HRMALRE ], HBSOMM RN R AT E R A Rt B ARSI
THREEAE, KX FRARRNZ RS,

#* 4-3 AR R R

15 B JE 71(MPa) SRS F1(MPa) K IEAE (mm) LR
35 186.6 0.75149 5.474x10°3

52.5 248.8 1.0034 7.298x10°3
78.75 435.41 1.1272 8.2113x103

il FIL A A R AIAR A SR AL T N IE R AR T R BUR SR E S AR KA B
BERA, B AR Tt . DRI, DAl SR R R U o R T 2 B BHR 3L
HENRFN TS ), Inak 4-1 B3 4-7 P, IRAE R R BHEN 5 2 & RHER 2K
HEN], AR EMEYZR BN KT TR EEASE L, A RRE 2R . HE
AT BEIRAL, R e — Ak, BUa A E SOM R AL
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A o1 o2n o3 NEANTTIE ERIIER T, 112 i3~ 123 AN T [ BB R 7

4.4.1 BERKBIFERTEE

Xrv Xe NHZBRAIIN R DL R BRI R A RE, Yoo Yo U5 R AR [ oL fef 5 B AT
JEGi98 L, Zre Zo R ARG AMRLAF SR AN S AT 9R L, Sy Si3v Sos A HEMRAA
N5 1A BRI BIUISREE, R X g B S o 2452 0 A
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W 87.5 MPa, 5 80 °CH SRR 1= B, B b) N SCHRIIT 7t 2 21 s 98 s 1]
TR AA ok s i R B R A 508.38 CCI I SE RN ) 2 B o W8 R B sk I 1R %7 ) 4
AL T ek G5 R RAZ A, B B A Ak o G54 TRAL Aab =[]l 28 6 B2 R AR 4
KA, XEGSEA NN IES:, FEHHIN IR R, B2 K.

B: Static Structural C: Static Structural

Equivalent Stress Figure

Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: MPa Unit: MPa

Time: 360 Time: 1

2024/4/26 16:35
478.78 Max

. 426.2
37363
321.05

mm 26847

M 2159
163.32

110.75
I 58.17
5.594 Min

a) IR MRS RN ) = b) 2 G R R 55 RN ) =
Kl 4-10 9505 R S5 RN /g 2= B B
W 4-4 ATH1, —E T BETO N, iR SR AR T S SR TS S RN g v TR N
Hosilm e LN RN, 2 BUE5 K B 32 55 308 ) 58 G e i Rk ) e el R 1 5
R 0 2 33 I
2R By, AR STk I 2k 27 B 45 SR 5 SR ek 1R 07 A5 SR N AR T A
H—2, HIBE R K T2 RN IR, BRI 45 R A SEPR IOt
K A4-4 RN BE R B KSR 0] gy

466.07 Max
41428
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21071

25893

20714

15526

10357

51.786
0.00062839 Min

I8 1 IZ(°C) 235N F1(MPa)
NI 20 463.31
S =208 1R
80 466
R 491.58 4525
EZ=NE P |
508.38 478.78

4.42 BIERKIIERSHIBS

9Bl 1) PAY P8 T A 32 3 e LB S USRI, 20 e R G 7 A — E I B I
TR, X PRS2 2 — € BN IR A AR o Herfr, 80 IR it i 0 &
T A RN AR 1) JE BB PR A 515 MPa. N5 (B ALERIE I /) 87.5 MPa J iR
20 °CH 07 A R A T PP Al s I R R A O, HAT AT R = - 4-11 fos.

WRYEE] 4-11 @) RN A= BT, SRS RN A7 H AR FR 73 IR A AL
X R BRI AT BER AR AR RO A R I b)) IR R EIW I, s KA KA
FE A B SCHEF AL, 2 T A IS SR A s S R B I 4, 580X
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PRI TR A B f Ko HLUB S I A TS A 52 ) i KL 7T 463.31 MPa, /N AN
JERARPR , I B R M T AR VF IR 10 mmo PRIyl s 1 PR P9 #2544
BOtE B, EWIR TR T A MBURRIRE L.

IIMTRRH, A IR W ARG BT AAE TR, RID 24 N s 05 K HL S R ik AR 2 A1
v s P SR ARG IR, ol s 1 PR 8 LR B 73 £ v (R 5 AR RN S R 2 R N 7
B R, 2% NN S5 R T S5 R 7R By E R B AR 2R AL AERFEE R R
RUZIZVY R, WHBEFIIZHTIR, SR R s S PERE . T SN2 R
WAL G, R I 1T A%, RAMERIERIBT. A7
RO RIS W5 R, mEERIEES NRLSUEE W, KA, B
RR Mz aka . Bk, ERISRABT SHlEE AT, NFe =5 85 oL N4
WAk RE , JF HARSE RISl N 7y 8 rh R0 2 DL et sl L 1R ) 22 4 P 51
M PR AR} FLIHL 2R SRR AR S 3B AT

B: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 360
20244525 10:25

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Tirne: 360

2024/4725 10:28

003986 Max
0.035431
0.031002
0.026574
0.022145
0.017716
0.013287
0.0088579
0.0044289

0 Min

a) RS = E b) A=K
Bl 4-11 90k R 2250 s R Bl

RNITEMLER, 2] T i KSR )5 R AR Tl A 5 PR3 IR B A8 4 (1) 56 R
BZR P, B 4-12 AR . FEAREE T IRE RE RZE RN 71 B KB N AR Fl B KT
AT AR, 3R 4-5 PR

RIEE 4-12 2) Frosss Bal LB HIAE 30 °«CLL NIy, FAESIRFEGE, 6 18
IR /0N, 30 °C LA I i BBk v B 52 R S N koK . AL 4-12 b)Y \T B
E 0 OCLLTR B iR R R v s R P AR BN, 0 °C LA B el B bk v L AR Bl K
PR, 6 1 BT 52 I R T AR Sk, Jit IR AT R e ok v sl A iR P 2 5 80bA
BIANG . B3 4-5 AT, HGHENE 87.5MPa, -40 °CIREE NIy, B 32 3 (14534
714 614.47 MPa, I T PR JE IRIKPR 515 MPa, 8% RA 2240, Fik, 4
B3 1R Ak T 0 i s i S A i (R UL B, 2 5 T 9 IR i 3 i A BRI PE R, A4S0
JFE 1R 14 i . R A8 i i P55 12 R B o 9801 R FEIX S PRI 3R 52, B ) H IR 4 R R
AAREA LR, HZELRETMIEE A, BIEREREAE TR &80, 4
MR FEAL T 20 °CPHIT T, 8% IR 5Z2 B S F1UR A TR AR ARG )N, SRR AT R
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g S00F
R
2 400 |
=
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a) HOREERN 7 H 45

——87.5MPa
o
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g 0.60% |
=
#t 0.50% |

0.40%

0.30%

-40 -20 0

40 60 80

BE(°C)

b) RN A FLAE R
Bl 4-12 i KA RN ) 5 B K AR TR A s 5 M5 T P2 A e T 2
2o, AT R IR, MRS R A IR AR o Ul 1 gl s T R

SR AR SZAEIA A4 F NI K

AN ST BT AN T RO . A AT P AL RIS IR AR, AE e R ST
MY, SRR, BV AR, M RS, S5 R AL AN /) 5
H AT AT A IR P 2R S
R 4-5 YR R FLAE R B R

(a) UL N E 35 MPa

L (C°C) B KGR S (MPa) SN REANE S R KIEAR (mm)
80 229.81 3.9468x107 4.2476x107
50 180.91 2.7073x107 3.0915%102
20 185.64 2.7586x1073 1.5499x102
-10 280.94 2.9178x1073 2.1289%10°2
-40 436.44 3.6532x107 4.1768x1072

(b) JREMI N 52.5 MPa

IFEC°C) B K5 RN /1 (MPa) E NGNS 5 KIEAZ (mm)
80 282.7 5.0165x103 5.5614x102
50 272.46 4.063x103 3.8313x102
20 278.2 4.1344x103 2.3618x10
-10 344.15 4.2752x10°3 2.3574x102
-40 49222 4.4794x107 4.1468x102
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45 (8:FR)
(¢) JRE A 87.5 MPa
L (°C) I KGN /1 (MPa) SN REANE S R KIEAR (mm)
80 466.07 6.9232x107 7.037x1072
50 456.79 6.8021x107 5.324x1072
20 463.31 6.8859x10 3.986x1072
-10 478.69 7.0115x1073 3.5133x102
-40 614.47 7.177%103 4.1531x1072
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T RGN SIS B ik SRS R 247 454 2 R k- TR R A4
WHoe, AT LR

(1) S Ee B SEa6 N ARSE SR, S 3 A0 AR 5 S8 p 87 -5 06 AT B A
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PRENAT Ao AR S R 502 B T BEMLIR BI04, Sl 7T Rk ik A R S sh PR
FIOCA S5 K4 W T 1 B LI 182 831

FESEBR T RE R, SR w7 (0 i B AT , AT i 7 R $08 R R 30 TE %
BATHER, R FR:

H(w)=4(o)-iB(0) (5-5)

e b R 0 N7 B B IR 25 T AR e R S IR A LU AR, AR

IS BRI R 3 S S I EU A S T AR A I IE DB . Wik 5-6 A1 5-7 P

|H ()| =V A* + B =T (5-6)
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R, PRSI AR . a3 5-9 fos:
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R 53 M EBEEARGEE 4R
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7 54.90 2.5429 1.3719x10
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