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Analysis and Simulation on Secondary-forming of
Multi-port Extrusion Tubes Used in CO, Air-Condition
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ABSTRACT

Among all natural refrigerants;"COz:not-only has low GWP and ODP
value but also is non-toxic and non-flammable in comparison with NH;
and CzHg. Its heat capacity Is five'to eight times of other natural
refrigerants so that it has the same.cooling ability with less flow rate; also,
the device using CO, can be designed smaller for this reason. The high
pressure of CO, air-condition system is between 90~120 bar. In such a
high-pressure environment, the tubes used for heat exchange must have
enough strength to endure high stresses from the compressed refrigerant.

This research focuses on the MPE (Multi-port Extrusion) tube used
in CO, air-conditioning systems. The analysis and simulation of their
secondary-forming abilities are conducted with different deformation
lengths and curvatures. The results are verified with both experimental
values obtained from manufacturer practice and our experiments. The
primary results prove that current deformation process will not decrease
the capacity of microchannels in MPE tube under 400 bar pressure test

condition. During the research, the effects of different deformation length
Il



and curvature are also obtained.
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B oo RIS 2 LRTARE
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e R T ODP & § & £L3; GWP > 3f g it 484
CFC-11(R-11) 1 4000
CFCs
CFC-12(R-12) 1 8500
HCFCs-22(R-22) 0.055 1700
HCFCs
HCFCs-141b, R-141b 0.11 630
HFC-134a, R-134a 0 1300
HFCs R-407C(HFC-32/125/134a) 0 1600
R-410ACHFC-32/125) 0 2200
C0: (R-744) 0 1
£ NH:(R-T17) 0 0
X PRA B
£~ = (R-600a) 0 3
7 42 (R-290) 0 3
£1-2 &AL 1]
B-12 R-21 R-134a R-407C* R-410A" B-7T17 R-290 R-744
ODPIGWP® 1/8500 0051700 1300 w1600 071900 00 03 01
Flammability/toxicity MN/N N/ N/N N/ N/N YY Y/N NIN
Molecular mass (kg/kmol) 120.9 86.5 102.0 86.2 726 17.0 4.1 44.0
Normal boiling point® (*C} 208 408 262 438 526 333 421 T84
Critical pressure (MPa) 411 457 407 4.64 479 1142 4.25 7.38
Critical temperawe ("C) 112.0 6.0 101.1 86.1 0.2 133.0 96.7 3Ll
Reduced pressure® 007 0.10 0.07 0.11 016 004 0.11 0.47
Reduced temperature” 071 0.74 073 076 0.79 0.67 0.74 0.90
Refrigeration capacity® (kJ/m®) 2734 4356 2868 4029 6763 4382 907 22545
First commercial use as a refrigerant [14] 1931 1936 1900 1908 1908 1859 ? 1869
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BOAR[2] P& AN S E R P R-12 2 kA ApiT o 2
sPettersen® 4 3 & i * jic | % ¥ (microchannel ) #jisir-| 4]
FRAFHER T HANC0 2B A [3]

FIEBE LR NS IR LA N L RBEEFE D

EREBEFENREFH B - FRENATHREY FF G M ¢

A R o ¥ g IR Sata et al. [6], Takamura et al. [T]
FROBBEPE I BZELPT (B BUL LR Y
BiEs A~ 2 (B1-1) €8] R EE )DL b
Fal el e A RYg E b s it a9
S ATAR RO B AL B E S N .

¥ ¢t 5 Ouch et al.[8]; 'Teland et -al.[9], Ponnappan et
al. [10] & B e By Pir A2 B P8RRI EHF 0 K=
A (BLI-2 B 1-3-B1-4) > nBadgrdsd i
MmO ARERAT R P HREE S N AT Ko

0" Connor[11], Kraft et al.[13], &~ ~ w4 i * #3d

(hot extrusion) 2/ 53t &4 Fg > (B1-5-B1-6)-
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gascooler i evaporator

accumulator
compressor

H
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front of.dash

B 1-8 44 0E%m4]

gascooler

accumulator

compressor
H

front of'dash

Additional components for heating: 1 3/2-way valve
2 Capillary tube
3 T-junction
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Heat transfer tube

<Fin microchannel

Microchannel

Manifold
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£ S A AR o PR R BN b
Hlehw B E ] T L L FEFEY L B (rigid-plastic) ®
B EF s (elasto-plastic) %250 pi2 3 4L ® 3N B g
A5 247 3 R Bk ] R 4 A BT T TR AT Y

|

TL—;J.E‘_EL °
oot

2. 1K) % M5 Vg 2 2%

B AR endp 2 95 shfredegt W I 4o

® cquilibriumequations: %ijj =0 (2-1)

® yield criterion, f(o;;)=C: G = E(aij’aij’) = (&, &)
(2-2)

® constitutive equations : &; = aggfl”))\ Eij = ;;faij’ with

§= ’ggijgij (2_8’)

. . ) .oy,

® compatibility conditions: eij=%(%+a—zj_> (2-4)
Jj i

& A RS R G S AR SfRAp F FIEL T - R4 Rk 40

BERBBRIEET OITNEE o by N R 2P R A RE
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(variational principle) * $f%
BAR- 7 FFR RS u; % L compatibility condition - #
VRGE A AE RS AR R T ILSEE - #LE

(stationary value) :

TE:fV EédV—fSFFiuidS (2_5>

CRTT T
67T=fV Eé‘?dV—fSFFlduldS:O (2_6)
LS R Hg i et 8 # ¥ 1% Lagrange multiplier #-

[Ré, VA » izl p (e, S8 - 5B RN - R4

5n=15&mw— A&MSfféJMV—fﬁwmw=o
|4

Sk v Sk

(2-7)

¥o- i h A T RERILUGIEE #6052 G @ * penalty constant

ém=[, G6dV +K [, e',,ae',,dV—fSF Fi6u;dS=0 (2-8)
¥oebood gt 475t 2 weak form 7 F
doj _
fV5]5 udV =0 (2-9)

FRAFf A 18

[, o a(SuL)dV fV — (audu )av =0 (2-10)

F] = stress tensor f¥tF4E T ¥ i * divergence theorem
17



fV Ul]6€l]dV - fSF Fi5uid5 =0 (2 - 11)
FRe e @R EESY; =00nS, % o;n;; = Fon Sp3oe 4k

o Jou . 1
F g2 o g & >0y =0y + 6;j0, (hydrostatic stress o, = gffkk)

o
fV JL]'&S”dV + fV Um6€vdv - fSF Fi6uid5 =0 (2 - 12)
d constitutive equation * e & &7 # 4> 0y;/6€;; = 66& >
(DI

J, 06édV + [, 0,5€,dV — st F;6u;dS =0 (2-13)

£ #-7 7 RiEE2 e =0nVa » > R FEk4oT

J GEEAV + f 0,88, dV + j 80, E,dV — f F,6u;dS = 0
74 |4 %

Sk

(2-14)

PR e g E RE 20 (2-T)(2-8) v &+ ¥ 4r Lagrange
multiplier A=0y,° 2 K= 26’"% — % 2 bulk modulus 2z ¥ # o

(27) (2-8) & £ 5 Bl 14 WAt gk & A2t » 458 &

AR AN ZERF RN AR S TV J5d flowrule v

i

@ Grihfi 4 A T R o
B U F 0 (2-T) & (2-8) » 2h& > fe 8 L dpait
(discretization) f&41* % 74 4 /2 (Gaussian quadrature

formula) # 4 > f1* & E & ;2 (direct iteration method) ™ 2
18



Newton-Raphson i# H#% o

BSptend FREE - miTr A A3 ERRITY SR
fEE T ER RS AR AR AR IER o LB AW L
EARIERATERA T8 4 AL B el R E G T L R o
ERE - EA FAAHER DT wARE o A APHE R AT R 2R
L Arig o

AR R 4o Bl AR P apF iR > B i R

E\"”l!?;‘ifr@m’rﬂw 1m§?‘.:£& J‘J%%.E} é{:‘vgﬁ@“jﬁ%&
et o RGBT = up XGRS i =mhg 2 4
Pp L HE RS o kL TR (k:T’%)o
BHCE -1 AR ARSI ek B A s R g

BTt N Eu- B BARM 2 BE Y S RN S T il R

R o E- IR RSP HPEERD P B E S F L 0 F5]4
FREEE LTS
fy = mkl = mk {2 tan~! (|u5|)}l (2-15)
[ Ug
BOf A BB LS EWE -1 A SIS s s 2 ¥

e R o Uus R MRAAEHTRE ZFHBER AUy s - DU )
I e pLEAL MR- U2 ¢ 45377 = 8L (neutral point)
E‘ﬁéj"]‘ FFE%O
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ok B (2-7) (2-8) A RN EE Y NHE SRRSO &
§

B AR R € F b ® (rigidzone) & & %

R HIRAR  PE 0 (2-7) (2-8) ch% - 30 § P15 ¥ @ &%
B FABITW R 5 A RA S EIEVE- R0 fR 0 AL 2 E R

% — I8 1] 3T A
f(g—g)?dV,for«?S% (2-17)

PUFCE R N R T (U i
2.27% < % # WDEFORM™3D S 4

DEFORM™ > £ % Design Environment for FORMing ° % # B SFTC
(Scientific Forming Technologies Corporation)#f® 4 35 'L~
Z A 174kt o 2w & 3 Battelle Columbus Lab. %% Rz & §Fes 2
= B % 9 ALPID (Analysis of Large Plastic Incremental
Deformation)’ ¥ — BR* F — & 97it 2 PP AL RIL L A5
MAe 1 B AL g U & A 47 08 o DEFORM™ ™ 2 # ok & 474 sd ~ 3@ -

B s RPEE ARl U ABEE TG g REREE

(automatic remeshing) s iy » $3tiE % 5 LA F 247 % $45 7
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=+ gl es o
DEFORM™3D 4 % # k22 (Pre Processor )~ #-#t £ (Simulator ) ~
ts e (Post Processor) = = #84 o i {7 4 47 p L B i d2 %

e

B BefCR 2 B A B e A R RF K

REEEER A7 RSB R AR BRIZET EIIEY %
EAEAGESEA TSR L 2T AT B AN S BT A

2. 3B PG

A2y #rie * 2 MPE tube % Norsk Hydro= @ #r#l:¢ - 13458 F
FFR[14]F 40> MPE tube¥ iz A R @ KR * 2 Fous s 83 > ¥
Tk & (REGRE REGOR) ¢ 5 7 e R o A Y
#ri¢ * 2 MPE tube® * 2. ¥l % Norsk Hydrow £ [1b]2. 484 £
HA9108 » >+ 48 & £ 3000 4 71 > &~ £ 4842 7 {2 45 »~ DEFORM™3D
P(RI2-12RB2-2)

At B G0 DEFORM™3D? # 3k =2 4 #4478 (Object Type)
% KR (rigid) -~ ¥4 (elastic)~ # 1+ (plastic) ~ B M4
(elasto-plastic)~ % 341+ (porous) F# 3] » e fdmpFs w3 4
WO R A2 2 (Rl 2-3)-

DEFORM™¥ rigid = 7 ¢ ;2 W12 %8 » AW 5 0 B> &

Ik

B RCE R R R AR X T o iR € K 5 rigid e BHRE
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DEFORM™* elastic 3 % 25848 » 47 2 2 2 R <

F B
& =

)

*T_s rigid-e

%
e e

(Young’ s modulus) £ if#~+t (Poisson’ s ratio) ki o i ¥

B

7

"[ o

2

elastic M RKE K4 o

7
Plastic

7
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TBRF LT

,‘:}{

LR SRR UL SR AT

v

=

FAF e A

— 3,

g EH el 5 BEF R

t DEFORM™iz & 2.4 £ * W

L T EET U1

e

llf ’ gﬁg—l r}:ié

P IE

IR et R
B
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HHCER Y 0 S LR SRR

,*T;Jp ==

JE St e

R R ’MPE tubem T L

e

TR

1“”%”& »

rigid-plastic %

5 Function

Flow Stress

e
Stsin - BosinFate - | Termpesstu = |

1 [ | | % doly
£ Gl
W usert ‘g. Add J} Dekml}(mkman]

Fined Bny X hus Intespelation

(& Temperstus = Shain (v Liness

¢ SminRate 2 | Stmin Rete il

Flowr Stiess = BB tmin, Stisin Rats, Temperstie)
Stusin
0.002 05
1 541 86|
Stusin Rate
| Floth

B 2- 1 HAOL08 HHRL 5 (2 4%)
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Material Lis| # |
[EHA 9102 §

Plastic ]El.ash.c | Themval | Diffusion | Gusin | Hawness | Flec Mz | Advanced |
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Mo Model j ﬂ
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Delete
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