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ABSTRACT

The objective of this research is to study the swelling behavior of ethylene propylene
diene monomer rubber (EPDM) and liquid 1,3-polybutadiene rubber (PB) in the presence of
supercritical carbon dioxide (sc-CO,) and refrigerant. The degree of swelling can be described
reduction of viscosity and surface tension which directly related to the polymer coating process.
As well as, a diffusion coefficient of carbon dioxide into both rubber can be determined by
observing degree of swelling as a function of soaking time. The swelling of EPDM and liquid PB
was observed by using optical microscope video camera. This research studied three key
parameters of the swelling process, temperature ranging from 40 up to 60°C, pressure ranging
from 80 up to 120 bar and volume of refrigerant of 50 and 100 ml. From experimental results, the
swelling behavior of EPDM illustrated that the diffusion coefficient of sc-CO, in EPDM was
l.3’3x1047 mz/s, and EPDM could be swollen about 5% and PB illustrated that the
diffusion coefficient of sc-CO,/refrigerant in liquid PB was 8.60x10” mz/s, and liquid PB could

be swollen about 30%.
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Gas/Polymer N, 0] CO,

D E,/R, D E /R, D E /R,
Polybutadiene 1.1 3.60 125 3.40 1.05 3.65
Polychloroprene 0.24 5.18 0.38 4.74 0.23 5.40
(Neoprene rubber)
cis-1,4-polyisoprene 1.1 435 1273 4.03 1.25 4.13
(natural rubber)
Silicone rubber 15 1,36 29 1.10 15 1:35
HDPE 0.10 4.5 0.17 4.40 0.12 4.25
LDPE 0.35 4.95 0.46 4.80 0.37 " 4.60
PET 0.0014 5.25 0.0036 5.50 0.0015 5.95
PS 0.06 4.25 0.11 4.15 0.06 4.35
PVC, unplasticized 0.0038 7.45 0.012 6.55 0.0025 7.75
PVAc 0.03 6.15 0.056 7.30 > -
PC 0.015 4.35 0.021 3.85 0.005 4.50
Poly(ethyl 0.17 5.14 0.89 3.82 3.79 3.98
methacrylate)
Poly(tetrafluoro 0.088 3.60 0.152 3.16 0.095 344
ethylene)

Teflon (FEP) 0.0948 4.63 0.184 4.17 0.105 4.40
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74— S(P)P (2.15)
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M3T 2.2 AMsazats (S, 10° em’ (STPYem’.Pa) 1Az ANAIIUANNSOUVDINITQATY

(AHR,, 10'K) dwFuuiadigungil 298 K

Gas/Polymer N, o, CO,

S AR, s AR, s AH/R,
Polybutadiene 0.44 0.51 0.96 0.14 9.87 -1.06
Polychloroprene 0.36 0.16 0.74 0.25 8.19 -1.15
(Neoprene rubber)
cis-1,4-polyisoprene 0.55 0.25 1.02 -0.51 9.20 -1.50
(natural rubber)
Silicone rubber 0.81 - 1.26 & 4.30 5
HDPE 0.15 0.24 0.18 -0.20 0.22 -0.66
LDPE 0.23 0.95 0.47 0.30 2.54 0.05
PET 0.39 -1.37 0.69 -1.56 13.0 -3.78
PS - - 0.55 g 6.5 -
PVC, unplasticized 0.23 0.85 0.29 0.14 4.7 -0.94
PVAc 0.2 - 0.64 -0.55 5 -
PC 0.28 . 5.03 -1.55 1.24 -2.62
Poly(ethyl methacrylate) 0.57 -0.25 0.84 0.55 .3 -0.51
Poly(tetrafluoro ethylene)  1.20 -0.66 221 -0.87 9.2 -1.76
Teflon (FEP) 1225 -0.95 2.02 -1.11 9.08 -1.89
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1919991NAIM1AL 10T INTLH IS

J J o { a { a A
msuon laven loan R-134a Nanzmilednga Ngangiingi 60 °C

Pressure (bar)

Component

80 Pure CO, CO, +R-134a 50 ml CO, + R-134a 100 ml
90 Pure CO, CO, + R-134a 50 ml CO, + R-134a 100 ml
100 Pure CO, CO, + R-134a 50 ml CO, + R-134a 100 ml
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M15190 -1 YoyaNAN1INANBIIAA Swelling Factor Y8819 EPDM N1A91UAU 80 100 LAz

120 bar HazgMNANALN 40 °C

Swelling Factor (L/L,) [-]
Time (min)

80 bar 100 bar 120 bar

0 1.00000 1.00000 1.00000
5 1.02884 1.02758 1.02912
10 1.02884 1.03448 1.06796
15 1.02884 1.03448 1.06796
20 1.02884 1.04137 1.06796
25 1.02884 1.04137 1.06796
30 1.02884 1.04137 1.07766
35 1.02884 1.04137 1.07766
40 1.02884 1.04137 1.07766
45 1.02884 1.04137 1.07766
50 1.02884 1.04137 1.07766
55 1.02884 1.04137 1.07766
60 1.02884 1.04137 1.07766
65 1.02884 1.04137 1.07766
70 1.02884 1.04827 1.07766
75 1.02884 1.04827 1.07766
80 1.02884 1.04827 1.07766
85 1.02884 1.04827 1.07766
90 1.02884 1.04827 1.07766
95 1.03846 1.04827 1.07766
100 1.03846 1.04827 1.07766




A15199 -1 (D)

54

Swelling Factor (L/L ) [-]

Time (min.) 80 bar 100 bar 120 bar
110 1.03846 1.04827 1.08737
115 1.03846 1.04827 1.08737
120 1.03846 1.04827 1.08737
125 1.03846 1.04827 1.08737
130 1.03846 1.04827 1.08737
135 1.03846 1.04827 1.08737
140 1.03846 1.04827 1.08737
145 1.03846 1.04827 1.08737
150 1.04807 1.04827 109708
155 1.04807 1.04827 1.09708
160 1.04807 1.04827 1.09708
165 1.04807 1.04827 1.09708
170 1.04807 1.04827 1.09708
175 1.04807 1.04827 1.09708
180 1.04807 1.04827 1.09708
185 1.04807 1.04827 1.09708
190 1.04807 1.04827 1.09708
195 1.04807 1.04827 1.09708
200 1.04807 1.04827 1.09708
205 1.04807 1.04827 1.09708
210 1.04807 1.04827 1.09708
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M99 V-2 T0aHAN1TNAADIIAAT Swelling Factor Y3819 EPDM ANUAY 80 100 1Az

120 bar LAZQUHNNAINT 50 °C

Swelling Factor (L/L ) [-]
Time (min)

80 bar 100 bar 120 bar

0 1.00000 1.00000 1.00000
5 1.014815 1.02298 1.00847
10 1.022222 1.02298 1.00847
15 1.022222 1.02298 1.01694
20 1.02963 1.02298 1.01694
25 1.02963 1.02298 1.02542
30 1.02963 1.02298 1.02542
35 1.02963 1.03448 1.04237
40 1.02963 1.03448 1.04237
45 1.02963 1.03448 1.05084
50 1.02963 1.03448 1.05084
55 1.037037 1.03448 1.05084
60 1.037037 1.03448 1.05084
65 1.037037 1.03448 1.05084
70 1.037037 1.03448 1.05932
75 1.037037 1.03448 1.05932
80 1.037037 1.03448 1.05932
85 1.037037 1.03448 1.05932
90 1.037037 1.04598 1.05932
95 1.037037 1.04598 1.05932
100 1.037037 1.04598 1.05932
105 1.037037 1.04598 1.05932




4 ;
M319% V-2 (AD)

Swelling Factor (L/L) [-]

Time (min) 80 bar 100 bar 120 bar
110 1.037037 1.04598 1.05932
115 1.037037 1.04598 1.05932
120 1.037037 1.04598 1.05932
125 1.037037 1.04598 - 1.05932
130 1.037037 1.04598 1.05932
135 1.037037 1.04598 1.05932
140 1.037037 1.04598 1.05932
145 1.037037 1.04598 1.05932
150 1.037037 1.04598 1.05932
155 1.037037 1.04598 1.05932
160 1.037037 1.04598 1.05932
165 1.037037 1.04598 1.05932
170 1.037037 1.04598 1.05932
175 1.037037 1.04598 1.05932
180 1.037037 1.04598 1.05932
185 1.037037 1.04598 1.05932
190 1.037037 1.04598 1.05932
195 1.037037 1.04598 1.05932
200 1.037037 1.04598 1.05932
205 1.037037 1.04598 1.05932
210 1.037037 1.04598 1.05932
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M3197 V-3 YoYaHAN1INATBIIAAT Swelling Factor YBI81UMAI PB NANNAU 80 90 LAz

100 bar gangiinghi 60 °C uazalTuna R134a Wugud

Swelling Factor (L/L,) [-]
Time (min)

" 80 bar 90 bar 100 bar

0 1.0000 1.0000 1.0000
2.5 1.0000 0.9863 1.0588
5 1.0156 1.0000 1.0588
1.5 1.0469 1.0000 1.0735
10 1.0625 0.9863 1.0882
12.5 1.0781 1.0000 1.0882
15 1.0781 1.0000 1.1029
1725 1.0938 1.0000 1.1324
20 1.1094 1.0000 1.1471
22.5 1.1250 1.0411 1.1471
25 1.1406 1.1507 1.1618
278 1.1563 1.2466 1.1618
30 1.1563 1.3562 1.1912
32.5 1.1719 1.4384 1.2353
35 1.2031 1.4658 1.2647
37.5 1.2344 1.4658 1.3088
40 1.2500 1.4658 1.3529
42.5 1.2656 1.4658 1.3824
45 1.2813 1.4658 1.4265
47.5 1.2969 1.4658 1.4559
50 1.3125 1.4658 1.4706
52.5 1.3281 1.4658 1.4853




A15199 ¥-3 (Ad)

Swelling Factor (L/L ) [-]
Time (min) 80 bar 90 bar 100 bar
55 1.3281 1.4658 1.4853
57.5 1.3281 1.4658 1.4853
60 1.3281 1.4658 1.4853
65 1.3281 1.4658 1.4853
70 1.3281 1.4658 1.4853
75 1.3281 1.4658 1.4853
80 1.3438 1.4658 1.4853
85 1.3438 1.4658 1.5000
90 1.3438 1.4658 1.5000
95 1.3438 1.4658 1.5000
100 1.3438 1.4658 1.5000
105 1.3438 1.4658 1.5000
110 1.3438 1.4658 1.5000
115 1.3438 1.4658 1.5000
120 1.3438 1.4658 1.5000
125 1.3438 1.4658 1.5000
130 1.3438 1.4658 1.5000
135 1.3438 1.4658 1.5000
140 1.3438 1.4658 1.5000
145 1.3438 1.4658 1.5000
150 1.3438 1.4658 1.5000
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M5190 -4 ToyaNANIINANDIIAR Swelling Factor ¥Y9981311a3 PB NAINAY 80 90 Liag

100 bar §M1IAIN 60 °C taz3ua R134a 50 ml

Swelling Factor (L/L ) [-]
Time (min)

80 bar 90 bar 100 bar

0 1.0000 1.0000 1.0000
2.5 1.0147 1.0102 1.0088
5 1.0147 1.0102 1.0088
7> 1.0147 1.0204 1.0000
- 10 1.0294 1.0204 1.0175
12.5 1.0294 1.0306 1.0263
15 1.0294 1.0204 1.0263
17.5 1.0294 1.0204 1.0351
20 1.0441 1.0204 1.0439
22:3 1.0441 1.0306 1.0351
28 1.0441 1.0306 1.0439
27.5 1.0441 1.0306 1.0439
30 1.0441 1.0408 1.0439
325 1.0441 1.0306 1.0614
35 1.0588 1.0408 1.0614
37:5 1.0441 1.0306 1.0702
40 1.0588 1.0306 1.0702
42.5 1.0588 1.0408 1.0789
45 1.0588 1.0408 1.0877
47.5 1.0588 1.0306 1.0877
50 1.0588 1.0510 1.0965
52.5 1.0588 1.0510 1.1053




A13197 V-4 (AID)

Swelling Factor (L/L) [-]
Time (min) 80 bar 90 bar 100 bar
55 1.1618 1.0918 1.1140
57.5 1.2059 1.0918 1.1140
60 1.2353 1.0918 1.1140
65 1.2500 1.1020 1.1228
70 1.2794 1.1020 1.1228
75 1.2941 1.1122 1.1316
80 1.3676 1.1224 1.1316
85 1.3676 1.1224 1.1316
90 1.3676 1.1429 1.1316
95 1.3676 1.1531 1.1404
100 1.3676 1.1633 1.1491
105 1.3824 1.1735 1.1491
110 1.3824 1.1837 1.1491
115 1.3824 1.1939 1.1491
120 1.3824 1.1939 1.1579
125 1.3824 1.1939 1.1579
130 1.3824 1.1939 1.1579
135 1.3824 151939 1.1579
140 1.3824 1.1939 1.1579
145 1.3824 #1939 1.1579
150 1.3824 1.1939 1.1579
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M5190 V-5 Yoy awan1INAnBIIAA1 Swelling Factor YDL19MA2 PB AW 80 90 1Ay

100 bar gauniinai 60 °C uaz3uar R134a 100 ml

Swelling Factor (L/L,) [-]
Time (min)

~ 80 bar 90 bar 100 bar

0 1.0000 1.0000 1.0000
2.5 1.0119 1.0088 1.0088
5 1.0119 1.0177 1.0088
7.5 1.0238 1.0177 1.0088
10 - 1.0238 1.0265 1.0177
12.5 1.0357 1.0265 1.0177
15 1.0357 1.0354 1.0265
17.5 1.0357 1.0354 1.0265
20 1.0357 1.0177 1.0354
228 1.0476 : 1.0306 1.0354
25 1.0476 1.0306 1.0354
2§.8 1.0476 1.0306 1.0442
30 1.0476 1.0408 1.0442
328 1.0595 1.0306 1.0442
35 1.0595 1.0408 1.0531
37.5 1.0714 1.0306 1.0619
40 1.0833 1.0306 1.0619
42.5 1.0952 1.0408 1.0619
45 1.0952 1.0408 1.0619
47.5 1.0952 1.0306 1.0708
50 1.0833 1.0510 1.0708
52.5 1.0952 1.0510 1.0708




A1319N V-5 (A1D)

Swelling Factor (L/L ) [-]

Time (min) 80 bar 90 bar 100 bar
55 1.1190 1.0619 1.0796
57.5 1.1190 1.0619 1.0885
60 121310 1.0619 1.0885
65 1.1310 1.0796 1.0885
70 1.1429 1.0885 1.0973
75 1.1548 1.0973 1.0973
80 1.1667 1.2035 1.1062
85 1.1667 1.2832 1.1150
90 1.1786 1.3009 1.1239
95 1.1905 1.3009 1.1239
100 1.2024 .1.3009 1.1327
105 1.2024 1.3097 1.1327
110 1.2024 1.3097 1.1416
115 1.2143 1.3097 1.1416
120 1.2143 1.3097 1.1504
125 1.2143 1.3097 1.1504
130 1.2143 1.3097 1.1504
135 1.2143 1.3097 1.1504
140 1.2143 1.3097 1.1504
145 1.2143 1.3097 1.1504
150 1.2143 1.3097 1.1416
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(A-1)

TagAusndnansnsiuie ¢ Fea1u15011 18910 Peng-Robinson equation of state

RT aq

L0 2 L e

0.45724R*T*
1=
Pc

0.07780RT,
fhe—
P.

a = (1+(0.37464 + 1.54226w — 0.26992w?)(1 — T?23))?

P T
LE

Z+2.414B

Ing=72—-1-ln(Z—-B)— In(z =0 4143)

(A-2)

(A-3)

(A-4)

(A-5)

(A-6)

(A-7)
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0.45724aP,
A =

72 (A-8)
5. 0.07780P,
& T (7-9)
73 -(1-B)Z*+(A-2B—-3BHZ—-(AB-B*-B =0 (n-10)

A39819 N13NAABINAIUAY bar 80 JWUMAN 60°C  R-134a 100 ml UAIANNAUINGALAL

Y
RUNQNINGA A9l

Component P_, (bar) T, , (K (0)
se- €Q, 73.9 304.25 0.2240
R-134a 40.1 374.25 0.3268

NAFUMIN (A-6) 92 1@

P = 80/73.9 = 1.0825
T =(60+273.15/304.25 =1.0950

NNAUMIH (A-3), (a-4) 9214
a = (0.45724 x 83.14° x 304.25)/73.9 = 3,958,958.89 bar dm’/kgmol
b =(0.0778 x 83.14 x 304.25)/73.9 = 26.63 dm’/kg mol

Nnaums (a-s) 9214
o = {1+[0.37464 + (1.54226 x 0.224) — (0.26992 x 0.2247)][1-1.095"°1}’
=0.935
¥ a, b, o llunuluaumsi (a-2) 121881 molar volume ot
80  =[(83.14 x 333.15)/(V-26.63)]
—[(3,958,958.89 x 0.935)/(V" + (2 x 26.63V) — 26.63°)]
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\% =224.07 dm’/kg mol
NAAUMIN (A-8) , (A-9) 2z 14

A =(0.45724 x 0.935 x 1.0825)/1.0952 0.386

Il

B =(0.0778 x 1.0825)/1.095 0.077

e

WM A, B unuluauns@-10) 92 14 compressibility factor #1971
Z'(1-0.077Z" + [0.386 — (2 x 0.077) — (3 x 0.077)]Z — [(0.386 x 0.077) — 0.077° = 0.077'] = 0
z =0.6472
dommsiun ldnmua i luaumsd @-7) 1218
In@ =0.6472—1—1In(0.6472 — 0.077)
— In{[0.6472 + (2.414 x 0.077)1/[0.6472 + (0.414 x 0.077)]}

=-0.3285

¢ JA7

AT P_ 910AUNS Tagunua1gungiviiny 60.°C
P, =In(760/101.3) - 24.04In(60 + 273.15) — [7062.4/(60+273.15)]
+166.39 +[3.37 x 107(60 + 273.15)°
= 108.09 bar

v v
P, ldldmer ¢ awanmsdiedudnaseezldan b, = o051

TaslumsnaassldwIouilSuaues o, fu R-134a Afida1ee diethunduiamdadiu

Tuase I4dsdi
Composition CO, R-134a
Pure CO, A 1 0
50mL,A 0.989 0.0111 [ 80bar=A
100mL,A 0.977 0.0226
Pure CO, ,B 1 0
50mL,B 0.989 0.0106 |90 bar=B
100mL,B 0.978 0.022
Pure CO, ,C 1 0
50mL,C 0.99 0.0096 | 100 bar=C
100mL,C 0.979 0.0209




A o 1 Ao 91051, ~ Y
mamﬂmmmm%mﬁummu‘lufmmsw (n-1) ilzllﬂ
Ay, =(0977x0.72x 80)
{108.09 x 0.51 x exp[224.07 x(80-108.09)/83.14 x 333.15]}

=1.31
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