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TABLE A

EXPERIMENTDATA

PERFORMANCE ANALYSIS OF A MODULAR ADSORPTION COOLING
SYSTEM HAVING SONIC VIBRATION AT EVAPORATOR
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Table A 1. Experimental temperature data with time for Cycle time of adsorption
cooling system.

Time Tw,cvap in Tw,cvap out Tacl upper Tevap mid
(min.) ('0) (‘'0) ('0) (‘0
0 28.10 26.30 31.80 26.30
60 28.00 26.20 37.40 26.40
120 27.80 26.10 43.00 26.40
180 27.70 26.10 48.60 26.40
240 27.60 26.00 S3u8(] 26.40
300 27.50 26.00 58.40 26.40
360 27.40 25.90 57.50 26.70
420 27.30 2580 60.30 26.60
480 27.20 25.80 63.00 26.60
540 2%10 Py 65.50 26.50
600 27.00 25.70 67.70 26.50
660 26.90 25.70 69.70 26.40
720 26.90 23.60 72.50 26.40
780 26.60 25.40 74.10 26.30
840 26.70 25.50 75.50 26.30
900 26.50 25.40 76.80 26.20
960 26.50 25.50 78.00 26.20
1020 26.40 25.40 78.80 26.10
1080 26.30 25.40 79.60 26.00
1140 26.30 26.10 80.10 26.00
1200 26.30 26.30 75.40 26.10
1260 27.20 26.60 64.90 26.30
1320 27.30 26.70 56.50 26.40
1380 27.90 26.90 50.20 26.50
1440 28.00 26.90 45.60 26.60
1500 28.10 27.50 42.20 26.80
1560 28.20 25,78 39.60 26.90
1620 28.20 2590 41.80 24.20
1680 28.30 22.30 46.00 22.70
1740 28.20 21.30 48.40 21.70
1800 28.40 20.20 50.90 20.50
1860 28.40 19.80 51.70 20.00
1920 28.40 19.90 51.20 20.00
1980 28.50 20.30 49.90 20.40
2040 28.50 20.80 48.40 20.90
2100 28.50 21.20 46.80 21:.30
2160 28.50 21.70 45.10 21.80
2220 2850 i) 43.40 22.40

2280 28.50 22.50 42.00 22.60
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Table A 1. Experimental temperature data with time for Cycle time of adsorption
cooling system. (Continuous)

Time Tw,cvap in Tw,cvap out Tact upper Tevap mid

(min.) ("0 (‘0) (‘) ('0)
2340 28.50 22.90 40.50 23.00
2400 28.40 23.30 39410 23.30
2460 28.40 23.80 30.90 23.60
2520 28.40 24.00 36.90 24.00
2580 28.50 24.50 35.90 24.30
2640 28.40 24.60 35.10 24.30
2700 28.40 26.10 34.40 24.70
2760 2830 25.30 S/ 24.90
2820 28.30 25.60 33.10 25.20
2880 28.30 25.70 32.60 25.20

2940 28.30 25.90 82,20 25.40
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Table A 2. Experimental temperature with time data for Cool down time of activated
carbon at various cooling methods.

Time Tk ey e Time {3
(min) (°C) ey (0 A i i W €
0 80.00 80.00 80.00 4800 32.00
120 78.50 73.00 71.00 4920 31.60
240 77.30 65.00 62.00 5040 31.20
360 75.40 59.00 56.00 5160 30.92
480 72.27 53.00 49.00 5280 30.76
600 69.00 49.00 45.00 5400 30.60
720 65.80 45.00 42.00 5520 30.36
840 62.60 42.00 39.00 5640 30.12
960 60.00 39.20 37.00
1080 58.20 38.00 35.00
1200 56.40 36.20 34.00
1320 54.80 35.00 33.00
1440 53.00 33.80 32.00
1560 52.00 32.60 31.00
1680 50.00 32.00 30.50
1800 48.50 31.60 30.00
1920 47.20 31.20
2040 45.20 31.00
2160 44.20 30.80
2280 43.80 30.60
2400 42.60 30.20
2520 42.00
2640 41.00
2760 40.00
2880 39.00
3000 38.00
3120 37.60
3240 36.80
3360 36.30
3480 36.20
3600 36.00
3720 35.40
3840 34.80
3960 34.40
4080 34.20
4200 34.00
4320 33.40
4440 32.80
4560 32.40

4680 32.20
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Table A 3. Experimental temperature with time data for Temperature profiles of
adsorption system with time.

OkHz 8kHz 10kHz 14kHz

Time Tw,evap in Tw,cvap out Tevap Tevap Tevap Tevap
(min.) C) C) (CClmm (C) (°C) (’C)
0 28.10 26.30 26.30 26.10 25.80 25.70
120 27.80 26.10 26.40 26.10 25.80 25.70
240 27.60 26.00 26.40 26.10 26.00 25.80
360 27.40 25.90 26.70 26.70 26.30 26.40
480 27.20 25.80 26.60 26.50 26.10 26.10
600 27.00 25.70 26.50 26.60 26.10 26.20
720 26.90 25.60 26.40 26.60 26.10 26.30
840 26.70 25.50 26.30 26.50 26.10 26.20
960 26.50 25.50 26.20 26.50 26.00 26.20
1080 26.30 25.40 26.00 26.40 26.00 26.20
1200 26.30 26.30 26.10 26.30 26.50 26.60
1320 27.50 26.70 26.40 26.20 26.60 26.70
1440 28.00 26.90 26.60 26.40 26.70 26.70
1560 28.20 25.70 26.90 26.30 20.90 17.80
1680 28.30 22.30 22.70 17.10 17.70 18.10
1800 28.40 20.20 20.50 18.00 18.20 19.40
1920 28.40 19.90 20.00 19.30 19.40 20.70
2040 28.50 20.80 20.90 20.20 20.50 22.00
2160 28.50 21.70 21.80 21.50 21.50 23.00
2280 28.50 22.50 22.60 22.50 22.40 24.00
2400 28.40 23.30 23.30 23.20 23.50 24.80
2520 28.40 24.00 24.00 24.10 24.20 25.50
2640 28.40 24.60 24.30 24.70 24.80
2760 28.30 25.30 24.90 25.30
2880 28.30 25.70 25.20

3000 28.20 26.00 25.60
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Table A 4. Experimental temperature with time data in case of sonic wave vibration at
evaporator (Condition: Tags/Tew cond/Tvaive : 90/20/70).

Time Tw i Tw [ Tb exp Two,cd Twi,(:d Tev Tcw evi
(s) C) ‘C) (’C) ') ’C) °C) ‘0
0 27.1 27.6 26.7 23.8 23.7 23.7 23.6
30 27.0 27.6 26.8 IRN 23.7 23.8 23.5
60 43.8 27.6 26.7 23.8 23.7 23.9 23.5
90 81.1 68.8 34.5 23.8 23.7 23.8 23.5
120 85.4 82.3 46.0 23.8 23.8 23.9 23.6
150 86.0 84.3 54.7 23.8 23.9 239 23.5
180 86.3 85.1 61.2 23.9 23.9 23.9 23.5

210 86.5 85.5 66.3 23.9 23.8 23.9 23.6

240 86.6 85.9 70.2 26.5 RS 24.5 23.7

270 86.7 85.9 69.2 28.6 28.3 26.7 23.7

300 87.0 86.1 70.6 28.3 28.2 26.4 23.7
330 87.0 86.2 72.4 28.1 28.0 26.2 23.7
360 87.0 86.5 74.0 28.1 28.1 26.0 23.7
390 87.2 86.5 75.5 28.1 28.1 25.8 23.7

420 87.3 86.8 77.0 28.1 28.1 25.8 288

450 87.6 87.2 78.9 28.0 28.1 25.6 23.7

480 87.9 87.6 80.6 28.0 28.0 25.6 23.8

510 88.3 87.4 81.8 28.0 28.0 25.5 23.8
540 88.6 88.3 82.9 28.0 28.1 25.5 239
570 88.8 88.5 83.9 28.1 28.1 254 24.0
600 89.1 88.9 84.6 28.1 28.2 25.4 24.1
630 89.4 89.2 85.3 28.1 28.2 25.5 24.1
660 89.6 89.3 85.8 28.1 28.1 25.4 24.2
690 90.0 89.8 86.4 28.1 28.1 254 243
720 90.2 90.0 86.9 28.1 28.1 25.4 24.3
750 90.3 90.1 87.2 28.0 28.1 25.5 243
780 90.5 90.3 87.7 28.1 28.1 25.5 243
810 90.9 90.7 88.1 28.0 28.1 25.5 24.2
840 91.1 90.9 88.4 28.0 28.1 25.5 24.2
870 91.3 91.2 88.8 27.9 28.0 25.5 24.2
900 91.7 91.5 89.1 27.9 28.1 25.5 24.1
930 91.8 91.7 89.4 28.0 28.1 25.6 243
960 92.2 91.9 89.7 28.1 28.1 25.5 24.2
990 92.2 92.1 89.9 28.1 28.1 25.5 24.4

1020 91.5 914 90.4 28.4 28.1 25.7 24.5

1050 28.6 42.6 55.4 28.7 27.6 259 24.6

1080 28.7 31.8 41.8 29.1 27.4 259 24.7

1110 27.6 29.2 37.4 29.4 292 259 24.5

1140 27.9 29.0 35.9 29.7 27.2 26.0 25.9

1170 28.0 29.1 35.1 28.8 26.5 24.6 25.9
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Table A 4. Experimental temperature with time data in case of sonic wave vibration at
evaporator (Condition: Tags/Tew cond/Tvaive : 90/20/70). (Continuous)

Time T Tw e Tb exp Two,cd Twi,cd Tev Tcw evi

(s) ‘0 ‘0 ‘0 BC) EEmnd 2 (B
1200 27.8 28.9 37.4 27.6 24.5 22.2 25.7
1230 27.6 28.5 36.4 26.5 22.8 20.8 25.7
1260 27.6 28.4 34.9 25.6 21.8 20.2 25.8
1290 28.0 28.5 34.4 249 21.4 20.0 25.9
1320 27.5 28.1 33.0 24.0 20.6 19.6 254
1350 27.5 27.8 31.9 234 20.4 19.8 253
1380 28.4 28.7 31.9 23.1 20.7 20.3 25.1
1410 28.2 28.4 30.9 229 21.0 20.7 24.7
1440 28.4 28.4 30.1 22.7 21.1 21.0 24 .4
1470 28.1 28.2 29.5 223 21.0 21.5 24.1
1500 27.6 27.7 28.5 223 21.1 21.6 23.9
1530 28.3 28.4 29.1 22.3 21.4 21.8 24.2
1560 28.0 28.0 28.4 22.4 21.6 223 24.2
1590 28.0 28.0 28.1 22.5 21.8 22.5 24.0
1620 28.2 28.2 28.2 22.8 22.3 22.7 23.8
1650 27.7 27.7 27.5 23.0 22.5 22.8 233

1680 27.8 2037 A ok R 234l 23.1 234
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TABLE B

EXPERIMENT DATA

PERFORMANCE ANALYSIS OF A MODULAR ADSORPTION COOLING
SYSTEM WITH SONIC VIBRATION IN THE ADSORBER
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Table B 1. Experimental temperature with time data for Temperature profiles of the
adsorption system.

Time Tads Tw,cvap in Tw,evap out Tevap
(s) (‘0) ('0) (‘0) (’C)
0 kHz 0 28.00 19.40 30.40 18.90
30 27.90 19.40 29.80 19.10
60 27.80 19.40 2990 19.20
90 27.90 19.60 29.40 19.40
120 42.50 19.60 29.40 19.70
150 62.30 19.50 31.00 19.80
180 69.40 19.50 29.00 19.90
210 71.50 19.60 30.50 20.70
240 73510 19.70 30.90 21.20
270 75.10 19.70 29.70 21.60
300 76.80 19.80 29.40 21.90
330 78.20 19.80 29.70 22.00
360 79.50 19.90 31.10 22.20
390 80.80 19.90 29.30 22.30
420 81.80 20.00 30.90 22.20
450 82.80 20.00 30.60 22351
480 83.70 20.00 31.10 22.30
510 85.20 20.20 31.10 224860
540 86.50 20.30 29.40 22.30
570 87.60 20.40 30.40 22.40
600 88.60 20.50 30.50 22.50
630 89.40 20.70 29.30 22.60
660 90.20 21.00 29.40 22.60
690 90.80 2120 30.70 22.70
720 81.60 21.40 28.90 22.70
750 56.90 21.70 30.00 22.90
780 45.80 21.70 30.30 23.00
810 39.50 24.00 30.40 22.90
840 40.40 23.60 29.90 22.90
870 42.70 20.40 29.80 19.90
900 39,50 17.30 29.90 18.40
930 37.20 16.20 30.00 17.30
960 35xaL 16.20 30.80 16.30
990 34.00 16.50 29.60 15.80
1020 32.94 16.70 30.50 15.60
1050 82,20 17.00 29.70 15.70
1080 31.40 17.40 29.30 15.90
1110 30.80 17.70 29.70 16.20

1140 30.40 18.10 30.40 16.50
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Table B 1. Experimental temperature with time data for Temperature profiles of the

adsorption system. (Continuous)

Time Tads Tw,cvap in Tw,evap out Tc:vap
(s) ("C) (0) () (’C)
1170 30.00 18.30 30.60 16.80
1200 29.70 18.60 29.90 17.10
1230 29.40 19.00 30.60 17.40
1260 29.00 19.60 30.90 17.80
1290 28.90 20.00 31.20 18.20
1320 28.70 19.80 29.90 18.70
1350 28.60 19.10 30.20 18.90
1380 28.40 18.00 31.20 18.90
8 kHz 1410 27.00 23.80 3. 10 24.30
1440 27.00 23.80 30.40 24.40
1470 27.00 23.80 31.10 24.40
1500 27.00 23.80 30.80 24.40
1530 27.00 23.80 29.10 24.40
1560 27.10 23.90 30.10 24.50
1590 39.30 23.80 30.50 24.50
1620 58.70 23.90 31.00 24.50
1650 66.20 23.90 31.10 24.50
1680 70.30 23.90 30.50 25.10
1710 70.60 23.90 30.50 25.80
1740 72.40 23.90 30.40 26.00
1770 74.20 24.00 30.60 26.20
1800 75.80 24.00 29.90 26.50
1830 T1.20 24.10 30.80 26.50
1860 79.30 24.00 29.70 26.60
1890 81.50 24.10 29.40 26.50
1920 83.50 24.10 32.00 26.40
1950 84.90 24.20 29.20 26.20
1980 86.20 24.30 30.30 26.20
2010 87.20 24.30 31.20 26.10
2040 88.10 24.30 31.00 26.10
2070 89.00 24.40 31.30 26.10
2100 89.70 24.40 31.30 26.10
2130 90.50 24.40 31.40 26.10
2160 70.80 24.50 30.40 26.50
2190 51.60 24.50 30.70 26.70
2220 42.80 24.70 30.60 26.80
2250 38.40 26.50 29.90 26.60
2280 37.80 26.40 30.50 26.10
2310 42.90 26.30 29.70 21.70

2340 40.00 26.20 29.80 20.00
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Table B 1. Experimental temperature with time data for Temperature profiles of the

adsorption system. (Continuous)

Time Tads Tw,evap in Tw,cvap out Tevap
(s) (’C) ("C) ("C) (’C)
2400 36.10 25.80 29.60 19.10
2430 34.70 25.00 30.10 19.20
2460 33.60 24.20 30.60 19.60
2490 32.60 23.40 31.50 19.30
2520 31.50 22.90 31.00 19.50
2550 31.00 22.20 30.90 19.50
2580 30.20 21.80 29.30 19.80
2610 29.80 21.30 31.70 19.90
2640 29.40 20.90 30.40 20.00
2670 29.10 20.50 30.30 20.20
2700 28.70 20.40 29.60 20.20
2730 28.50 20.30 30.80 20.50
2760 28.30 20.50 30.00 20.80
10kHz 2790 28.20 17.70 30.10 18.90
2820 28.20 17.80 29.90 18.90
2850 28.10 17.90 30.40 19.10
2880 28.20 18.00 30.90 19.10
2910 28.10 18.10 29.60 19.20
2940 28.20 18.10 29.70 19.30
2970 28.10 18.30 29.40 19.30
3000 28.20 18.40 30.80 19.40
3030 28.10 18.50 30.90 19.50
3060 33.70 18.60 30.10 19.50
3090 55.80 18.70 31.00 19.60
3120 70.30 18.70 30.80 19.60
3150 71.10 18.80 29.10 19.80
3180 74.40 19.00 30.20 20.10
3210 73.60 19.20 31.20 21.30
3240 76.30 19.30 29.10 21.80
3270 78.90 19.60 30.40 22.10
3300 81.20 19.80 29.10 22.20
3330 83.00 20.00 31.00 22.20
3360 84.60 20.20 29.80 22.20
3390 86.00 20.30 31.00 22.30
3420 87.10 20.50 30.40 22.30
3450 88.20 20.50 31.20 22.40
3480 89.00 20.50 29.60 22.40
3510 89.80 20.60 30.30 22.50
3540 90.50 20.70 30.80 22.50

3570 69.90 21.20 30.40 22.90
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Table B 1. Experimental temperature with time data for Temperature profiles of the

adsorption system. (Continuous)

Time Tads Tw,evap in Tw,evap out Tevap
(s) (C) () (’C) (°C)
3600 8270 21.30 31.20 23.10
3630 43.60 21.40 30.30 23.30
3660 38.60 22.80 31.00 23.10
3690 39.10 21.90 30.70 22.70
3720 42.00 19.40 30.90 19.10
3750 39.30 18.60 30.80 17.90
3780 37.30 18.70 29.80 17.40
3810 35.80 18.90 30.00 17.30
3840 34.50 19.50 30.10 17.30
3870 33.60 19.60 31.10 17.40
3900 32.70 19.30 30.40 17.80
3930 32.00 18.30 30.20 18.10
3960 31.10 17.00 29.90 18.00
3990 30.40 16.50 30.20 17.60
4020 29.90 16.60 31.20 17.20
4050 29.50 16.90 29.60 17.20
4080 29.00 17.40 31.30 17.20
4110 28.80 18.00 31.40 17.50
4140 28.60 18.40 29.90 17.90
4170 28.40 18.90 31.10 18.40
14 kHz 4200 26.80 21.00 29.80 20.70
4230 26.80 21.00 30.50 20.60
4260 26.80 21.00 32110 20.70
4290 26.70 21.10 31.30 20.70
4320 26.70 21.10 29.50 20.80
4350 26.70 21.10 29.20 20.80
4380 26.70 21.10 30.10 20.80
4410 26.70 21.20 30.80 20.90
4440 26.60 21.30 30.60 21.10
4470 26.60 21.30 30.30 21.20
4500 26.70 21.30 30.20 2.8 b
4530 26.60 21.40 30.60 21.30
4560 26.60 21.30 31.10 21.30
4590 26.70 21.40 29.90 21.40
4620 26.70 21.50 31.20 21.40
4650 26.70 21.50 30.40 21.60
4680 28.30 21.70 30.10 2070
4710 63.00 21.80 31.40 21.90
4740 70.70 21.90 29.80 23.30

4770 74.60 21.90 30.80 24.10
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Table B 1. Experimental temperature with time data for Temperature profiles of the

adsorption system. (Continuous)
Time Tads Tw,evap in Tw,evap out Tevap
(s) (’C) (’C) (’C) (’C)
4800 78.00 22.10 30.10 24.20
4830 80.40 22.10 29.60 24.50
4860 82.20 22.20 30.80 24.50
4890 83.70 22.30 31.30 24.40
4920 85.00 22.40 30.10 24.40
4950 86.30 22.50 30.40 24.40
4980 87.20 22.60 31.10 24.40
5010 88.10 22.60 30.60 24.30
5040 89.00 22.70 30.10 24.30
5070 89.70 22.80 31.00 24.30
5100 90.40 22.90 29.80 24.50
5130 53.60 23.30 31.30 25.50
5160 40.50 25.30 29.60 26.10
5190 35.50 19.10 30.60 24.70
5220 41.90 18.50 29.30 19.00
5250 38.00 18.70 29.40 17.30
5280 35.40 19.10 29.60 16.90
5310 33.60 19.70 31.00 17.00
5340 32.30 19.90 31.90 18.10
5370 31.20 19.40 29.60 18.90
5400 30.30 18.00 30.10 19.40
5430 29.40 17.20 29.70 18.90
5460 28.70 17.30 30.40 18.30
5490 28.20 17.80 31.30 18.30
5520 28.10 18.30 31.30 18.90
5550 27.90 18.80 30.20 19.30

5580 27.70 19.50 30.50 19.60
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Table B 2. Experimental temperature with time data in case of sonic wave vibration at
adsorber (Condition: Tags/Tew cond/Tvaive: 90/20/70).

Time Tw i Tw e Tb exp Two,cd Twi,cd Tev Tcw evi
(s) ’C) ‘C) ’C) (’C) (e ’C) (°C)
0 25.8 27.9 26.0 24.0 23.8 233 23.0
30 66.7 43.8 28.4 24.0 23.8 233 23.0
60 83.2 78.7 49.6 24.2 24.0 233 23.2
90 85.1 83.0 60.9 24.2 24.0 233 23.2
120 85.9 84.4 67.0 24.2 24.0 23.4 23.3
150 86.3 85.2 70.8 24.1 239 234 2312
180 86.6 85.6 73.4 24.1 23.9 234 23.2

210 86.9 85.8 73.5 28.9 28.5 239 23.2

240 87.1 86.1 74.0 28.7 28.6 243 23.3

270 87.2 86.3 75.5 28.6 28.5 24.5 23.3

300 87.2 86.5 76.6 28.4 28.3 24.5 23.3

330 87.2 86.5 77.6 28.2 28.1 24.5 234

360 87.5 86.9 78.7 28.2 28.1 24.5 234

390 87.5 86.9 79.4 28.1 28.0 24.5 23.4

420 87.8 87.2 80.2 28.1 28.1 24.5 23.4

450 87.9 86.9 81.0 28.1 28.1 24.5 23.3

480 88.1 87.6 81.9 28.1 28.1 24.5 233

510 88.0 87.6 82.2 28.0 28.1 24.5 23.3

540 88.3 87.9 82.8 28.0 28.1 24.5 23.3
570 88.6 88.1 83.4 27.9 28.0 24.6 23.4

600 88.8 88.4 83.8 27.7 27.8 24.5 23.3

630 88.8 88.3 84.1 27.7 27.8 24.5 23.4

660 89.1 88.8 84.6 27.8 27.9 24.5 23.4

690 89.2 89.0 85.0 27.8 27.9 24.6 23.4

720 89.4 89.2 85.3 27.7 27.9 24.5 23.4

750 89.6 89.3 85.6 28.0 28.0 24.6 23.6

780 89.7 89.6 86.0 28.0 28.0 24.5 23.7

810 90.0 89.7 86.3 28.1 28.1 24.8 23.8
840 90.1 89.8 86.5 28.1 28.1 24.7 23.8
870 90.1 89.9 86.9 28.1 28.1 24.8 23.8

900 90.3 90.1 87.0 28.1 28.2 24.8 239

930 90.4 90.2 87.3 28.0 28.1 24.6 23.8

960 90.6 90.4 87.5 28.1 28.2 24.7 23.9

990 90.5 90.4 87.7 28.1 28.2 24.6 23.9

1020 90.9 90.7 88.0 28.1 28.2 24.7 23.9

1050 90.9 90.8 88.1 28.2 28.2 24.7 24.0

1080 2} i 90.9 88.4 28.2 28.2 247 24.0
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Table B 2. Experimental temperature with time data in case of sonic wave vibration at

adsorber (Condition: Tags/Tew cond/ Tvaive: 90/20/70). (Continuous)

Time Tw.i Tw e Ty exp Two,cd Twicd Tev Tew evi

(s) @EY = HE) T} (’C) ‘o ‘o (C)
1110 91.2 90.9 88.6 28.1 28.3 24.7 23.9
1140 91.3 91.1 88.8 28.2 28.3 24.7 23.9
1170 91.4 91.3 89.1 28.1 28.2 24.7 23.9
1200 91.7 91.6 89.3 28.1 28.2 24.7 23.8
1230 92.0 92.0 89.8 28.1 28.3 24.7 23.9
1260 92.3 92.1 90.1 28.1 28.2 24.8 24.0
1290 914 91.7 90.2 28.4 28.1 25.0 24.0
1320 28.1 37.4 70.5 28.8 2Pl 25.0 24.1
1350 28.7 31.3 53.4 29.3 27.5 25.2 24.5
1380 27.8 29.4 44.2 29.6 274 P5.3 243
1410 28.3 29.1 38.8 29.6 27.4 253 254
1440 28.3 29.0 36.1 29.2 27 252 25.4
1470 28.1 28.7 38.3 28.2 25:7 23.6 24.2
1500 28.7 30.0 41.7 26.4 22.7 19.9 23.8
1530 27.8 28.7 39.2 25.0 21.2 19.5 23.6
1560 28.2 29.0 37.8 24.0 20.9 20.1 23.9
1590 28.1 28.8 36.2 23.4 21.1 20.5 24.2
1620 28.6 29.2 34.5 23.1 214 21.1 24.0
1650 27.8 28.3 33.1 23.0 21.6 21.6 23.2
1680 27.8 28.1 32.1 22.8 21.5 21.5 21.9
1710 28.3 28.6 31.2 99~ 21.5 21.3 21.3
1740 28.3 28.5 30.5 22,7 21.3 21.0 21.3
1770 29.0 29.2 29.9 22.5 212 20.8 21.6
1800 2107 27.7 29.2 22:2 21.0 20.9 21.7
1830 28.4 28.4 29.1 22.2 21.1 21.1 22.2

1860 28.5 28.5 28.9 224 2.2 21.3 22.5
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EXPERIMENT TOOLS

The TASK data logger 16 channel set of K-type thermocouples having
+0.01 °C accuracy and recorded every 30 second.

Figure 1. The TASK data logger.

The mass of activated carbon in adsorber is measured by a weighing machine
having + 0.1 °C g accuracy.

Figure 2. Weighing machine
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The mass flow rate of water is measured by Rota meter having + 0.1 LPM
accuracy.

 EEFSS RN

Figure 3. Rota meter

Sensor line for used temperature measurement in test unit system make from
thermocouple type K product by OMEGA Corporation limited, metal compound 2
types are chromel and alumel by connection with Data logger.

Figure 4. Sensor line
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Pressure gauge for used vacuum pressure measurement inside of Adsorber,
condenser and evaporator.

Figure 5. Pressure gauge

Heat source temperature system: system group gives the heat composes a
basin gives the heat makes of , Stainless steel , 50 cm x 50 cm x 45 c¢m sizes , there
are 112.5 L capacities by use the water is a substance works , Heater 6 1 kW amount
sizes , be formed give the heat , the cabinet controls hot water temperature in a basin
which , be valuable 0.4°C justices use the pump in water circulation from hot water
basin for , the heat and the part due to evaporate , the speed round 3,000 rpm, 23-38.5
m height of water Tank and 5 Amp electric current by volume flow rate 30-80 L/min
gives the heat shows in Figure 6.

Heat sink temperature system : system cold water group used refrigerant vapor
compressor , by use the water is a substance works and there is the cabinet control
cold water temperature in a basin , which able control give stable at 25°C to 2°C basin
coldness justices make from Stainless steel , 98 L capacities are which , pack cold coil
in a basin , the pump circulates the water from cold water basin for takes part heat
condenses , there is the speed round 3,000 rpm, 15-33 m height of water Tank and
5.5 Amp electric currents by volume flow rate 20-100 L/min of system cold water
capacities shows in Figure 7.
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Figure 7. Heat sink temperature system
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Sonic wave generator is composing 2 parts: (1) sonic wave frequency range
control and (2) Head source of sonic wave by frequency value between 8-14 kHz.

Figure 8. Sonic wave generator set
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Performance Analysis of a Modular Adsorption Cooling
System with Sonic Vibration at the Evaporator

Wipawadee Wongsuwan'; Wirote Ritthong®; Tanongkiat Kiatsiriroat®; and Atipoang Nuntaphan®

Abstract: The experimental study of a single-effect modular adsorption cooling system with an activated carbon-methanol working pair is
presented in this paper. The test unit is comprised of an adsorber, a condenser, and an evaporator in vertical alignment. Heating and cooling at
the adsorber is by hot water at 70-90°C, whereas heating at the evaporator is performed by water at the ambient temperature. At the evapo-
rator, a sonic wave generator enhances heat transfer for the boiling of methanol during the adsorption process. The system performance by
considering the coefficient of performance (COP), specific cooling power (SCP), and volumetric cold production (VCP) is evaluated, and the
sonic wave is demonstrated to reduce the evaporation time of methanol, which results in better system performances compared with the
results in literature. The highest COP and SCP obtained from this system are 0.718 and 248.90 W/kg, respectively. DOL: 10.1661/ASCE)

EV.1943-7897.0000039, © 2011 American Society of Civil Engineers.

CE Database subject headings: Performance characteristics; Adsorption; Cooling; Vibration; Evaporation.

Author keywords: Performance analysis; Adsorption cooling; Sonic wave.

Introduction

Adsorption cooling is one of the sustainable refrigeration technol-
ogies which has been investigated and applied into industrial proc-
esses for many years [Wang o al 20062 because of its low
electrical energy consumption compared with a conventional re-
frigeration system. The adsorption cooling does not have the prob-
lem of crystallization that is found in an absorption system, and it
has simple control, low operating cost, and no emission making it
environmentally friendly (Wang and Zhang 2009),

For many years, a lot of research studiess have been done to
investigate the performance of adsorption systems and their appli-
cations. Zhang (2000) studied an adsorption air-conditioning sys-
tem having sorption beds regenerated by exhaust gases of a bus.
This system used zeolite and water as adsorbent and working fluid,
respectively. The coefficient of performance (COP) of this system
was 0.38. Wang et al. (2001) used an activated carbon (AC)-meth-
anol pair in an adsorption system, of was 3.8 kW with COP of 0.4.
Tamainot-Telto and Critoph (2003) studied a modular adsorption
air conditioner that was powered by hot air. Lu et al. (20(4) devel-
oped an air conditioner with a zeolite-water pair that could be pow-
cred by exhaust gas from a locomotive. The cooling power of this
system ranged from 3-5 kW with a COP of 0.21, and the temper-
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ature inside the cabin was 4-6°C lower than the ambient temper-
ature. Yang et al. (2006) designed a compact adsorption air
conditioner with a cooling capacity of 1 kW and found that the
COP was approximately 0.446. Some mathematical models for pre-
dicting adsorption system performances have been presented, such
as the reports performed by Tiansuwan et al. (1998), Leong and Liu
(2004), Maggio ¢t al. (2000), and Wang et al. (2006h),

The role of sonication on adsorption and desorption processes
has been studied by several works (Rege o af. 1998; Breitbach und
Bathen 2001; Schuctier and Yang 2001; Liet al. 2002, Breitbach
et al. 2003; Bathen 2003; Hamdaow et al, 2003; 71 tal. A
and most of these focused on the benefits of the treatment of toxic
chemicals or pollutants by the adsorbent bed with concern for
environmental issues, However, the use of a physical wave 1o en-
hance the adsorption cooling system was not reported. The influ-
ence of ultrasound was usually experimented and investigated
within the laboratory scale. Sonic vibration propagated through
a liquid forms micro bubbles in liquids, which grow and suddenly
collapse and is called “cavitation” (Young 198%; Masos 1991). The
wave vibration reduces bubble coalescence that increases the inter-
facial area for gas transfer, enhances gas transfer, and reduces the
thickness of liquid films. The acoustic streaming caused by a sonic
wave also improves the mass transfer coefficients (Schuelier and
Yang 2001).

The goal of this paper was to develop a new design for a modu-
lar activated carbon-methanol adsorption system with the adsorber,
condenser, and evaporator in vertical alignment. The modular de-
sign helps to simplify fabrication, improve compactness of casing,
increase flexibility to scale up, and reduce maintenance tasks. A
sonic generator is attached at the cvaporator o enhance boiling
of methanol during the adsorption process. The calorimetric power
was the input to the refrigerant in the sonicated evaporator as men-
tioned by Breitbach et al. (20073), in which the temperature rise and
mass flow rate of the water medium could be measured.

The adsorption system performances are generally indicated by
COP, SCP, and VCP. The effect of sonic waves on these perfor-
mance indicators was also studied and discussed.
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Adsorption Refrigeration Cycle

The relationship of pressure, temperature, and the concentration of
working fluid in the adsorption cycle is shown as the P-T-x diagram
in Fig. 1. The operation could be divided into four processes. A
summary of the testing conditions in this study and in these four
processes is presented in Table 1.

Process 1-2 is the isosteric heating process. In this process, the
adsorbent temperature is increased from T to T, and the vapor
pressure of the working fluid adsorbed in the adsorbent is also in-
creased from Py 10 Pegy.

Process 2-3 is the isobaric desorption process. The adsorbent is
still heated and the temperature of the adsorbent is increased from
T, 10 T;. During this process, the working fluid is repelled from the
adsorbent under a constant vapor pressure, which results in reduc-
ing the working fluid concentration in the adsorbent (from x,, to
). During this process, the desorbed working fluid vapor is con-
densed in the condenser and the condensate is kept in the
evaporalor.

Process 3-4 is the isosteric cooling process. The adsorber is
cooled to reduce its temperature from T to T, and consequently
the system pressure reduces from Py 10 Py

Process 4-1 is the isobaric adsorption process. At this stage, the
adsorber is continuously cooled from Ty w0 T at a constant pres-
sure, whercas the working fluid condensate re-evaporates back and
is re-adsorbed at the adsorber. Evaporation of methanol occurs at
the evaporator, thercfore, the evaporator extracts heat from its sur-
roundings and the surrounding temperature could be reduced.
The application of sound-wave vibration at the evaporator could
stimulate the evaporation process, which results in faster vapor
generation.

In this research, the activated carbon and methanol are used as
the working pair and the following assumptions are considered:

1. The vapor of methano! is assumed to be an ideal gas;

2. The activated carbon has uniform size and homogeneous prop-
erties; and

3. All the components of the system are well-insulated.

According (o the energy conservation principle, the energy input
to the isosteric heating process 1-2 is primarily supplied to increase
temperature of adsorber material from 7, to T, as

105

where m,. = mass of activated carbon; x,,, = maximum concen-
tration of methanol in activated carbon; and ¢, and ¢, 4, = spe-
cific heats of activated carbon and methanol, respectively.

In the isobaric desorption process 2-3, the methanol is repelled
from the activated carbon so that the heat of adsorption equation is
(Tiansuwan ¢t al. 1998)

(Xnux + Xmin) \
Ors = "'x{ [f}m FC et ([~ Tzl}
&
i maxug{xmu\ 3 xvnin)”dt&j (2)
where x,,;, = minimum concentration of methanol in activated car-

hon and H,,, = average heat of desorption/adsorption evaluated by
the Clausius-Clapeyron equation (Critoph 1988) as

Rm(%)
Hdcs = (3:'

Table 1. Summary of the Testing Conditions in This Study

Parameter Value
Mass of activated carbon (mesh size § x 16) 05 kg
Volume of methanol 900 em’
Desorption process

Inlet temperature of hot water 80-95°C

Mass flow rate of hot water 0.08 kg/s

Maximum temperature of activated carbon 0, 80, 90°C
Condensation process

Inlet temperature of cooling water 5,10, 15°C
Mass flow rate of cooling water 0.06 kg/s
Evaporation process
28-35°C

0.0018 kg/'s
0. 8, 10, 14 kHz

Inlet temperature of water
Mass flow rate of cooling water
Frequency of sonic wave
Adsorption process
28-35°C
0.035-D.045 kg/fs

Inlel temperanure of water

Mass flow rate of cooling water

{ Q=g Desorption-condensation

O—{> Adsarption-evaporation

Ql~3 = mac(,('p.ac + (‘p.m:t-"maﬂri - TI:’ (I)
La(p)
Peuma &
i |
5 / | g Heating
&
& > Conling
&/
£
i
N
/
{ ET[ T; -
Trvap Tema 1T

Fig. 1. P-T-x diagram of an adsorption cycle
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where R = ideal gas constant; and P and P, = saturated vapor pres-
sures at state | and state 2, respectively, The saturated vapor pres-
sure for methanol can be estimated from (Yaws 1992)

-1

7)

s

InP, = 1346853971 + (4549.236406)( (4)

For the isobaric adsorption Process 4--1, the methanol is evapo-
rated and the temperature of the adsorber reduces from 7y to T, 1f
there is no heat loss and the latent heat of vaporization (L) is
assumed constant, the amount of cooling at the evaporator can
be calculated from

chap = Mg ( Xy = Xmm”Lmu | C/v.mcI(Tl = Tu«;\)‘ (5)

During this process, a sonic gencrator is used to enhance the
boiling of the working fluid in the evaporator in this study. The
temperature difference between adsorber and evaporator is reduced,
and higher heat rate at the evaporator could be expected.

The specific cooling power (SCP), the volumetric cold produc-
tion (VCP). and the coefficient of performance (COP) normally de-
termine the adsorption system performance. These parameters

could be evaluated from the following three equations:

SCP =20 {6)
My X ’nds
1 Vads X Tags
VCP = 282 (7
Qﬂuu
and
COP = - Dewp (8)

.Qva“z + Q3.3 + Ouonic

where 7,4, = adsorption time; Vy; = volume of adsorber; and Q
= supplicd power to the sonic generator.

sonic

Inception of the Sonic Wave

The mechanical wave induced by a sonic wave generator creates
variation of pressure or density. When it propagates through
medium, it is atenuated by absorption, by cavitation bubbles,

Thermasiphon .
Heat pipe ™
Vapor Channel
Tads,!op Q ¢
Water jocket . T{W'Otzwy/
., Ce, 05,001
A 4~ AA
Tc;ds,mld Q_ ADSORBER
Activated Carbon (AC)
Adsorbent bed " P
, Toda.MtQ . Thw,cds,én/
Thermosiphon Tew.adsin
Heat pipe
Vapor Chonnel > Ts T
/) N
ACAdsorbent bed Tsvicaaionn
Water jacket "
CONDENSER
A SECTONA-A 4 Lo
TCW condin
Ts Te
@
SIDE Tw,evop.ou!
GLASS
Methanol EVAPORATOR
fiquid - J1-
o = W,O Tevcpo.tcfov
T Iz
/)
_:\:l/ Tw,{:vﬂp,m
SOUND WAVE
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Fig. 2. Schematic sketches of the experiment apparatus
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by particles, and at interfaces (Breitbach ¢t al, 2003). The high
sound intensities produce nonlinear phenomena or acoustic cavita-
tion to exceed the liquid tensile stress. During the rarefaction cycle
of sonic waves, a large negative pressure is applied to the liquid,
lile gas bubbles are formed during the expansion cycle of the
sound-wave, and grow over one or several cycles (0 many times
from its initial size (Juang et al. 2006). The bubbles are either stable
for many cycles or transient when they grow to critical size and
violently collapse intensively during the compression part of the
wave. Therefore, the energy is released causing extreme thermody-
namics conditions, very high temperature and pressure in the vicin-
ity of the imploding bubbles, and large shear force in the
surrounding liquid occurs (Mason 1991). As the bubble collapsed,
localized areas of high temperatures led to a slight increase of the
system temperature, and the localized pressures in the fluid also
created high-speed microjets with high-pressure shock waves
(Hamdacui et 2l 2003). The waves and the associated microdistur-
bances of the cavitation bubbles near the surface of the solid reduce
the mass transfer boundary layer, and therefore, efficiently increuse
the mass transfer (Penn et al. 1959),

Experimental Setup

Fig. 2 shows the schematic sketch of the vertical solid adsorption
refrigeration unit. It consists of three main parts, an adsorber, a con-
denser, and an evaporator. An adsorber was made of copper tubing
7.62 cm in diameter and 100 cm in height. This adsorber was filled
with 0.5 kg of 8 x 16 mesh size activated carbon produced from
coconut shells. The adsorber was covered with a water jacket
and the whole umit was well-insulated, The height of the evaporator
and condenser sections were 100 and 50 cm, respectively.

During the desorption process, hot water of 0.08 kg/s at 95°C
was circulating inside the water jacket (o regenerate methanol vapor
at the adsorber. Then, during the cooling phase, there was cold

ater circulating along the water jacket.

The condenser of the adsorption system was made from copper
tubing 7.62 cm in diameter and 23 cm in length, Inside, there was a
copper coil 149 cm in length and 10 mm in diameter. During the
condensation process, the 5-15°C and 0.06 kg/s cold water was
circulating inside the copper coil.

The evaporator of the adsorption system had the same dimen-
sions as the condenser. During the evaporation of methanol, there
was water at the ambient temperature (28-35°C) circulating inside
the copper coil at the flow rate of 0.0018 kg/s. To enhance vapori-
zation process, a sonic wave generator model SUNON-DP200A
(TSUS Int. Co. Ltd., Chiang Mai, Thailand) was attached at the
bottom of the evaporator. The maximum frequency of this wave
generator is 14 kHz.

Temperature measurements were done by a set of K-type ther-
mocouples having + 0.1°C accuracy and recorded by a temperature
data logger model TSUS-TASK24C (TSUS Int. Co. Lid., Chiang
Mai, Thailand). The sensors were installed in the activated carbon,
at the water inlet, and the outlet of the adsorber, the condenser, and
the evaporator. The evaporator temperature was measured by the
thermocouple at the evaporator chamber’s wall. The pressures in-
side the adsorber and the evaporator were measured by two pres-
sure gauges with 4 0.1 kPa accuracy. The flow rate of water was
calculated by measuring the mass of the circulating water during a
period of time, and the digital weighing apparatus for measuring
the mass of water had 4 1 g accuracy. The methanol level inside
the evaporator could be observed by a sight glass.
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Resuits and Discussion

Thermal Behavior of Adsorption System

Fig. 5 shows the temperature profiles of the activated carbon bed
(T gs). the methanol in the evaporator (T,y,,,), the inlet and outlet of
the circulating water at the evaporator (Ty evapin 804 Ty ovap oat)-
Temperature evolutions from four adsorption cycles were consid-
ered. For the first cycle, during the desorption process, the adsorber
was heated by hot water at approximately 90°C, and the bed tem-
perature was increased from its initial temperature of approximately
31.8°C. The temperature increased rapidly with time, and the meth-
anol was repelled from the activated carbon. Then, the methanol
vapor flowed to the condenser where the condensation took place,
and the condensate flowed downward to the evaporator. When the
bed temperature reached 80°C, the desorption process stopped and
the bed was cooled down by the cooling water until its temperature
reached 30°C. The vapor pressure inside the adsorber dropped from
approximately 180 to 21 kPa. After that, the adsorption process
started and methanol vaporized back from the evaporator to the ad-
sorber bed while it extracted heat from the circulating water, which
was reducing the evaporator temperature. Tt was shown that the ad-
sorber bed temperature increased because of the adsorption heat.
While the cooling process was proceeding, the bed temperature
then dropped to its initial temperature and the evaporator temper-
ature slightly increased. The outlet circulating water temperature at
the evaporator was seen to be slightly higher than the methanol
temperature in the evaporator. The first cycle was not assisted
by a sonic wave, whereas the others were assisted by 1 sonic wave.
Obviously, the evaporator temperature with wave enhancement was
lower than without wave cohancement,

Parameters Affecting Adsorption System Performance

The relevant parameters that affected the adsorption system perfor-
mance were regeneration temperature, cooling water femperature at
the condenser, and the cooling rate of the adsorber after the desorp-
tion process. The regeneration or heat source temperature is indi-
cated by the inlet hot water temperature circulated through the
water jacket. The mass flow rate of hot water was 0.08 kg/s
and its temperature was varied at 70, 80, and 90°C. The desorbed
methanol vapor flows downward to condense in a condenser. The
mass flow rate and the temperature of the cooling water at the con-
denser are 0.06 kg/s and 10°C.

The effect of the heat source temperature on the COP, SCP, and
VCP of the adsorber without sonic waves is shown in Fig. 4. The
COP and SCP increased with the increasing hot water temperature,
whereas the VCP decreased. The COP, SCP, and VCP were varied
in the range 0.6872-0.6997, 44.30-53.25 W/kg of activated car-
bon, and 57.21-68.67 cm’ of adsorber/W, respectively.

During the desorption process, the desorbed methanol vapor
from the activated carbon flowed downward and condensed in
the condenser. The cooling water was flowing inside the internal
copper tube to remove the heat of condeasation. The flow rate
of the cooling water is kept constant at .06 kg/s and its temper-
ature was varied at §, 10, and 15°C. The adsorber began to be
cooled down at the temperature of 80°C. The amount of condensate
was measured and it was inversely proportional to the cooling water
temperature.

The influence of the cooling water of the condenser on the per-
formance of the adsorption system is illustrated in Fig. 3. COP and
SCP were slightly decreased with the cooling water temperature.
Inversely. the VCP was slightly increased.

A greater temperature difference between the condenser and the
heat sink (or cooling water) temperature results in more condensate,
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which resulted in more evaporated methanol vapor in the following
adsorption phase. At S, 10, and 15°C of cooling water temperature, " [ 2 VCP_{eni3/W) OQevap (W] |
the methanol volume was approximately 67.5 cm?, 63 cm’®, and 100
50 em’, respectively. Therefore, more heat of evaporation led to 0 o
. 2 &
higher COP and SCP. 80 g
In contrast, VCP was reduced and a greater system compactness z i F‘?‘%
was found during cooling. However, from 80-90°C, COP slightly ‘; oy %&f{ s !
increased owing to the limit of the amount of adsorbent methanol in L ooy ¢ i
the adsorbent bed. £ 50 i
During the cooling process, the activated carbon bed rejected ~‘§ o |
heat 1o the environment by the thermosiphon heat pipe and the g
cooling water. Fig. 6 shows the effect of the cooling methods 5% i
on the performance of the cooling process of the activated carbon, o !
In this experiment, the activated carbon was cooled down from §0- 10 i
30°C. When using only the thermosiphon heat pipe or only cooling i
0 : : :

water, the cool-down times are approximately 5,640 and 2,400 s,
respectively. When both the thermosiphon and cooling water are
used, the cool down time is reduced to 1,800 s. The mass flow rate
and temperature of the cooling water was kept constant at
0.03 kg/s and 27°C, respectively.
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Parameters Affecting Evaporator Performance

In the adsorption and evaporation phases, methanol got heat from
the circulating water and vaporized in the evaporator. The inlet tem-
perature and the mass flow rate of the circulating water were fixed
at 30°C and 0.0018 kg/s, respectively. The performance of the
evaporator was enhanced by the sound wave. Sonication generated
alternating low- and high-pressure waves in the methanol liquid,
leading to cavitation or the formation and collapse of small bubbles.
Cavitational collapse produced intense local heating, high pressure,
and enormous heating rates with very short lifetimes (Suslick
2008). Therefore, methanol was activated and vaporized easily.
The energy of the sound wave could be adjusted by changing

Table 2. Performance Comparison with Previous Works

the wave frequency. In this experiment, the frequency of the sound
wave was adjusted at 0 (or without wave), 8§, 10, and 14 klz.

The performances of the evaporator under the sound wave are
shown in Figs. 7-4. The temperature profile of the adsorber in Fig. 7
showed that when using the sound wave, the temperature of the
circulating water at an evaporator immediately changed compared
with no wave (0 kHz).

Moreover, the minimum water temperature when using the
sound wave was lower than the no-wave case by approximately
3°C. 'The result from Fig. § also agreed well with Fig. 7 because
the heat transfer rate of the circulating water and the amount of
vaporized methanol were increased with the frequency of the wave.

Tiansuwan et al. Qu et al. Wu et al. Wang et al.
Present study (199%) (2001) (2002) {006b)
Working pair AC/Methanol AC/Ethanol AC/Methanol AC/Methanol  AC/Methanel
Adsorber type Double pipe Double pipe Plate finned Shell and tube  Shell and tube
shell and tube

Mass of activated carbon (g) 500 20 2,600 x 2 2600 x2 6,000 x 2
Inlet temperature of hot water at the adsorber (°C) 95 T0-150 (hot oil) 3 100 100
Inlet temperature of cooling water at the condenser (°C) 5-15 2545 30 6 25 {sea water)
Inlet temperature of water at the evaporator (°C) 28-30 20 § 21 30
Maximum COP 0.718 0.6 0.764 0.4 0.14
Maximum SCP (W/kg,) 248.90 = {50 38
Minimum VCP (cm®/W) 222 200 6.67
Application A conditioning Refrigeration Air conditioning  Refrigeration fee making
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Fig. 9 shows the performance of the adsorption system, COP.
SCP. and VCP. When the sonic wave is applied to the end of evapo-
rator, the COP [from Eq. (9)] should be calculated by

Qrfvzlp
012+ 023+ Oyonic

where Qi = power supplied to the sonic generator. In this study,
the power is 6.41, 27.94, and 65.85 W for the frequencies of 8, 10,
and {4 kHz, respectively.

From the experiment, 8 kHz was the suitable wave frequency
that gave the highest COP.

COoP = (9)

SCP and VCP increased and decreased with the increasing of

wave frequency because of the shortened cycle time and greater
evaporation heat.

Performance Comparison With Previous Works

The comparison of the adsorption system performance with pre-
vious works is summarized in Table 2. The COP of the designed
system is higher than those of Tiansuwan et al. (199%), Wu et al.

(2032), and Wang et al. (2006h). These results may be attributable
to the effect of the sound wave that enhanced the methanol vapori-
zation phenomenon in the evaporator. However, the performance of
the presented system is slightly below Qu et al. (2001), in which a
plate finned shell and tube adsorber were used. The double pipe
adsorber is easier to construct and the system is easily installed with
an ultrasonic genertor to enhance thermal performance. The tech-
nique could be conducted in many applications such as solar ther-
mal processes and waste heat recovery.

Conclusion

The application of a sound wave to an adsorption cooling system
with an activated carbon-methanol working pair was proposed in
this paper. The influence of heat source temperature on the adsorber
and heal sink temperature at the condenser during the desorption or
condensation phase was interpreted. The adsorber was cooled down
appropriately during a cooling phase by the combination of two
methods, cooling water and a thermosiphon heat pipe. The sound
wave adjusting frequency in the range of 8-14 kHz reduced the
evaporation lemperature and time at the evaporator so that the sys-
tem performance indicated by COP, SCP, and VCP are improved.
The system performance was closely comparable to systems from
literatures. The highest COP and SCP obtained from this system
was 0.718 and 248.90 W /kg, respectively.
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Notation

The following symbols are used in this paper:
¢, = specific heat (J/kg K);
Hye, = heat of desorption (I/kg);
L = latent heat of vaporization (J/kg);
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= mass (kg);
P = pressure (Pa);
Q = heat transfer {(J);
R = ideal gas constant of methanol {3/ (kg K)};
T = temperatare (°C);
= time (s);

V = volume (cm?); and
X = concentration.
Subscripts

ac = activated carbon;
ads = adsorption/adsorber;
cond = condenser;
cw = cooling water;
evap = evaporalor,
hw = hot water;
in = inlet;
max = maximum,
met = methanol;
min = minimum;
out = outlet;
§ = saturated;
sonic = sonic wave; and
W = waler.
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ABSTRACT

This paper presents a performance evaluation of an adsorption cooling system using
activated carbon-methanol as the working pair. The desorption process was enhanced by a
sonic wave generator attached to the centre of the side of the adsorber. The results show that
the sonic wave activation reduced the cycle time of the heating-condensation process and
improved the system performance in terms of COP, SCP and VCP. The highest COP, SCP
and VCP achieved for this system were 0.619, 229.15 W per kg of activated carbon, and
17.61 cm’ of adsorber volume per W, respectively.
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1. INTRODUCTION

Adsorption cooling systems have been utilised in various applications, e.g., in
household or automobile (bus, locomotive, and car) air-conditioners, for refrigeration, and for
ice storage. The adsorption air-conditioner developed by Zhang [1] for a bus exhibited a COP
of about 0.38. The adsorption cooling system described by Wang et al. [2] used activated
carbon-methanol as the working pair in an adsorption system in which the adsorber was a
tube and plate heat exchanger; this system exhibited a COP of 0.40 and 3.8 kW of cooling
capacity.

Lu et al. [3] tested a zeolite-water working pair in a locomotive air-conditioner
powered by exhaust gas and achieved a cooling power of 3-5 kW with a COP of around 0.21.
The cabin temperature was between 4 and 6°C lower than the ambient temperature. Yang et
al. [4] designed a compact adsorption air-conditioning system with a 1-kW cooling capacity
and achieved a COP of about 0.446.

In addition to experimental work and prototype demonstrations, a number of
theoretical studies based on mathematical modelling and simulation have been reported, e.g.,
Tiansuwan et al. [5], Leong and Liu [6], Maggio et al. [7], Wang et al. [8], Kim et al. [9],
Wang and Zhang [10] and Ritthong et al. [11].

An adsorber and an evaporator are the key components of an adsorption cooling
system. Recently, Wongsuwan et al. [12] have shown that sonic waves can improve the
performance of a modular adsorption cooling system using activated carbon-methanol as the
working pair. A sonic wave generator was found to enhance the heat transfer required for the
boiling of methanol during the adsorption and evaporation processes and to reduce the
evaporation time. The COP and SCP were 0.718 and 248.90 W/kg, respectively. Oh et al. [13]
applied an ultrasonic wave to a phase change material (PCM). A container was filled with

paraffin wax, which was the PCM. An ultrasonic probe was attached to the bottom of the
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container, and an electric heater covered the outside surface of the container. When the wave
was applied to the paraffin wax, the PCM vibrated, resulting in a melting time that was
around 2.5 times less than that of the case without an ultrasonic wave. Kim et al. [14] studied
the vibration caused by an ultrasonic wave in the case of pool boiling and natural convection
heat transfer. A wire-type electric heater was submerged in a liquid pool, and a wave was then
transferred into the liquid. It was found that the vibration caused by the ultrasonic wave could
promote rapid boiling.

A sonic wave was expected to enhance adsorber performance. The increased
desorption rate would result in a higher COP and SCP. A sonic wave generator was used to
enhance methanol decomposition in the adsorber during the desorption process. This research
focused on the application of a sonic wave during the regeneration process in the adsorber.
Extensive experimental work was performed to analyse the influence of a sonic wave on the
COP, SCP and VCP of a modular adsorption cooling unit at various frequencies and various
adsorber inlet heat source and heat sink temperatures. A sonic wave was applied to the
external surface of the adsorber to enhance expulsion of methanol from the activated carbon.
The goal of this research was to improve knowledge of the application of sonic waves.

The performance of an adsorption cooling system is represented by the coefficient of
performance (COP), the specific cooling power (SCP ) and the volumetric cold production

(VCP ). These parameters can be evaluated using:

)

scp—_Low (n
,nm.' x t(m’.\‘
|%

VCP = ads 2 tml.\ . (2)

evap
and
cop = Qo ! (3)

Ql—Z + Q2—3 + anmr
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where 7, is the adsorption time, V,, is the volume of the adsorber and Q_  is the

sonic

power supplied to the sonic wave generator.

2. SONIC WAVE INCEPTION

The mechanical wave induced by a sonic wave generator creates variations in pressure
or density. When the wave propagates through a medium, it is attenuated by absorption, by
cavitation bubbles, by particles, and at interfaces (Breitbach et al. [15]). The high sound
intensities produce either nonlinear phenomena or acoustic cavitation that exceeds the liquid
tensile stress. During the rarefaction cycle of a sonic wave, a large negative pressure is
applied to the liquid, and small gas bubbles form during the expansion cycle of the sound
wave that grow to many times their initial size over one or more cycles (Juang et al. [16]).
The bubbles are either stable for many cycles or transient, so that they grow to critical size
and then violently collapse during the compression part of the wave. The energy that is
released causes extreme thermodynamic conditions in the vicinity of the imploding bubbles,
such as very high temperatures and pressures, and large shear forces occur in the surrounding
liquid (Mason [17]). As the bubbles collapse, localised areas of high temperature lead to slight
increases in system temperature, and localised areas of high pressure in the fluid create high-
speed micro-jets with high-pressure shock waves (Hamdaoui et al. [18]). These waves and the
associated microdisturbances of cavitation bubbles near the surface of a solid reduce the mass

transfer boundary layer and thus effectively increase mass transfer (Penn et al. [19]).

3. EXPERIMENTAL SET-UP
The research was based on a number of experimental sets. Figure 1 shows a schematic
sketch of the modular adsorption cooling unit. The cooling unit consisted of 3 main parts: an

adsorber, a condenser and an evaporator. The adsorber was made of a copper tube 7.62 c¢m in

URL: hitp:/me.manuscriptcentral.com/ueht Email: dimos.poulikakos@ethz.ch



119

diameter and 100 cm high. The adsorber was filled with 0.5 kg of activated carbon made from
coconut shell, with a mesh size of 8x16. The external surface of the adsorber was covered
with a water jacket, and the whole unit was well insulated.

During the desorption process, hot water at 95 °C was circulated inside the water
jacket at a rate of 0.08 kg/s to regenerate methanol vapour in the adsorber. During the cooling
phase, cold water was circulated in the water jacket. To enhance decomposition of the
working fluid in the adsorber, a model SUNON-DP200A “sonic wave generator” was
attached to the centre of the side of the adsorber. The frequency range of this wave generator
is 8-14 kHz.

The condenser in the adsorption system consisted of a copper tube 7.62 c¢m in
diameter and 23 c¢m in length, with a copper coil 149 c¢m in length and 10 mm in diameter
inside. During the condensation process, water at ambient temperature (24-28 °C) was
circulated inside the copper coil at 0.06 kegss.

The evaporator in the adsorption system had the same dimensions as the condenser.
During the evaporation of methanol, cold water at 10-20 °C was circulated inside the copper
coil at a flow rate of 0.0018 kg/s.

Temperature measurements were taken with a set of K-type thermocouples with an
accuracy of £ 0.1 °C and recorded by a model TSUS-TASK24C temperature data logger. The
sensors were installed in the activated carbon and at the water inlets and outlets of the
adsorber, the condenser and the evaporator. The cvaporator temperature was measured at the
evaporator chamber wall by a thermocouple. The pressure inside the adsorber and the
evaporator was measured by two pressure gauges, with an accuracy of + 0.1 kPa. The
methanol level inside the evaporator was observed with a sight glass. The flow rate of water
was calculated using the mass of circulating water during a specified period of time. The

digital weighing apparatus has an accuracy of + | g.

URL: btip:/mec.manuscriptcentral.comfueht Email: dimos.poulikakos@ethz.ch



120

Table 1 contains a summary of the experimental conditions. During the desorption
process, the maximum temperature of the activated carbon varied between 80°C and 90°C.
During the heating-condensation process, a sonic wave was applied to the external surface of

the adsorber to enhance methanol decomposition and release from the activated carbon.

4. RESULTS AND DISCUSSION
The operation of adsorptive cycles is analysed and discussed through four aspects of
the cycles: the thermal behaviour of the adsorption system, the parameters affecting the

adsorber, the valve opening effect, and the parameters affecting the evaporator.

4.1 Thermal behaviour of adsorption system
Figure 2 shows the temperature profiles from four adsorption cycles with or without a

sonic wave: the activated carbon bed (7, ). the methanol in the evaporator (7,

evap

), and the

inlet and outlet temperatures of the circulating water in the evaporator (7, ..., and 7, . .. ).
A sonic wave was applied to the adsorber during the desorption—condensation process.
During each cycle, the temperature of the activated carbon varied from 70 to 90 °C. The
vapour pressure inside the adsorber dropped from approximately 256.35 kPa to 19.44 kPa.

The cycle time decreases with increasing wave frequency. For a wave frequency of 14
kHz, the cycle time is around 25% less than that of the case without a wave. The explanation
for this result is as follows:

The sonic wave penetrated from the jacket surface through the water covering the
activated carbon container. The penetrating wave could promote vibration between the outer
surface of the activated carbon container and the fluid media. The vibration of the activated

carbon container would thus enhance the heat transfer rate between the activated carbon and

the adsorbed methanol. Consequently, a higher methanol desorption rate would be achieved.
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4.2 Parameters affecting adsorber performance

The relevant parameters that affected the adsorption system performance were the
regeneration temperature, the water temperature in the condenser. and the cooling rate of the
adsorber after the desorption process. The regeneration or heat source temperature is the inlet
temperature of the hot water circulated through the water jacket. The mass flow rate of the hot
water was 0.08 kg/s, and its temperature varied from 80 to 90°C. The desorbed methanol
vapour flowed downward to condense in a condenser. The mass flow rate and the temperature
of the water in the condenser were 0.06 kg/s and 24°C.

The effect of a hot water inlet temperature of 90°C on the volume of evaporated
methanol (Ve ), and the COP, SCP and VCP of the adsorber for sonic wave frequencies of
kHz (no wave), 8 kHz, 10 kHz and 14 kHz is shown in Figures 3-6. The volume of
evaporated methanol (V) the COP and the SCP increase with increasing hot water
temperature and sonic wave frequency, whereas the VCP decreases. Unlike the other
indicators, a lower VCP indicates better efficiency. For a heat source temperature of about
90°C, the Ve, COP, SCP and VCP vary from 13.46 — 51.92 mL (85.74-285.74%), 0.3783 —
0.5929 (8.83-49.05%), 40.36 — 172.77 W/kg of activated carbon (218.21-328.07%), and
17.61-75.38 cm” of adsorber volume per W (218.19-328.05%), respectively.

The experimental results indicate that 14 kHz is the wave frequency resulting in the
highest expelled volume of methanol from the activated carbon, the highest COP and SCP
and the lowest value of VCP.

During the desorption process. the desorbed methanol vapour from the activated
carbon flowed downward and condensed in the condenser. The cooling water flowed inside
the internal copper tube to remove the heat of condensation. The flow rate and temperature of

water were kept constant at 0.06 kg/s and 24 °C. The adsorber cooling began at temperatures
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of 80 and 90 °C. The amount of condensate was inversely proportional to the hot water

temperature in the adsorber.

4.3 Effect of valve open temperature

During the desorption process, the desorbed methanol vapour from the activated
carbon flowed downward to be condensed in the condenser. The cooling water flowed inside
the internal copper tube to remove the heat of condensation. The flow rate and temperature
were kept constant at 0.06 kg/s and 24°C. The temperature of the circulating water at the inlet
of the adsorber for the “valve open” condition was either 60 or 70°C, whereas adsorber
cooling was initiated at a temperature of 90°C.

The effect of the open valve hot water inlet temperature on the volume of evaporated
methanol (V) and on the COP, SCP and VCP of the adsorber for sonic wave frequencies of
0 kHz (no wave), 8 kHz, 10 kHz and 14 kHz is shown in Table 2. For cases where a wave is
applied, the volume of evaporated methanol (Ve ), the COP and the SCP increase with both
the increasing temperature of the hot water at the “valve open” condition and the sonic wave
frequency, whereas the VCP decreases. At an open valve temperature of about 70 °C, the
Ve, COP, SCP and VCP vary from 13.46 — 53.85 mL (85.74-300.07%), 0.3783 — 0.6196
(14.37-38.95%), 40.36 — 229.15 W/kg of activated carbon (218.21-328.07%), and 17.61-

75.38 cm’ of adsorber volume per W (218.19-328.05%), respectively.

4.4 Parameters affecting evaporator performance
In this section, the performance of the evaporator is presented. The evaporator was
first filled with liquid methanol. The methanol then adsorbed heat from the circulating water,

which resulted in the vaporisation of methanol and a decrease in the circulating water
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temperature. The flow rate of the cooling water was kept constant at 0.0018 kg/s, and its
temperature was varied from 10 to 15 to 20°C.

The resulting performance of the evaporator as the cooling water temperature changes
is shown in Table 3. The volume of methanol evaporated from the evaporator (V,,) increases
with the temperature of the cooling water; for temperatures of 10, 15 and 20 °C, the
evaporated methanol volume was 4.50 mL, 7.69 mL and 13.46 mL, respectively.

The COP and SCP increase with the increase in cooling water temperature, but the
VCP decreases. These results could be explained as follows.

When the temperature of the cooling water rises, the amount of methanol that is
vaporised increases. It follows that the volume of evaporated methanol during the next
evaporation process will also increase, which results in a higher transfer rate for the

evaporation process and better system performance.

4.5 Performance comparison with previous work

A comparison of the adsorption system performance with previous work is
summarised in Table 4. The COP of the designed system is higher than those of Tiansuwan et
al [5], Wu et al. [20] and Wang et al. [8]. The improved performance is a result of the effect
of the sonic wave, which improves desorption of methanol from the activated carbon bed.

However, the performance of this system is slightly lower than that of Qu et al. [21],
which used a plate finned shell and tube adsorber. However, the double pipe adsorber is casier
to construct, and the system can easily be installed with a sonic wave generator to enhance its
thermal performance. This technique could be used in many applications, such as solar

thermal processes, waste heat recovery and others.
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5. CONCLUSION

In this study, we proposed and tested the application of a sonic wave generator to the
adsorber in an adsorption cooling system using activated carbon-methanol as the working
pair. Desorption was accomplished using two methods: circulating hot water through the
water jacket and applying a sonic wave in the range of 8-14 kHz. The sonic wave was used to
increase the temperature in the adsorber to improve system performance, as indicated by the
COP, SCP and VCP. The highest COP, SCP and VCP obtained from this system were 0.619,

229.15 W per kg of activated carbon, and 17.61 cm® of adsorber volume per W, respectively.
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NOMENCLATURE
(8(0)4 coefficient of performance
Scp specific cooling power (W/kg)
VCP volumetric capacity power (cm’/W)
1 time (s)
T temperature (°C)
Vv volume (cm?)
Subscripts
ac activated carbon
ads adsorption/ adsorber
cond condenser
cw cooling water
evap evaporator
hw hot water
in inlet
met methanol
out outlet
sonic sonic wave
w water
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Table 1. Summary of the testing conditions in this study.

Parameter Value
Mass of activated carbon (mesh size 8 x 16) 0.5 kg
Volume of methanol 900 cm’®
Desorption process
Inlet temperature of hot water 95 °C
Mass flow rate of hot water 0.08 kg/s
Maximum temperature of activated carbon 80, 90 °C

Frequency of sonic wave
Condensation process

Inlet temperature of water

Mass flow rate of water
Evaporation process

Inlet temperature of cooling water

Mass flow rate of cooling water
Adsorption process

Inlet temperature of water

Mass flow rate of cooling water

0,8, 10, 14 kHz

24-26 °C

0.06 kg/s

10, 15,20 °C

0.0018 kgfs

24- 26 °C

0.035-0.045 kg/s

URL.: hitp:/me.manuscripteentral.com/ueht Emait: dimos.poulikakos@ethz.ch



Table 2. Effect of valve open temperature.

130

Tac_valve Frequency of Sonic Wave (kHz)
(°C) 0 8 10 14
60 8.54 13.46 23.08 50.92
Vmcl (mL)
70 13.46 25.00 38.46 53.85
60 0.3304 0.3802 0.4975 0.5929
COP (-)
70 0.3783 0.4418 0.5287 0.6196
60 48.68 51.28 97.84 172.77
SCP (W/kg_ac)
70 40.36 128.43 155.22 229.15
60 62.48 59.32 31.09 13.27
VCP (m*/W)
70 75.38 23.68 19.6 17.61
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Table 3. Parameters affecting evaporator performance.

Tew_evap Frequency of Sonic Wave (kHz)
“C) 0 8 10 14
10 4.50 SENT 6:75 7.20
Vet (ML) 15 7.69 10.17 15.38 19.23
20 13.46 25.00 38.46 5192
10 0.1501 0.1553 0.1751 0.2019
COP (-) 15 0.2600 0.3290 0.3992 0.4151
20 0.3783 0.4418 0.5287 0.6196
10 16.88 18.47 27.09 29.04
SCP (W/kg_ac) 15 36.61 51.53 55.10 68.50
20 40.36 128.43 155022 17207
10 180.23 164.69 112.29 104.73
VCP (m'/W) 15 83.08 59.03 55.20 44.41
20 75.38 23.69 19.60 17.61
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Table 4. Performance comparison with previous works.

Tiansuwan
Present study Quetal. [2] W et al. {20} Wang et al. [8]
etal. [5]
Working pair AC/Methanol AC/Ethanol | AC/Methanol AC/Methanol AC/Methanol
Plate finned
Adsorber type Double pipe Double pipe Shell and tube Shell and tube
shell and tube

Mass of activated carbon

500 200 2,600x2 2,600x2 6,000x 2
(grams)
Inlet temperature of hot 70-150

95 95 100 100
water at adsorber (°C) {hot oil)
Inlet  temperature  of 25

24-26 25-45 30 6

water at condenser (°C) {(sea water)
Inlet  temperature  of
cooling  water at 10-20 20 5 21 30
evaporator (°C)
Maximum COP 0.619 0.6 0.764 0.4 0.14
Maximum SCP (W/kg,) 229.15 - 150 35
Minimum VCP (cm*/W) 17.61 - . 2.00 6.67
Application Refrigeration Refrigeration | Air conditioning Refrigeration Ice making
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Figure 1. The modular solid adsorption cooling unit.
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Figure 2. Temperature profiles of the adsorption system.
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Abstract: Our research paper analyzes the use of thermosyphon to enhance heat transfer of the adsorption cooling
system. The experimental adsorption system in vertical alignment has three components: an adsorber, a condenser and
an evaporator, using activated carbon (AC) /methanol as the working pair. The adsorber was cooled during adsorption
phase by various approaches; (i) cooling water, (ii) thermosyphon heat pipes either with or without fins, (iii) cooling
water and thermosyphon, and (iv) cooling water and closed-loop oscillating heat pipe (CLOHP). The test conditions are
varied by; adsorber temperature during desorption phase (70 °C, 80 °C, 90 °C). and cooling water temperature supplied
to the condenser (5 °C, 10 °C, 15 °C). It was found that thermosyphon and CLOHP could efficiently enhance heat
ransfer of the adsorber, and then reduced cool down time during adsorption phase. The coefficient of performance
(COP) and specific cooling power (SCP) increased with desorption temperature, but decreased with cooling water
temperature at the condensor, which were contrary to volumetric cold production (VCP). The tested COP and SCP were
equivalent to those reported in literatures. Additionally, the use of self-control valve, to facilitate methanol vapor
transfer between adsorber and evaporator/condenser, was not reduced the system performance . Therefore, this
adsorption system could work automatically, when reducing a number of valves normally required for the adsorption
cooling system.

Keywords: Adsorption Cooling, Control Valve, Experiment, Thermosyphon, Heat Transfer Enhancement

1. INTRODUCTION

The adsorption cooling system is environmental-friendly and considerably attractive alternative to the traditional vapor
compression cooling system based on CFC refrigerants. Adsorption cooling normally employed non-polluting
refrigerants, ¢.g., activated carbon (AC)-methanol, AC-ethanol, silica gel-water, zeolite-water, zcolite-ammonia, etc.
The advantages of the adsorption cooling system are that (i) low maintenance required due to no major moving parts (ii)
environmental-friendly adsorbent-adsorbate pair and (iii) potential to recover of waste heat which consequently
minimizing thermal pollution [1]. Unfortunately, the application of adsorption cooling system is not easily widespread
that it has been limited by its rather long cycle time and low coefficient of performance (COP) and specific cooling
power (SCP). To increase an opportunity in competing with the conventional system, it is necessary to enhance heat and
mass transfer either within or among system components, as well to reduce cycle time and equipment size. Therefore,
our work investigated the use of internal heat pipes, either thermosyphon or closed-loop oscillating heat pipe (CLOHP),
to enhance heat removal during adsorption period. In the other point of view, the adsorption system was generally
controlled by a lot of valves. Therefore, our research also discussed the effect of a self-control valve that can reduce
number of valves.

2. METHODOLOGY
The research methodology composed of design and fabrication of adsorber, assembly major components together,
installation the system Lo the heat source and sink systems, testing and analysis of single-cffect adsorption cooling
system. The test unit in Fig. 1 was sct up in vertical alignment to reduce volume and space required,

2.1 Experimental Set up

The schematic sketch of the single-effect of vertical solid adsorption refrigeration unit is shown in Fig. 1. It consists of
3 main parts, an absorber, a condenser and an evaporator. The working pair is activated carbon (AC) and methanol. The
heat source and heat sink for adsorber, evaporator and condensor is emulated by the heating/cooling water circulated
from the two water reservoirs. The electric heater and refrigeration system inside these reservoirs maintained stability of
the inlet heating and cooling water. The specification of all major components and experimental conditions are
summarized in Table 1. The influence of two variables were tested:; (i) maximum temperature of the adsorber during
desorption phase corresponding with the hot water temperature supplicd to the adsorber (70 °C, 80 °C, 90 °C), and (ii)
cooling water temperature supplied to condenser that similar to condensation temperature (5 °C, 10 °C, 15 °C). The
adsorption cycle contains two main phases; desorption and adsorption. During adsorption phase, the heat transfer
(water) media flows into an evaporator and the methanol vaporizes. The vapor of methanol flows upward and adsorbs to
the activated carbon bed, resulting in increasing of activated carbon temperature. Cold is produced at the evaporator
while cooling is required at the adsorber. In the other phasc, heat is supplied to the adsorber to regenerate the refrigerant
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from the adsorber that flows down o the condensor, where condensation takes place.

The first part of our work focused on the cooling process of the cylindrical adsorber, which two major approaches were
applied; (i) cooling water circulated through the cxternal water Jjacket of the adsorber, and (ii) internal heat pipes
inserted into the (activated carbon) adsorbent bed, which their combinations lead to 6 cooling methods. A thermosyphon
heat pipe, one type of heat exchanger, has been used in many industrial processes because of its high advantages such as
high thermal conductivity, low cost and easy to be constructed [2-3]. The adsorber was cooled based on the following 6
cooling cases during adsorption phase (including isosteric cooling period and isobaric cooling and adsorption period);

Case (1): Cooling water circulating through the external water jacket of the adsorber.

Case (2): Thermosyphon heat pipes with fins. Four heat pipes having smooth and circular fins were installed
inside the adsorber to enhance heat release. Each thermosyphon is filled with (methanol) working
fluid with 25% volume ratio to its cvaporator sections.

Case (3): Thermosyphon heat pipes without fins. Three heat pipes having (methanol) working fluid filled with
50% volume ratio were installed into the adsorbent bed.

Case (4): Closed-loop oscillating heat pipe (CLOHP). The CLOHP, having 2-mm of copper tube diameter, with 30
up-and-down turns, and 1500-mm height, is used for cooling the adsorber (Fig.2). A pressure gauge is
installed into the adsorber to measure the adsorber pressure.

Case (5): Cooling water and Thermosyphon with fins that is the combination of case (1) and (2)

Case (6): Cooling water and Thermosyphon withou fins that is the combination of case (1) and (3)

Case (7): Cooling water and CLOHP, the integration of case (1) and (4)

E i )l!cxvxx» sypdion hest pap
oo (1 charnet N

AL T .\
i,.\rtmuml cirrhon -t

e Water ackel < Sexti
57

VDSORBER

Yo ’[Le
ey g
' ’? ¥

PR

CONDENS

Al )

%, 1}';‘; [“g 1

EVAPORATOR

Fig. 1 Schematic sketch of the experiment apparatus Fig. 2 Closed-loop oscillating heat pipe in adsorber

Temperature measurement was recorded at various locations in the system by the K-type thermocouples having + 0.1
°C accuracy and a data logger from TASK. The sensors were installed into activated carbon bed, the inlet and the outlet
of heating/cooling water at water jacket of the adsorber, and internal water cojls of the condenser and the evaporator.
The pressures inside the adsorber and the evaporator were measured by two pressure gages having + 0.1kPa aceuracy.
The cycle mass of refrigerant was measured by the side-glass tube (see also Fig.1).

The heat source or driven temperature is defined by the temperaturc of the hot water as heat exchange fluid. In this
analysis, maximum temperature of AC during desorption process was varied by 3 values; 70, 80 and 90 °C. The
variations of COP and SCP with desorption temperature were investigated. If was found from literature review [4]
based on numerical simulation that both COP and SCP would increase with the driven temperature of heat exchange
fluid. The increase of the hot fluid temperature will in turn lead to an increase in the desorption temperature. The cycle
mass of refrigerant will also increase with an increase in the desorption temperature [4]. Therefore, the cooling energy
will also increase. Since the cycle time does not increase very much with the increase of hot water temperature, the SCP
value also increases. A high heat source temperature not only improves the system performance, but also requires safety
issues and heat loss reduction due to high temperature heat exchange fluid in actual applications. All experiments on our
cooling process of the adsorber used the similar shape, geometry and dimensions of the adsorber as well as cooling
water jacket; the differences are only the design of the thermosyphon or CLOHP. The case (5), (6) and (7) were
repeated for the varying desorption temperatue and condensation temperature. In the case of using control valve,
additional variable was the set point temperature to open/close the control valve (see also Table 1).
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Table 1 Specification of experimental unit and the test conditions,
Parameter Value Unit
Specification
1. Adsorber
- Adsorber diameter 762 mm
- Adsorber height 1000 mm
- Mass of activated carbon (mesh size 8 x 16) 500 g
- case (2) Thermosyphon diameter/height/qty. heat pipe 10/1500/4 mm/mm/pipes
- with smooth and spiral circular fins
- heat pipe working fluid (methanol) volume 18 mL or 25% mL or % filling per pipe
- case (3) Thermosyphon diameter/height/no of heat pipe 10/1500/3 mm/mm/pipes
- filling volume of methanol in evaporator scction 50% % filling per pipe
- case (4) CLOHP diameter/height/qty. of turns 2/1500/30 mm/mm/turng
2. Evaporator
- Evaporator diameter 762 mm
- Evaporator height 250 mm
- Volume of methanol 900 cm’
- Diameter of internal coil of heat transfer fluid (water) 12.7 mm
3. Condensor
- Condensor diameter 762 mm
- Condensor height 230 mm
- Diameter of internal coil of heat transfer fluid (water) 12.7 mm

Experimental Conditions

1. Desorption process

Inlet temperature of hot water 80 - 95 ‘G
Mass flow rate of hot water 0.08 kg/s
*Maximum (desorption) temperature of activated carbon 70, 80, 90 "
*Set point temperature of control valve 60, 70, 80 @
Initial adsorber state:
- heating process: temperature/pressure 27/12 °C/kPa
- heating and desorption: tempertaure/pressure (70,80,90)/40 °C/kPa
2. Condensation process
*Inlet temperature of cooling water 3,10, 15 T
Mass flow rate of cooling water 0.006 kg/s
3. Evaporation process
Inlet temperature of water 2835 oC
Mass flow rate of cooling water 0.0018 kg/s
4. Adsorption process
Inlet temperature of water 28 - 35 °C
Mass flow rate of cooling water (case (1),(5),(6).(7)) 0.05 kg/s

* Itallic means variables in these experiments.

2.2 Adsorber with CLOHP
The schematic and photo of our test unit having CLOHP inserted into the adsorbent bed is shown in Fig.3, and the cross
section of adsorber is illustrated in Fig.2. The condenser and evaporator design is similar to those used in case (1) to (3).

2.3 On-off self-control valve

The sclf-control valve has potential to control adsorption and desorption processes. This section considers the influence
of a temperature-control valve to control flow direction of working fluid. The temperature set point is determined by the
appropriated saturated pressure of the adsorber during desorption phase. The experimental setup is shown in Fig. 4.
Two valves were placed into two lines between adsorber-evaporator and adsorber-condenser. The activated
carbon (AC) bed was packed inside the adsorber that made of copper tube. Four heat pipes with fin were installed into
the adsorber bed. The experiments were carried out either using manual valve or control valve. The methanol
vapor was flown among three components that its direction was controlled by valves. The methanol vapor was
moved by pressure difference between up- and down-stream components. The on-off control valve was set up by two
pressure levels, (i) high pressure in the condenser and (i) low pressure in evaporator. To ease the control algorithm, the
measured saturated temperature in corresponding with saturated pressure of adsorber is translated into the signal to
control valve opening. When the adsorber temperature reaches the set point temperature, the valve is automatically fully
opened, until desorption and consensation process is completed. Then the control valve is automatically closed.
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Fig. 3 Experimental set up for the CLOHP test Fig. 4 Experimental set up of the control valve test

3. RESULTS AND DISCUSSION
3.1 System performance indicators
The performance of adsorption cooling system could be determined by achieved cooling rate at the evaporator, cycle
time (including 4 periods; isosteric heating, isobaric heating or desorption, isosteric cooling, and isobaric cooling or
adsorption), and lowest evaporator temperature (T,,). Three performance indicators are normally computed to compare
various design concepts; i.c., the cocflicients of performance (COP), the specific cooling power (SCP) and the
volumetric cold production (VCP). These parameters could be evaluated from

¢ ).
COP = _Q.'i:,"_". = — ____Q,.',‘.'."V B )
Qumm QI-? + Q’ 3
SCP = - ,Q":’!,’ e (2)

m 2%t i

where 1, is the adsorption time and V., s the volume of adsorber. The energy input to the adsorber during

ads

desorption process are; (), (1sosteric heating process 1-2) resulting in the increasing of temperature from Tl o 1.,

Q,_, (isobaric heating process 2-3) resulting in the increasing of temperature from Ioitonll

QI 3 = nl:u (C/l.“, + C[!,m“ Xma\' )(T" o Tl ) ’ (4)

Q,,=m [ +e (ﬁ!@;z}i '.)f‘_‘!'_'.') (7‘: = 7“3)+ (,\ X

i ‘ (L Coime 5 3 may 7 min) des

(5)

({54 e

m 3 : . 7 X X S
where s the mass of activated carbon in the adsorber, "™ and “min are the maximum and minimum
8 q i 3 (./; ac (A[' et see b :
concentration of methanol in activated carbon, 7 and 7 are the speeific heats of activated carbon and methanol.

H, . : N ; ) : . :
@ s the average heat of desorption/adsorption evaluated by using the Clausius-Clapeyron equation [5], and R s
; P P . ;
the ideal gas constant, "' and are the saturated vapor pressures at the beginning and the end states of isosteric
heating, respectively

3.2 Effect of cooling method during cooling and adsorption periods

The cylindrical adsorber is cooled by either circulation of cooling water or heat pipes (thermosyphon or CLOHDP), or
their combinations. The main target is to reduce cooling time that will further reduce overall cycle time, and to enhance
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better system performance. Fig. 5 compares adsorber temperature profile during cooling and adsorption pertod, cooling
time, and cooling rate, based on different cooling methods. The cooling capacities are also summarized in Table 2. The
activated carbon is cooled down from 80 °C to 30 °C. 1t is found that the cool down time is the shortest it case of using
cooling water combined with CLOHP: while single CLOHP gave the longest caol down time. When using only
thermosyphon heat pipe or only cooling water, the cool down times are approximately 5,640 s and 2,400 s, respectively.
When both of thermosyphon and cooling water is used. the cool down time is reduced to 1,800 and 1.860 s.
respectively. The thermosyphon either with- or without- fins gave insignificant differences of cooling capacitics
Although three thermosyphons in case (3) had no fins, they could provide better cooling rate. The reason is because of
their larger filling volume ratio of the methanol (50%) as compared to the case of four thermosyphons with fins (case
(2)). The maximum cooling rate about 13.77 W was achieved when both cooling water and CLOHP were applicd,
which the cooling time could be reduced by 37.5% in comparison with the case of using cooling water only

3.3 Influence of on-off self-control valve

The experimental experiences suggested that the suitable setting temperature for on-off control valve is the temperature
difference (lower) than maximum adsorber temperature about 10-15 °C. The appropriated temperatures were; maximum
adsorber temperature about 85 °C and the setting temperature for self-control valve opening at 70 °C. The effect of
control valve on the system performance could be observed from Table 3.

3.4 Comparison of adsorption cooling system performance

The performance of the adsorption cooling system is not only influenced by cooling approaches, but also their operating
conditions, i.c., desorption temperature (T, and cooling water temperature at the condensor (T ). Depending on our
findings that are discussed in section 3.2, the combination between two cooling approaches, cooling water and
thermosyphon/CLOHP resulted in better cooling capacities, then the comparison on the system performance m this
section would be focused on case (5) o (7). The adsorption cooling system performances, computed for various
adsorber cooling methods, operating conditions, and case using control valve, are presented in Table 3. The COP
increased with the increasing desorption temperature, except the case of integrated cooling water and thermosyphon
with fins, and the case of control valve. However, SCP increased drastically with the increasing T, but reduced with
the increasing Ty In contrary, VCP that lower value is better, could be reduced with the increasing T .., but increased
due 1o the drawback of higher T,y The use of control valve did not reduce the system performance. The resulted COP
and SCP are comparable to the range found in the literatures, However, our VCP so far needed to be reduced.
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Fig. 5 Comparison of adsorber temperature profile, cooling time and cooling rate (in cooling and adsorption period)

vvvvvvvvvvvvvv Table 2 Cooling capacities of the adsorber during cooling and adsorption period
Case Cool down time Cool down time (AT)/I Heat removal Cooling rate
(sec) (min) ("Clsec) amount (kJ) (W)
2400 | 40 ] 00208 | 2004 ;
_A700 4 95 | 0.0088 doo 2025
G) | 5640 94 00088 2008 |
.9 I S - e 0.0056_ 1964 v
e b0 v o B 0.0270 10.86
0) | 1800 30 i i 0.027% [ IR
LD L 1500 23 s | 0.034) 13.77
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Table 3 Comparison of adsorption cooling system performance

Case Adsorber design/ Cooling method Lowest Coaling cop sCp vCp

Desorption/Cond tion temperature T (°C) power (W) (-} (W/kg) (cm"/\V)

N Cooling water + Thermosyphons without fins
A - (Tyes (O Toq (°C)) = (70,10) 18.5 2221 0.69 44.42 68.48
Py - (T4 (°C).Tog CC)) = (80,10) 16.9 3521 0.70 70.42 4320
S - (Tges ("), Tog CC)) = (90,10) 18.1 4151 0.70 82.40 36.90
= - (T (O T CTY) = (80,5) 165 4234 0.70 84.68 35.92
- (T4 °C), Teg (°C)) = (80,15) 18.6 38.79 0.69 77.57 39.22
Cooilug water + Thermosyphons with Jins + Manual valve
[ = (T COVT g (CCY = (70,10) 20.1 33.78 0.40 67.55 45.03
§ = (Thes ("C),Teq (°C)) = (80,10) 173 41.85 0.38 83.69 36.35
3 - (T COLT (PO = (90.10) 16.8 62.80 0.26 125.60 2422
o - (T (O T (PO = (80,5) 18.0 49.62 0.39 99.23 30.66
- (T, COLT CCY) = (80,15) 19.8 38.87 032 77.73 3913
Cooling water + CLOHP
“ - (Tges CO) T (°C)) = (70,10) 224 45.70 0.30 91.40 33.28
P - (T CC) Ty (°C)) = (80,10) 19.7 46.80 0.37 93.60 32.50
8 = (Tyes PO Ty (CC)) = (90,10) 16.0 55.70 0.33 11140 2731
I - (T (U0 Ty (UC)) = (80,5) 19.4 51.50 0.45 103.00 29.53
= (Tyes COLT L CC)) = (80,15) 20.6 4590 0.33 91.80 3314
. Cooling water + Thermosyphon with fins + On- ff control valve

§ ._:3 - (Tyes (CC). Ty CC)) = (70,10) 20.9 2871 0.43 47.42 64,14
c > - (T (C),Teg (°C)) = (80,10) 19.3 45.99 0.36 91.97 33,08
2 £ - (T4 (CC). T (°C)) = (90,10) 17.6 60.73 0.30 121.46 25.04
v g - (T (O T (CC)) = (80,5) 17.3 53.77 0.39 107.54 28.29
bl - (T4 (°C). Ty (°C)) = (80,15) 19.4 32.10 0.30 64.19 47.39

5 From Literatures (Range)|6-8] 5-20 - 0.14-0.76 | 35.0-5213 | 2.0 -6.7

4. CONCLUSION

The upright single-effect adsorption cooling system was experimented. The cooling rate of the adsorber influenced the
system performance. Six cooling methods were tests. using either cooling water or internal thermosyphon heat pipes, or
their combinations. Thermosyphon and CLOHP could enhance heat transfer as well as reduce cycle time. The adsorber
was cooled down appropriately during cooling phasc by integrating two methods that the shortest cooling time was
achieved in the case of cooling water and CLOHP. The COP and SCP were mostly increased with desorption
temperature but decreased with condensation temperature. VCP could be improved by increasing desorption
temperature and decreasing cooling water temperature of the condensor. By incorporating simple procedures of the on-
off self-control valve, the cooling power, COP, and SCP were not significantly reduced. In comparison with the other
research works; the performance of our adsorption cooling system was noticeably equivalent.
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Abstract

Adsorption cooling is an alternative system of air-conditioning and refrigeration. The system
typically includes adsorber(s), an evaporator and a condenser. The adsorber containing adsorbent bed is
the most important part, where cyclical adsorption and desorption takes place. The selected
adsorbent/adsorbate (or working) pair was activated carbon (AC) and methanol. The adsorbent bed is
usually required binder to enhance ils consolidation into cylindrical or planer shape. We investigated
appropriated binders to ease consolidation, forming stable bed, as well as to improve mass and heat
transfer properties of adsorbent bed, The potential binders/additives to be used with AC type CGC-11A
are; for example, methycellulose, polyvinylacetate (PVA), and graphite. The consolidated adsorbent bed
was experimented for their adsorption capacities, thermal conductivity, and compressive strength. The
best composition of consolidated bed was 2.5 % wiw of PVA to AC that gave high adsorption capacities
about 35.9% + 3.03% wiw under atmospheric condition and 27.36% viw under vacuum condition,
compressive strength about 0.66 MPa, and greatest durability within saturated methanol vapor. It has high
thermal conductivity and effective thermal conductivity about 1.141 W.m K and 0.618 W 'K,
respectively, and could be increased by 58% if the graphite additive is used. Therefore, the composite
activated carbon bed for methanol adsorption should be consolidated by using PVA as binder and
graphite as additive in order to enhance efficient adsorption cooling system,
Keywords: Adsorption cooling, Consolidated, Adsorbent bed, Activated carbon-Methanol

1. Introduction waste heat and solar energy is might be used as

Adsorption cooling system is environmental
friendly which have zero ozone depletion due to
the use of natural refrigerant, e.g. water, methanol
and ethanol. The power consumption of this
system is less than vapor compression, involved to

nolse, vibration and initial investment. Low grade of

its heat source. Three major components of the
system are adsorber, condenser and evaporator.
The adsorber containing adsorbent bed is the most
important  part.  The adsorbent bed is the
combination of adsorptive materials (e.g. activated

carbon, silica gel. zeolite, etc.) and non-adsorptive
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material (e.g. binder, additives, conductive material,
support structure, fins, refrigerant channel, etc.).
The adsorbent bed should be durable and enhance
effective rate of heat and mass transfer that lead to
better performance. Therefore, the adsorptive
material within the bed must have high adsorption
capacity and thermal conductivity. The granular AC
was grinded to be AC powder having 100-200
mesh size that is normally loose and cannot
maintain the desired shape without binder. Hence,
various composite adsorbents combing activated
carbon (AC) and eight chemicals including;
functional carbon materials, binders and additives,
have been consolidated and tested. One among
popular working pair of adsorption cooling system
is AC and methanol. The best combination and
composition will be suggested for the AC/methanol
adsorption cooling system.

AC has large adsorption capacity, range
from 42.1% to 45.9% in case using binders.
Although  the maximum adsorption capacity
measured for pure AC powder was 42.8% - 47.2%
[1]. Low desorption heat source is the advantage
of this working pairs, so that solar energy and
waste recovery heat sources are possibly supply to
the system.

The potential  binders/additives  are
selected based on information from literatures as
well as results from our previous research work [2].
The heat transfer property of the bed is also
important. Pure AC has thermal conductivity within
the range of 0.15 - 0.50 W.m 'K [3]. For the AC-
methanol pair, PTFE (polytetrafluoroethylene) was
added to AC providing 0.13-0.2 W.m 'K ' effective
thermal conductivity {1]. The polyvinyl alcohol
mixed with polyethylene glycol in AC with graphite
additive for methane adsorption resulted in 2-8

W.m 'K of thermal conductivity [4]. Furthermore,

various types of chemical binder are used to
maintain the stability of adsorbent bed, e.g. cement
in calcium chloride using AC as additive lo reduce
an agglomeration of calcium chloride bed [5],
calcium chloride with cement binder using AC
additive  having weight ratio of calcium
chloride/AC/cement about 16:4:1 providing system
COP up to 0.39 [6], bentonite bonded to zeolite
particles having excellent heat transfer in shell and
tube heat exchanger [7], carboxymethyl cellulose
composed to AC for phenol adsorption [8)]. Bulky
graphite binder enhanced uniformity of reactive salt
distribution in  chemical adsorption between
sodiumsulphide salt and water vapor [9].

The AC powder and binders are mixed
and consolidated to form composite material. The
composite adsorbent beds are expected to have
high adsorption capacity of methanol vapor during
either adsorption or desorption phase, and high
thermal conductivity for heat transfer between bed
and adsorber wall. Our research activity is focused
on preparing the stable adsorbent bed that offer
high adsorption capacity. In this work, composite
adsorbent beds are consolidated from AC and
eight types of binder/additive with various
compositions. Therefore, results on their adsorption
capacities, bed stability and thermal conductivity

are presented and discussed.

2. Experimental
2.1 Composite AC adsorbent bed
Activated carbon (AC) from coconut shell
type CGC-11A, having 1,000 mzlg surface area
and 100-200 mesh size, was consolidated to form
the adsorbent bed by using binder. Eight types of
binder mixed with

and additive are AC; i.e.

bentonite, cement, cement with graphite, plaster of



paris, calciumcarbonate, calciumhydroxide,
methylcellulose, and polyvinylacetate (PVA). Binder
facilitates formation and stability of adsorbent bed.
Additive assists mass and/or heat transfer
properties of bed, Methylcellulose can be classified
into either additive or binder. However, graphite
and methylcellulose are categorized as additive, so
that the rest are categorized as binder. To simplify,
this paper refers to all ‘filler chemicals’ as binder.

Consolidation of AC bed is produced by
compressing the composite powder prepared by
mixture of AC and binders. The advantage of
consolidated adsorbent bed is the high thermal
conductivity in the direction perpendicular to the
compression [1]. The manufacturing procedure of
the consolidated composite AC is as following [10]:

1) Binder is added to AC powder.

2) Mixture is filled by water droplets so that
the slurry is created.

3) The well mixed mixture is molded by
compression in cylindrical mold to form
cylinder having 15 mm diameter and 18
mm height.

4) The consolidated composite adsorbent is
obtained after drying at 60 "C for 24 hours
to remove moisture content,

Fig. 1 illustrates the consolidation procedure of
the composite AC bed. In the first experiment,
various combinations were made of AC/binder
mixture in mass ratio varied by 5, 10, 15 and 20%
of binders to AC. All samples contained similar AC
mass approximately 2 g. The consolidated

composite AC beds were observed for their
uniformity, shape deformation, powder loosing, and
durability, without any force applied to the bed.
Most of bed samples generally compromised its
function as adsorbent bed, in terms of uniformity

and stability.
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Fig. 1 Manufacturing procedure of consolidated
composite adsorbent (a) AC mixed with binder; (b)
Slurry of mixture and water, (c) Compressing,; (d)
Drying at 60°C for 24 hours; (e) Consolidated

composite adsorbent bed.

2.2 Adsorption capacity of composite
adsorbent bed

The adsorption capacity of the composite
materials in atmospheric condition is defined as the
maximum amount of adsorbed methanol to dry AC
weight. The experiment on adsorption process was
done in the closed-glass chamber. At the
beginning, the composite AC bed was measured
its weight, putted into opened-plastic container.
Next, the bed within plastic container was placed
on the cotton inside glass chamber, and then glass
chamber was closed. Environment of saturated

methanol vapor was generated by vaporization of

methanol from methanol-soaked cotton. The

chamber was placed in an  atmospheric
N p ] 0 -

environment, lemperature (27 C - 28 C) and

relative humidity (85% - 95%), for 72 hours until
the equilibrium condition has been reached. The
adsorption process between AC and methanol
oceurs by filling and condensation of adsorbate
inside adsorbent pores, maijnly in micropores (0.15
- 0.50 c:vr13g1 specific volume) [1]. However, middle
pores and large pores only transport the methanol
molecules to micropores. The difference of mass

before and after adsorption was the adsorbed

mass of methanol vapor



Consequently, under vacuum condition
(21-35 kPa), the adsorption capacity was
experimented in the adsorption test bench,

designed in similar configuration to Ref. [10]. The
adsorption unit was consisted of two chambers, an
which

adsorber and an evaporator/condenser,

made of stainless steel. The vertical 12.5-mm
diameter tube was for methanol vapor passage
(Fig. 2). The 200-ml adsorber in the upper part
contains the adsorbent bed, and places inside the
water jacket. A waler coolant is circulated in the
collect heat

The

jacket to during the adsorption

process. evaporator/condenser  provides
evaporation and condensation functions as well as
storage of methanol. The residual volume of
methanol inside the evaporator/condenser was
calculated from its measured level. It was done by
‘hall effect sensor' detecting the magnetic field.
The piece of magnetic was float up and down in

corresponding with the change of methanol level.

Fig. 2 Test bench of adsorption capacity

2.3 Thermal conductivity

The thermal conductivity measurement
were performed under transient condition, by hot-
wire method [11]. The adsorbent bed temperature

was increased due to the input electrical current.
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The adsorbent bed and the container must have
particular geometries respected to 1SO 8894-2:
Determination of thermal conductivity-Hot  wire
method (paralled), with geometry 200 x 100 = 50
mm. The measuring probe consists of two nickel
chromium-nickel aluminum thermocouples and a
very thin nickel chromium straight heating wire with
0.3-mm diameter [12]. During the test, the
thermocouple and heating wire were fixed in the
bed as shown 3 and a

in  Fig. complete

measurement circuit is shown in Fig. 4

|
Fig. 3 Adsorbent bed container and thermocouple

position within the bed.

~

Fig. 4 Electrical circuit of thermal conductivity
measurement.

The metal wire was supplied and heated
by constant electrical current.  Temperature,
electrical current and voltage at different time were
measured and recorded. The thermal conductivity
can be calculate by [12]

Rl

I

; anl LR M
where: | is the electrical current, V' is the
electrical voltage, [ is the length of the hot
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wire, 4%(t) is the temperature different between
point 1 and 2 (in Fig. 3) at time {, 1" is the distant

between the hot wire and the measuring

thermocouple, a is the thermal

diffusivity. —E !:;;J is the exponential integral
' gt

function of _I’ ‘ 5—-— 17, which can be read from the

.

Ref.[11] in corresponding with -‘-;—-'_——

The effective thermal conductivity of

porous adsorbent can be calculated by [12]
Agrr = LL—Jag + €4y (2)
where s is the porosity of the adsorbent, /. and

1, are the thermal conductivities of the solid

adsorbent and vapor, respectively.

2.4 Durability and compressive strength
The beds

various combinations and compositions were

composite  adsorbent with
tested for their durability and stability (or resistance
to shape deformation). The cylindrical adsorbent
beds having 15-mm diameter and 20-mm height
were encapsulated within methanol vapor for 90
days.

In addition, the adsorbent beds were
tested for the compressive strength by Universal
testing machine which follows by ASTM; Standard
test method for compressive strength of carbon
and graphite [13]. The compressive strength
illustrated the bed endurance under the applied
force over unit area. According to ASTM, the bed
in cylindrical shape has 9-mm diameter and 19-mm
height, with the ratio of height to diameter between
1.9 and 2.1. The results were obtained as the
maximum compressive force (in MPa) applied to

the adsorbent bed until their collapses.

3. Results and Discussions

3.1 Adsorption capacity in atmospheric
condition

The adsorption capacities in term of
adsorbed methanol to AC (%w/w) for the bed using
various types of binder are shown in table 1. The
higher mass ratio of binder almost resulted in lower
adsorption capacity, due to increasing possibility of
pores occlusion [1]. Therefore, we conclude that
the mass ratio

approximately 5% to 10% is

sufficient to maintain the adsorbent bed in
cylindrical shape without collapse.

Nexl, the experiment was repeated with
appropriated mass ratio of binder to AC, just
sufficient to maintain shape of composite bed
stability as shown in Fig. 5.

Most of the combinations gave lower
adsorption capacities than the pure AC. The
reduction of adsorption capacity due to composite
2.50% 6.73%. In

contrary, the case of methylcellulose 5% could

with binder was between

achieve 2.06% higher adsorption capacity. This
combination also gave highest adsorption capacity,
+ 0.88% by

approximately 40.55% mass  of

methanol to adsorbent material. As mentioned
above, methylcellulose could assist bed with both

functions of binder and additive simultaneously.

Table 1. Adsorption capacities with eight
compositions in 5%-20% ratio of binder to AC

Adsorption capaciny

Binder type (
{9 wiwy)

5 10 15 20
Methyl Cellulose 14N 356 446 440
Polyvinyl acetate Y5 6.5 300 375
Ceoments Graphite 5% 8.7 MN 314 254
Cement 5.4 304 361 34
Calcrmhydroside 3.0 370 7.0 295
Plaster of panis LS| 129 312 300
Calctmmearbonate 0.3 37.2 352 34
Bentonite 0.5 66 395 340

Averane 37.3 6.2 a6

Standard devintion 116 K.Y 8.4 7.0
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Fig. 5 Adsorption capacities with appropriated
binder to AC.

3.2 Durability and strength of adsorbent bed

Adsorbent beds having eight combinations
of binder to AC were placed in the chamber and
surrounded by saturated methanol vapor for 90
days, to illustrate their stable physical
characteristic. The result show that the bed having
bentonite and PVA as binder had no evidence of
erosion. The rest had lost their mass around 5%-
30% of AC. Unfortunately, the methylcellulose
binder was obviously separated from AC. The bed
having calciumcarbonate as binder was collapsed.
Hence, methylcellulose and calciumcarbonate
could not be used to strengthen the composited
adsorbent bed.

The test of compressive strength based on
ASTM standard [13] of the beds was repeated for
three times to ensure the strength of each
combination. In Table 2, methylcellulose as binder
gave the average highest strength about 2.82
MPa, followed by PVA and Bentonite, respectively.
in comparison, PVA and Bentonite efficiently
helped to consolidate the bed without losing any

AC powder,
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Table 2. Compressive strength of the composite

""" Average
Binder Compressive Strength
(MPa)

Melhylcellulosé 5% wiw - N ;Biya_g
1 PVA 2.5% wlw"‘;vith graphite 5 % wiw : 147

Bentonite ; 10 % wiw 0.24
Plaster of paris T0%wh | 010
Colcumbydowde  S%ww | 003 |

Calciumcabonate 1(;;/:w/w s i 0.03 )
—E;r;;;x“ - 1()7"/:. wlw O.Eﬂ

Cement 10% wiw with graphite 5 % wiw 0.01W

3.3 Adsorption capacity in vacuum condition

The selected composited was tested for
their cyclical adsorption capacities under 21 kPa
adsorption and 24-35 kPa desorption pressures. In
adsorption period, the temperature of the adsorber
and evaporator were set to 23-25 °C and 28-30 'C.
In desorption period, the temperature of the
adsorber and condenser were set to 97-105 'C
and 0-3 UC, respeclively. Each specimen was
repeating tested for three adsorption cycles.

Fig. 6 showed that the highest adsorption
capacity was found in the first cycle. It drastically
decreased in the following second and third cycles.
The adsorbed and desorbed amount was largely
difference as well, The reason was that the beds
are not yet break-through at that state. The highest
adsorption capacity about 27.26% viw in the first
cycle was found from the bed having PVA binder,

To ensure the breaking-through state, the
bed having PVA was repeated its adsorption test
for 20 cyclas. The cycle no. 9 to 20 gave similar
adsorbed/desorbed amount of having consistency
adsorption capacity. We could summarize that the
of the bed started from

break-through cycle

number 8. Also, we suggesied that the adsorbent
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bed must be readily pretreated by at least 9

adsorption cycles prior to the use in any adsorption

cooling system.

]
§ (
i -
; ¢
:

S
S
-

Fig. 6. Adsorption capacities of the adsorbent with

seven compositions under vacuum condition.

Theormad casdmesivity (Wom K
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Fig. 7 Thermal conductivity of the composite

adsorbent bed having various binder and additive.

3.4 Effective thermal conductivity.

The thermal conductivity of the several
composite bed combinations based on 1S08894-2
{11] gave results as shown in Fig. 7. The bed
having PVA binder gave the thermal conductivity
about 1.141 Wm'K' and effective thermal
conductivity of 0.618 Wm 'K "

Especially, the bed having ‘graphite’ as
additive and having PVA and cement as binder,
their thermal conductivities (1.812 wm'K' and
1.211 Wm'1K“‘ respectively) were increased by
58% and 98% from the case without graphite.

Therefore, ‘graphite’ could improve bed thermal

conductivity  significantly. However, the addition
percentage of the graphite additive should not

lessen the adsorption capacities.

4. Conclusion

The composite adsorbent bed of
AC/methanol pair was formed by using eight binder
with different

and additive, combinations and

composition, to improve their heat and mass
transfer characteristics. It has shown possibility to
prepare cylindrical AC bed with uniformity and
stability. The adsorption capacity is slightly affected
by the presence of binder/additive. The
experimental adsorption quantities obtained were
comparable to

maximum adsorption mass of

AC/methanol in literatures. Among potential
binders/additives in use, the best composition was
2.5 % wiw of PVA to AC that gave high adsorption
capacities with 35.9% + 3.03% w/w in atmospheric
condition and gave 27.36% v/iw in vacuum
condition, compressive strength about 0.66 MPa,
and the best durability in saturated methanol
vapor. It has higher thermal conductivity and
effective thermal conductivity about 1.141 w.m 'K’
and 0.618 W.m K, respectively as compared to
the other. The graphite additive could also increase
thermal conductivity up to 58%. In brief, the
composite activated carbon bed for methanol
adsorption should be consolidated by using PVA
as binder and graphite as additive to enhance
efficient adsorption cooling system.
5. Acknowledgement

The authors would like to acknowledge
research grants from the Graduate School and the
Mechanical Engineering Department, Chiang Mai
University (CMU). We also thank the Commission
and Thailand Research

on Higher Education,

Fund, for their financial support.



(1

[2]

[3]

[4]

[5)

(71

158

6. References

Cacciola, G., Restuccia, G., and Mercadante,
L., (1995). Composites of activated carbon for
refrigeration adsorption machines. Carbon,
Vol. 33, No. 9, pp. 1205-1210.

Toonkat, K., Wongsuwan, W., Kiatsiriroat, T.,
(2009). The effect of chemical additives on the
performance of activated carbon adsorbent
bed, PACCON 2009: Proceedings on Pure and
Applied Chemistry International Conference
2009, 14-16,
University, Phitsanulok, Thailand, pp. 214-217.

Py X., Menard D. and Mazet N.

January 2009, Naresuan
(2005).
Activated carbon monolith of high thermal
conductivity for

adsorption processes

improvement. Part A:  Adsorption step.
Chemical Engineering and Processing, vol. 44,
pp.1029 — 1038.

Biloe, S., Boetz, V., and Mauran, S., (2001),
Characterization of adsorbent composite
blocks for methane storage. Carbon, Vol.39,
pp. 1653 — 1662.

Wang L.W., Wang R.Z., Wu J.Y. and Wang
K., (2004). Compound adsorption ice maker
on fishing boats. Journal of Refrigeration, Vol.
27, pp. 401-408.

Lu 2.8, Wang R.Z, Wang LW and Chen

C.J., (2006). Performance analysis of
refrigerator using activated carbon in a

compound adsorbent. Carbon, Vol. 44, pp.
147-752.

Restuccia G., Freni A., Russo F. and Vasta
S., (2005). Experimental investigation of a
Solid adsorption chiller based on a heat
exchanger coated with hydrophobic zeolite.
Applied  Thermal

pp.1419-1428.

Engineering, Vol. 25,

(8]

[9]

(10]

(1]

(12)

(13]

Nestor Tancredi, Natalia Medero, Fabiana

Moller, Javier Piriz, Carina Plada and Tomas
Cordero., (2004). Phenol

adsorption onto

powdered and granular activated carbon
prepared from Eucalyptus wood, Journal of
Colloid and Interface Science, Vol

3567-363.

279, pp.

Kantima lammak, Wipawadee Wongsuwan,
and Tanongkiat Kiatsiriroat, (2004).
Investigation of modular chermical energy

storage performance. The Joint International

Conference on Sustainable Energy and

Environment (SEE), 1-3 December 2004 ,Hua
Hin, Thailand.

Dellero T., Sarmeo D., Touzain Ph. (1999).
A chemical heat pump using carbon fibers as

additive. Part |: enhancement of thermal

conduction. Applied thermal engineering, Vol.
1, pp. 991-1000.
Refractory material (1990). Determination of

thermal conductivity-Hot wire method

(paralled), s0022839-1508894-2, TISI Library
Thailand.
Wang K, Wu J.Y., Wang R.Z., Wang LW.

(2006). Effective Thermal conductivity of

expanded graphite-CaCl, composite adsorbent

for chemical adsorption chillers. Energy

conversion and Vol.47,

1902-1912

management, Pp.

American Society for Testing and Materials

(ASTM)(1993). Standard test method for

compressive strength of carbon and graphite.

Vol. 15-01, C 695-91.



CIRRICULUM VITAE

Name Mr. Wirote Ritthong
Date of birth May 8, 1973
Education M. Eng. degree in Mechanical Engineering from

Chiang Mai University (CMU) in 2000

B. Eng. degree in Mechanical Engineering from
Rajmangala University of Technology Thanyaburi
(RMUTT) in 1996

Specialist Refrigeration and Air Conditioning System,
Design Thermal System and Alternative Energy.

Contact address Department of Mechanical Engineering,
Rajchamangala University of Technology Phra Nakhon
(RMUTP)
1381 Piboonsongkam Road, Bangsui, Bangkok 10800
Tel: (66)2913-2424 Ext. 168 Mobile: (66)8912-98233
Email: wrritthong@gmail.com

Publication

(1) Ritthong W., Kiatsiriroat T., Wongsuwan W. and Nuntaphan A.
“Performance analysis of a modular adsorption cooling system with sonic
vibration in the adsorber” Paper accepted for publication in Journal of
Experiment Heat Transfer, 10 May 2011, (Article inpress).

(2) Wongsuwan W., Ritthong W., Nuntaphan A. and Kiatsiriroat T.
“Performance analysis of a modular adsorption cooling system having
sonic vibration at evaporator” Paper accepted for publication in ASCE’s
Journal of Energy Engineering, vol. 137, No. 2, June 1, 2011.

(3) Wongsuwan W., Ritthong W., Nuntaphan A. and Toonkat K. “Performance
study on the consolidated adsorbent bed of activated carbon-methanol
adsorption cooling system” International Conference on Green and
Sustainable Innovation (ICGSI) 2009, 2-4 December 2009,Chiang Rai,
Thailand.

(4) Ritthong W., Jansatidpaiboon P., Aim-eiam T., Wongsuwan W., Nuntaphan
A. and Kiatsiriroat T. “Performance Analysis of Thermosyphon Assisted
Adsorption Cooling System” World Renewable Energy Congress 2009-
ASIA. The 3" International Conference on “Sustainable Energy and
Environment (SEE 2009)”, 18-23 May 2009, Bangkok, Thailand.








