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## 4470463921 : MAJOR MECHANICAL ENGINEERING

KEYWORD : AIR CYCLE / NATURAL REFRIGERANT
MANATCHAI KONGRAKKAWIN: A STUDY OF REFRIGERATION CYCLE USING AIR AS A
REFRIGERANT. THESIS ADVISOR: CHIRDPUN VITOORAPORN, Ph.D., 111 pp.
ISBN 974 -17-7178-9.

In this study, four types of refrigeration cycle using air as a refrigerant were analyzed in
order to layout a guide line for practical usage. These 4 types were as follow; 1) closed single-stage
without regenerative heat exchanger system 2) closed single-stage with regenerative heat exchanger
system 3) closed two-stage without regenerative heat exchanger system 4) closed two-stage with
regenerative heat exchanger system. The following parameters were analyzed to study their effects
to the cycle performance:- compression ratio, compressor efficiency, turbine efficiency, effectiveness
of heat exchanger, effectiveness of regenerative heat exchanger, cooling load, and coefficient of
performance (COP). To illustrate the implementation of this system, a refrigeration cycle using air as
a refrigerant was constructed. The system is an opened single-stage without regenerative heat
exchanger system.

The result indicated that for single-stage without regenerative heat exchanger and 85%
effectiveness for compressor and turbine could work well at compression ratio above 1.4. However,
by adding the regenerative heat exchanger to the system, the cycle could work at lower the
compression ratio of about 1.1. Adding a booster could make the cycle to run at the compression
ratio of about 1.2. With other factors in consideration, it was found that the two-stage system gave a
higher cooling load capacity than that of the single-stage system. The same conclusion was found
when adding the regenerative heat exchanger to the cycle. However, the COP values were found
from high to low respectively as follows:- single-stage without regenerative heat exchanger system,
single-stage with regenerative heat exchanger system, two-stage without regenerative heat
exchanger system, and two-stage with-regenerative heat exchanger system. The results above
based on the assumption that all the equipment in the cycle has 100% effectiveness. Apart from this
assumption, the compression ratio and/or overall compression ratio have to be considered as shown
in details in this thesis.

Test result at compressor speed of 2,698, 3,232, 4,260, and 5,112 rpm with the
compression ratio at 1.48, 1.68, 1.78, and 1.82 were shown that the highest COP value of 0.12 was
obtained at compression ratio equal to 1.48 but with the lowest cooling load at 4.9 kd/kg and the
lowest possible temperature at 20.1 °C. With compression ratio at 1.82, the lowest COP was found at

0.10 and the highest cooling load of 8.1 kJ/kg was obtained with the lowest temperature at 17.0 °c.

Academic Year_ __ 2004
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5 &0 12370 TThara 1 Ddbars

105.1°C/ 38basa
Powered

compressor

Expansion
turbine
High speed

Bootstrap
motor p

compressor

65 25 0130ara
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D'iﬂ" Recuperator
Air make-up

Theoretical building air cycle system

gt 1.1 szuudpinseaniafildluanansues BRE uaz FRPERC
Tnel HANaNgInure99szUUAIANTINN 1.1

FIN919% 1.1 ANIINAUTLRIITULIANsen AN 1 T1e1A15989 BRE Waz FRPERC

+28°C ambient +15°C ambient -3°C ambient

80kW 20kW 80kW 20kW 80kW 20kW

cooling | cooling | cooling | cooling | cooling | cooling

Heating output (kW) 205.8 66.3 207.9 66.3 205.8 66.3
Shaft input power (kW) 128.7 47.0 128.1 47.0 128.1 47.0
Electrical input power (kW) 139.9 56.0 139.2 56.0 139.9 56.0
COP cooling 0.57 0.36 0.57 0.36 0.57 0.36

COP heating 1.47 1.18 1.49 1.18 1.47 1.18
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(2002) 1613931810 “Thermodynamics analyses of air refrigerators” 134471 Asian Conference on
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Pv=RT (2.5)
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n=0 azl§ PV =P=C shuunnzns nszuqunisanssuasidaunduld (Reversible
isobaric process)
-~ 4 .

n=1 azld PV' =PV =C funsafs nszuaunisgumpniiaadiifioundulsd (Reversible

isothermal process)

n=k ald PV¥=C funuqeds nazuounineninstaidaunduld  (Reversible

isentropic process)

a2 A A o = @ a a v o 1% a
ﬂi‘zu’luﬂ’]i‘i@muﬂiﬂﬂﬂ NTANULNINNAD ﬂi‘zu’]uﬂ’]i‘ﬂzmﬂLLUWﬂﬂﬂuﬂﬂUiﬂ ANNNTOLALY

Aun13(2.16) T ey

TZ
L2 | (2.19)
Tl



10

2.2 90AnsaIMA

nsvinaNdulaglderniaduasiiaauidy ldudnnisaeanisranafarese nialiug
gunsnlanAauiu udadenaliiguugfaeseiniaanas gunsalanaausuiaiuisoin liiiannig
wWanuwlasduilddvanaginanl usginsaauisoinldisguugianaiasuazlfiliunnaauidu

o o

= A ¥ oA

Wasnenazldlsylaml Ae i

ipdnsnaenadesiuniaiapmiudanannasdanans fe 3ansgad-uediu uuudeundu
waEundn dpdnsennia Awuanelugii 2.2 uazdpdnsfidiulsslaeniaisgtnsniuanilaauaanuien

i1 fauanslugi 2.3 neigunsaiuasnszuaunisine A

turbine

compressor

) NS 2.) UHUDH T-S

717 2.3 Apdnsqad-wsediu wundeundundiudgslneiinginsnluanifauaausendn



"

12 flunssuaunisdadatneiesdneine @muqﬁLLaxmm&Twnmmmﬂﬁmmn%qq%u

23 iflunszusunistnemennieuiudwunndendiuglnsaiuan asuanadau naldaausy
pail @mmﬁmmmmﬂ*ﬂ'm@@ﬂ@:ﬁﬁm

3-4 Lﬂum:mumidmmmm%‘ﬂu%ﬁswdwmmmmuqﬁgqLL@:mmﬂﬂmmﬁﬁﬁNquﬂnmj

a

wanasupnaeuin meldannaduacd gnnfinaseinAneenidigumyigeaciias

4-5  JunszuaunI NN WA fqmugﬁLmzmmﬁwﬂmmmﬂﬁmﬂﬂﬂ%ﬁ"ﬁm

56 lunszuaunisnnamanuiauiunasinWiduinugdnenluanyanueanaieu naldanu
Fupsd Qmugﬁmmmmﬂﬁ'mﬂ@ﬂwxqﬁu

6-1 Lﬂumzmummwmmw%fau%wiwdwmmﬁqmuqﬁqqLmzmmﬂqmuqﬁrﬁ'ﬁthu'qﬂmai

= [ P o = =9 =0 X
uaniaaupanuFandn Nalianuaupn g g ANAsgeTu
2.2.1 uNUDN T-S

arsnimpnnduluiginseania dnasilasunmuantifusliasuanuenasndngdng uay
nszuaunsuipdnseniAdunszusunistnemadNiaussnitssuuAvAsundening AvnAua
waz nezusunslemunselln AuduunugRnuNIzaNd MiLLaRIN 9 ALu aanuANTRY8 941971

AN ULAZNTZLIUNNT WA ANTRINA Fle UNWYH T-S

v 1 1
weund T-S Aunusiaiiuguingd unuvewiueuing usziduacuduah NRAnee udu

'
a

TAv Weaeunsliin gruugiiin uasigrouauagaiu Aiunisdaeuinsuinazinasisves

a o

AUUNRNIN Fagil 2.4

q ] a

I', Constant

I"'I Constant

917 2.4 unun A T-S



12
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UFnuaNTan g94n

Qmax = rﬁcmin (Th,i _Tc, i ) (2.31)
"
NI
Qmax = rT.‘Icmin (TS _TG) (2-32)
a : o ada o ' ~
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min C,
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COP=—- (2.36)

LATERTNAINANUTZANTANTTDUZNIINIAIINLEIL
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D — (2.37)
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070 | % | 8 | 0311002 8 | 8 [ 125 ]| 040 |1226]| 1.27
075 | 8 | 8 | 053 1442 8 | 8 | 121 | 061 |15.65]| 1.24
080 | 013 | 212 | 082 [ 1851 0.10 [ 1.78 | 1.18 | 0.92 [19.30 [ 1.21
1.5 085 | 039 | 498 | 123 |22.27| 028 | 365 | 1.14 | 1.35 [22.58 | 1.17
090 | 090 | 7.83 | 1.84 | 2571 0.71 | 6.89 | 1.11 | 2.01 [25.76 | 1.14
095 | 211 [10.74 | 2.86 | 2882 153 | 9.76 | 1.08 | 3.15 [28.72| 1.10
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PR Single Single w/RX Double Double w/RX
(PR=CR*BR) n COP | g | COP| q. | COP{ q CR | COP | q, CR
0.70 | 0.06 | 4.76 | 0.23|28.44] 0.16.[13.10| 1.93 | 0.35/|36.27 | 2.07
0.75 | 020 | 14.62 | 0.37 [39.45( 0.29 |20.26 | 1.81 | 0.50 |44.21| 1.95
0.80 | 0.41 [24.14] 0.55 [ 49.12] 0.48 [27.71] 1.69 | 0.70 | 51.70| 1.83
3.0 0.85 | 0.69 [33.58| 0.77 |57.64] 0.76 [ 3556 | 1.59 | 0.96 | 58.76 | 1.71
0.90 | 1.10 [ 43.14] 1.06 | 65.18 | 1.17 |44.07| 1.48 | 1.32 |65.47 | 1.60
095 | 1.72 | 5296 | 1.48 |71.87 | 1.79 [53.22| 1.39 | 1.86 | 71.72| 1.48
1.00 | 2.71 | 63.20| 2.16 | 77.86 | 2.78 | 63.22 1.30 | 2.70 | 77.63 | 1.37
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PR Single Single w/RX Double Double w/RX
(PR=CR*BR) N COP | g |/COP | q, [ COP | q CR | COP | q, CR
0.70 | 0.06 (9.1 013 | 3847 ] 017 [26.19| 3.19 | 0.26 | 55.04 | 3.66
0.75 ] 0.18 [ 25.56 | 0.24 | 56.91 | 0.29-{37.99 | 291 | 0.37 | 66.64 | 3.36
0.80. | 0.34 [41.18 ] 0.35 | 72.26/ 0.45 [49.92| 2.65 | 0.51 | 77.43| 3.06
6.0 0.85 | 0.54 | 56.49| 0.50 [ 85.33 ] 0.66 [62.21| 2.41 | 0.69 |87.60| 2.77
0.90 | 0.79 | 71.85| 0.68 | 96.67 | 0.95 [ 75.26 | 2.20 [ 0.93 | 97.28 | 2.49
095 | 1.11 | 87.53| 0.92 [106.71] 1.34 [89.00 | 2.01 | 1.27 [106.51] 2.22
1.00 | 1.50 |103.77] 1.27 |115.79| 1.87 |103.77( 1.85 | 1.75 [115.39| 1.97
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PR Single Single w/RX Double Double w/RX
(PR=CR*BR) N COP q, COP q; COP q, CR | COP q, CR
0.70 | 0.03 | 9.23 | 0.06 |38.10 | 0.15:136.68 | 5.56 | 0.19169.47 | 6.89
0.75 1 0.14 [ 32.41 | 0.14 [67.11 | 0.25 | 52.68 | 4.96 | 0.28 | 84.32| 6.19
0.80 | 0.26 | 53.88| 0.23 [89.19| 0.38 | 68.56 | 4.42 | 0.38 [97.90 | 5.49
12.0 0.85 | 0.41 [74.57 | 0.33 [106.94] 0.55 | 84.70 | 3.94 | 0.52 |110.67| 4.81
0.90 | 0.58 [95.08 | 0.46 [121.87| 0.76 [101.51| 3.53 | 0.69 [122.90| 4.18
0.95 | 0.76 |115.81| 0.62 [134.96| 1.02 (118.82 3.16 | 0.92 |134.77] 3.60
1.00 | 0.97 |137.05] 0.85 |146.92] 1.36 |137.11| 2.85 | 1.26 [146.41| 3.08
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135

120

105

90

COP

Q, (kJ/kg)

75

60

45

30

15

I |

1.05 1.10 1.20 1.50 2.00 5.00 10.00
Compression Ratio

-
v Sy

9171 3.49 | naluansnisBeuinauduilss@nsignssnurnsinauifiularn1sznsinANiiy
v ! ! 1
199374n21n 1AL UL L) (W BRI1AUNTIEATUTNTLIAFIN97] 1l 1=0.85, T,=308K

uay T,=288K

-
<

A3 3.5 ANRNUTZANTUIANTTOUSZNIINIAMNLETL, N1T2N1INIAINETU LAZTRTVIAIUAINNAL 01

8ng1aaun 9B duNnileAsing e N=0.85, T,=308K uaz T,=288K

Single Single w/RX Double Double w/RX
COP| q |cOP| g |COP| q | PR/|COP| q | PR
105 8 | 8 | 022|036 | 8 | 8 | 8 [128] 644|115
110 8 | % [ 102338 8 | 8 | ¥ | 140 |13.93]| 1.30
120 8 | % | 130|890 | 054|983 | 169 | 132 |2564]| 1.58
0.85 150 | 0.39 | 498 | 1.23 [2227| 0.76 [31.20| 2.70 | 1.07 |48.25 | 2.41
2.00 | 0.70 [17.61| 1.01 | 38.01| 0.71 | 51.52| 4.48 | 0.86 | 69.40 | 3.81
5.00 | 0.58 [50.96 | 0.55 | 78.69 | 0.50 | 93.52 [ 16.33 | 0.51 [111.99] 12.55
10.00 | 0.44 | 70.24 | 0.37 |101.78| 0.39 |114.04| 37.67 | 0.37 [132.34| 27.43

n CR

LD ® = lsisnsnsniintuldasaludpdnsdmiuReulafidonun
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Ms B srx Bo B DRX
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Compression Ratio

s
=

7350  nauaasnisBauinaudnilsansianssnurnsinauifularnsTNainANIY
v ! 1 1
10957)4ns21n 1AL UL LA B BRI1AUNTIEATUTUILeAFN97] 1l N=1.00, T,=308K

uay T,=288K

AT 3.6 ANFNUTEANTLNANTTOUENNTNIAINEIY, N172N1INIANNLEU LATARTIFIUAITNAL Bl

8ns1daun 98 duNnileAsing e N=1.00, T,=308K uay T,=288K

Single Single w/RX Double Double w/RX
COP | q |cOP| g |coP| q | PR/|[COP| q | PR
105 | 8 | M |1184| 4.00 | 40111631 | 1.55 | 6.127| 26.46 | 1.40
110 | 8 | B [1010] 7.76 | 3.82 | 3058 | 1.87 | 468 |39.82| 1.68
120 | % | 700 | 1467 | 320 | 4956 | 2.44 | 351 |57.84| 2.19
1.00 1.50 | 8.14 | 13.74| 4.98 [31.61| 2.31 | 82.15| 4.08 | 2.35 | 89.01 | 3.65
2.00 | 457 |3546| 329 |51.92| 1.75 [110.94| 6.89 | 1.73 [116.64| 6.15
5.00 | 1.71 | 93.86 | 1.44 |106.53| 0.99 |167.58]26.31 | 0.95 |171.10| 23.47
10.00 | 1.07 |128.92| 0.94 |139.32| 0.72 |194.52| 63.31 | 0.69 [197.03| 56.45

n CR

we 8 =hiswnsadstuldesluipansdwiuReulafinivun
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1.9 x Motor Speed (2698 rpm) 2.8 x Motor Speed (3230 rpm) 3.0 x Motor Speed (4260 rpm) 3.6 x Motor Speed (5112 rpm)
No.1 No.2 No.3 No.1 No.2 No.3 No.1 No.2 No.3 No.1 No.2 No.3

N (rpm) 2636 2610 2654 3145 3130 3114 3877 3857 3875 4720 4735 4728

V., (m/s) 23.9 23.6 24.0 28.2 28.3 28.2 35.1 34.9 35.1 42.7 42.9 42.9

V.. (m/s) 32.2 31.9 32.4 38.0 38.2 38.0 447 44 5 447 51.2 51.4 51.2

D,, (mm) 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5

D, (mm) 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7

| (amp) 7.90 7.90 7.90 11.86 11.86 11.86 16.01 15.80 16.01 26.42 26.43 26.42

P, (psig) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

P, (psig) 7.0 7.0 7.0 10.0 10.0 10.0 11.5 11.5 11.5 12.0 12.0 12.0

P, (psig) 6.0 6.0 6.0 9.0 9.0 9.0 10.5 10.5 10.5 11.0 11.0 11.0

P, (psig) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

33.2 33.4 34.4 34.5 33.2 33.5 33.2 33.3 33.2 33.1 33.1 28.2

74.0 74.7 74.9 93.2 93.4 92.7 104.1 104.5 104.4 111.2 110.9 105.2

Air Temp 34.1 34.2 34.4 34.4 34.3 34.3 34.0 34.2 34.1 34.1 34.2 31.4

20.1 20.2 20.2 18.1 18.2 18.1 17.1 17.2 17.1 16.9 17.0 14.5

24.8 244 24.6 24.2 24.1 24.1 24.2 23.9 24.4 24.3 24.3 23.9

Water Temp 30.0 30.5 30.5 305 30.0 301 30:0 29.3 30.0 30.0 30.0 27.0

31.2 31.7 31.7 B2W 32.2 32.2 34.7 34.0 34.6 34.8 34.7 31.2

T (C) 33.2 33.4 34.4 34.2 33.2 33.2 33.1 33.3 33.1 33.2 33.2 28.2
M, ., (k9/S) 04 ’ QNS 4149 Y YN C16A4R) O 0.4
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1.9 x Motor Speed (2698 rpm)

2.3 x Motor Speed (3230 rpm)

3.0 x Motor Speed (4260 rpm)

3.6 x Motor Speed (5112 rpm)

No.1 No.2 No.3 No.1 No.2 No.3 No.1 No.2 No.3 No.1 No.2 No.3
pin(kg/mS) 1.1524 1.1517 1.1479 1.1487 1.1524)  1.1524 1.1528 1.1521 1.1528 1.1524 1.1524 1.1716
pout(kg/ms) 1.1849 1.1865 1.1857 1.1873 1.1877 1.1877 1.1873 1.1885  1.1865 1.1869 1.1869  1.1885
m, (g/s) 89.9961| 88.8085 90.0200] 105.8424] 106.5644 106.1879 132.2132] 131.3740| 132.2132 160.7880 161.5411] 163.8386
m,. (9/s) 83.2258 82.5612 83.7990] 98.4150, 98.9662 98.4481) 115.7671) 115.3655 115.6893| 132.5566| 133.0744| 132.7351
W (kJ/kg) 41.0 41.5 40.7 58.9 60.4 59.4 71.2 71.5 71.5 78.4] 78.1 77.3
W, (kJ/kg) 141 141 14.3 16.4 16.2 16.3 17.0 171 171 17.3 17.3 17.0)
Qi cootant (KW) 2.02 2.02 2.02 3.70 3.70 3.53 7.90 7.90 7.73 8.06 7.90 7.06
Q. refrigerant (KWV) 3.47| 3.48 353 6.03 6.10 6.00 8.73 8.71 8.75 11.50 11.51 11.46
Q, (kJ/kg) 4.9 4.8 4.8 6.9 6.8 6.9 7.9 7.8 7.9 8.1 8.0 10.5
AT, (K, °C) 131 13.2 14.2 15.9 15.0 14.9 16.0 16.1 16.0) 16.3 16.2 13.7]
CR 1.48 1.48 1.48 1.68 1.68 1.68 1.78 1.78 1.78 1.82 1.82 1.82
ER 1.41 1.41 1.41 1.61 1.61 1.61 1.71 1.71 1.71 1.75 1.75 1.75
M. 0.8838  0.8737| 0.8938 0.8537, 0.8560  0.8659 0.7757) 0.7727)  0.772H 0.7318  0.7346  0.7303
m- 0.4891 0.4889  0.4956 0.4104  0.4105  0.4080 0.3855 0.3875  0.3877| 0.3795( 0.3793] 0.3761
€co 0.9068  0.9163 0.9122 0.9367, 0.9288  0.9300 0.9460 0.9348  0.9449 0.9469  0.9454  0.9411
COP 0.1201 0.1162] 01185 0.41750 0130} /1 01166 0.11141. ~0.1096 0.1110] 0.1037|  0.1028  0.1364
COPy1 0.7467|  0.7388 0.7314 0.7391 0.7511 0.7486 0.7480 0.7586  0.7480) 0.7469  0.7467] 0.8042
COP 0.1608  0.1573  0.1620| 0.1590 | 0.1504 | 0.1557 0.1490 | 0.1444 | 0.1483 0.1389 | 0.1377 0.1696
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1.9 x Motor Speed | 2.3 x Motor Speed | 3.0 x Motor Speed | 3.6 x Motor Speed

(2698 RPM) (3230 RPM) (4260 RPM) (5112 RPM)
N (RPM) 2633 3120 3870 4728
m (g/s) 86.4 102.4 123.8 147.0
W, (kJ/kg) 411 59.6 71.4 77.9
W, (kJ/kg) 14.1 16.3 17.1 17.3
Q,; cooant (KW) 2.02 3.64 7.84 7.98
Q4 rerigerant (KW) 3.49 6.04 8.73 11.49
Q, (kJ/kg) 4.9 6.9 7.9 8.1
AT, (K, °C) 1875 15.3 16.0 16.3
CR 1.48 1.68 1.78 1.82
ER 1.41 1.61 1.71 1.75
M. 0.8838 0.8311 0.7736 0.7700]
m, 0.4912 0.4096 0.3869 0.3794
€co 0.9118 0.9318 0.9419 0.9462
coP 0.1183 0.1157 0.1106 0.1033
COPy 0.7390 0.7463 0.7515 0.7468
COP, 0.1601 £0.1550) 0.1472 0.1383

2.00 T 160

g o 180 I 140 3

2 g 1.60 / - 120 =

2 g P

8 "™ 140 / 100 £

1.20 80
2600 3100 3600 4100 4600

® Compresion Ratio
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Compressor Speed (rpm)

¢ Expansion Ratio

A Mass Flow Rate
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Component Efficiency

B Cooler Effectiveness

Component Efficiency
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W, , Q,(kJ/kg)
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COP, COP,

= COP @ COPR # Compressor Efficiency A Turbine Efficiency B Cooler Effectiveness
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