creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

A Study on Freezing Behavior in Waste Water Treatment
Using Freeze Concentration and Energy Efficiency

Improvement of Commercial System

A= o d

20134 8H

=3 Fristnl tiskd

7 A 22 3 3
34 4



4 9 Bl o B
g 4 EFgEAF o] o =
92 e A 38 ()
4 9 A o

20133 69 19¢

s Frista vjste



-

List of Tables
List of Figures

Abstract

X

XV

AH871%

Al1A A&

1.1 A2 v e

- 11

12 o AT -

23

AE D A e

ki

FHARANA A5 FAFZ B

A 2 A

ceee 23

2.1 AN Q ceeeeenenene

e 24
e 24

- 28

30
30
34
- 38

=
B
K
oy

o
o

)
X0
il
ojo
+
qr

Nfo

38
42

71

=

2.4.2

46

46

- 48
« 5]
veee 57

_Zﬁo

=
s

2.5.2 °]

-~ 0l

m
<

i



A3 A FAesFHTAHEAZREY 24 = 63

3.1 A 2B FA] QT e 63
T T I = e P 63
BT B [ = 67

3.2 A2 AL 9Bl A BT e 69
3.2.1 718 A T O)E] ererrerreeresrenrenrensenstnneineinnisesisisesesissesssssssnsssssnenens 69
R T | [, 72
3.3 AJ2=E Ao A3 G AL cerererrennnininnie 76

A 47 sAsSHFAZANLAY 4 B HE - 81

4.1 HYSYS =2 7200] A 2B SA] 7] sscncncncncnininsnsisscssisssssssscsscses 82
411 N 22E F1A] AL A PR AL ceeesnienensssssssssssssssssses 33
4.1.2 Al2=¥ FQ Unit Operation 4] O] & sessssrissssssusssssssisssisnns 85

42 FESA G FEQLAA A FJA] rescnscussnssicissnssissssssssssssissssssssses 91
4.21 AN 2¥"l AR D PHEQ 3 aE Al AR e, 93
422 HYSYSE o] 83 W% S22 ] A2el 4] e %
423 718F HIE A28 ET AAE coennnn. 107
424 DELA 2 FELAAAEH A AT} e, 111

4.3 AA AT T WE A 2B G A] e 114
431 A28l HARES D JHEQ 3 aF Al AR cesecisnnniinnniiiniii, 114
4.3.2 HYSYSE ©] &3t H s S apgo] AJLF] S A weeeceeens: 116
433 71BF BIZO] A£Q ET AAEF s 119
4.3.4 AA Aol pE A 2B F|A AT} e, 127

44 AT EE Ao WE A 2B S A] s 131
4.4.1 SHATE AIAE e 132
4.4.2 28] AT TE AJAF v 138

- [ 144

— i -



_iV_

A5 A sAsFHFAZANLA AL 4 - 147
5.1 AAA BAS QFF 7] eerrrerererserssersssnsssnssenssssssssssusssssssssssssssssssssssnss 147
5.2 AA Z7A0] WE A 2AH FE BA] e, 150

521 959 2 FELAALT ouA T D AAHYF e 150
522 AAAY o] WE A2 YA EE D SAHF e 154
523 AAZFol w2 Azde] oux T D AAHYFE - 160
5.3 HFA g ol WE HA|A] BT cereererseresnsnnsccssissinsisssisssnisisssssanens 167
5.3.1 22 2] H O] T H] G rereeerrerserssensenssessenstssenstssensnssessenasesses 167
532 FAEEAFHYA LYY LA G 5 LA YH G e 170
5.3.3 HEA 2 HPHE A 2] H] 8 s 171
54 9345 £33 Jdul A8 Al AJ2E G§8 BA] s, 174
5.4.1 WHE AL Al A ZRE] GG s, 174
5.4.2 HF H& A] AJRE] GG eeecnstrsissnecscnsisniiisecssssissississssississassssisens 176
543 W 25 AL Al AJ2EH GG s, 177
55 EAEZH LA YA 28 HE AAA BEA . 178
5.5.1 H G B]H] L] AR A cerererrernsnrennnninsnniiiinissn. 178
55.2 G345 E3F Ydulk AR Al AAA ceeeersensnniniiniiniiiiiinn. 179
5.5.3 SAEZH S A 2EH Q] ZTFA A A ceeereenreserensnnininennnn, 181
B.6 ATZLE cescsssisrsenscsssisssssssssissossessssissossessssiosessesssssssssessssssssresssssesssmasssssnsosss 182

A6Fd A8 - 185
1E2d 189
2 193



List of Tables

Table 1. 1 Per capita Water reSOUrCeS DY COUNLTY swsssrssssssssssssssssssssssssssssssens 2
Table 1. 2 Water quality indeX DY COUNLIY swsesssrsssssssrssssssssssssssssssssasssasssasssens 2
Table 2. 1 Experimental cONdition(NACI) «sssssssssssssssssssssssssssssssssssssussssssssasasaanns 29
Table 2. 2 Experimental cOndition(Ph, Cr) sesessssssesssrssesserssesssssessenssnssensanssenses 29
Table 2. 3 Condition of simplified model calCulation «ssssssssssessssesessasusescasasase 49
Table 2. 4 Heat and ice amount of simplified model calculation s 50
Table 2. 5 Heat and ice amount Of tESt TESUIL sweesseesresreeressesassessessessesaasassans 51
Table 2. 6 Plane wWall CONAItION sssesssssserssnsssssnssnsensssessessassassassassassnssassnsnssasnssns 53
Table 2. 7 Cylindrical pipe CONAILION sreerssessssserserssnsssasersenserssssensensenssssssusensenss 54
Table 2. 8 Heat 10sS at freeze CONCENTTALION sw+erererssssssssssesassesasseresseassesennes 55
Table 2. 9 Heat capacity of simplified model and test result ceesssesesseses 55
Table 2.10 Modeling of freeze CONCENtration PIrOCESS sesssssssssssssssssssssnsasesnsns 58
Table 2.11 Condition of brain and heat exXChanger «sessssssssssescscscsssssusnenas 59
Table 2.12 Outlet Condition at each modeling Case sesssesesssesescssssssasasususeas 59
Table 2.13 Process stream condition at each modeling Case sesssssessesesessese 60

Table 2.14 Thickness and salinity of frozen layer at each cooling wall
temperature(NaCl aqueous SOIULiON) weessssessssssssssessssssssasessasnsanes 61

Table 2.15 Thickness and salinity of frozen layer at bubble flow

method(1.8 wt% NaCl aqueous SOIULION) swsewsessssssessersssssssseusensenes 61
Table 2.16 Thickness and Pb & Cr content of frozen layer at flow

method(Pb & Cr aqueous SOIULION) «sessesssrssessersenssnssensenssnssnasensenes 62
Table 2.17 Pb & Cr content of frozen layer at ice-lining thickness

(Pb & Cr aquUeous SOIULION) swsserssesssssssssssssssssssssssssssssssusssssssassanes 62
Table 3. 1 Basic design data of waste-water FC treatment system -« 71



Table 3.

Table 3.
Table 3.
Table 3.

Table 3.
Table 3.

Table 3.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.

2 Number of cooling tube and amount of ice-lining at design

CAPACILY  #seeserssrssersersenssnssensensensssssensensensstuseussussnsstssenssussnssessensenssnssessenses 73
3 Operation condition of refrigeration SyStEm sessssssssseeseesssesescenens 75
4 Operation procedure of waste-water FC treatment system -+ 75
5 Freezing heat of ice-lining( ;) at non-precooling «esesseesseees 7
6 Freezing heat of ice-lining(@);;) at Precooling sewsssessseessesseeeseees 78
7 Freezing heat of waste-water treatment(@),, ;) seeewseesseesseess 79
8 Cooling heat of injection air at design capacity( ) «esseeeee 80
1 Design heat capacity and cold brain flow rate sseseeesseseeseecene 94
2 Operation condition of refrigeration CycCle seessssesssessessescsncecanee 100
3 Condition of warm brain cooling PIPE SYSLEIM seseeseesensenssncsneane 100
4 Condition of cold brain circulation pipe SyStem sesssessssesesseeens 101
5 Process stream condition at non-precooling SyStem ssessssees 103
6 Process stream condition at precooling SYStEIm seessssessesseseenens 105
7 Condition of Short-term OpEeration PUMp «sssssssssesssssssssssssusensns 109
8 Process stream condition of short-term operation pump - 110
9 Electric power consumption for the application of
DIECOOLING +essesserssrssersenssessensenssensenssensenssnasensenssnssensanssensenssassensenssessens 111
Table 4.10 Operation time of precooling and non-precooling system --- 113
Table 4.11 Design heat capacity and cold brain flow rate seseeesseeeeeeeeene 115
Table 4.12 System parameters for modeling of waste-water
FIC PIOCESS wesresessessessessessenseasessussussenseasessessessussusssssnasesssssussassnssnssnsns 117
Table 4.13 Injection air flow of waste-water FC SyStem «eessesseesessesceneane 117
Table 4.14 Result of waste-water FC system analysis «essssseseeseeseeseenceneanes 118
Table 4.15 Condition of fresh water discharge pump «eesssseesessessessensensnene 120
Table 4.16 Process stream condition of fresh water discharge pump - 121
Table 4.17 Condition of waste-water disSCharge pump sesssssseesessesssssesncenene 123
Table 4.18 Process stream condition of waste-water discharge pump - 124

_Vi_



Table 419 Condltlon Of warm brain Supply pump ..................................... 125
Table 4.20 Process stream condition of warm brain supply pump e 126

Table 4.21 Electric power consumption of system at design capacity -- 128

Table 4.22 Operation time at design CApaCity swesssssssssssssssssssssssssssssssssssseens 129
Table 4.23 Amount and thickness of ice layer per cooling tube «esse-e=-: 131
Table 4.24 Fresh water temperature after precooling seessssssssessessessesceneane 133
Table 4.25 Freezing time of iCE-lNING( ) swweerseesssesersenssenssenssenssenssenssenseens 134
Table 4.26 Operation time of concentrated waste-water discharge

DUITIP #eeseessessensssasensensseasenssensensenasensensssasensssasensensssasensssssesssnssessenssnasenss 135
Table 4.27 Operation time at operation treatment Capacity -sessssssssessesseees 136

Table 4.28 Electric power consumption of refrigerator at operation
treatment CAPACILy seessesescssusescusesescususcususescususcnsususencususcnsusincasucacass 138
Table 4.29 Electric power consumption of short-term operation
pump at operation treatment Capacity sesssssescsesssssesescscscscnsarene 140

Table 4.30 Power consumption of system at operation treatment

CAPACILY  seeeesessessnsmasassssssinstssssssusessituntssastnsnsssssssssssustsssssssssssnsascases 149

Table 4.31 Power consumption and operation time for the application

Of DIECOOLIG swrsserserserssrssersersssssensensssnsensansssusensenssssssusensssaseusensssasensens 144
Table 4.32 Power consumption and operation time at design

treatment CAPACILY seessssescssssesessusmsesensescusmsenusisccusnsssusnssscnsencasunacaes 144
Table 4.33 Power consumption and operation time at operation

treatment CAPACILY stsswssseesmscssusssessuscassssuscnsssusisussusssuscnsunsasensascnses 145

Table 5. 1 Rate of electric power consumption for the application

Of precoohng .................................................... 151
Table 5. 2 Daily treatment capacity of waste-water FC system «seseeees 153

Table 5. 3 Rate of electric power consumption at design treatment

CapaCIty eeseenssseenssteensteenssteenssteenssteessseenssteesssteessserssstenssseenssstessseensssennas 155
Table 5. 4 Consumption of evaporator heat in waste-water FC

treatment process ........................................................................... 156

- Vil —



Table 5. 5 Daily treatment capacity at design Capacity sessssssessessessssesesn 158

Table 5. 6 Rate of electric power consumption at operation treatment

CAPACILY  weeserssrssensersssusensssssensensssasensssaseusensssusenssessensensssssensanssensanssessens 161
Table 5. 7 Daily treatment capacity at operation treatment capacity -+ 164
Table 5. 8 Heat capacity of evaporative concentration treatment ssee-- 168
Table 5. 9 Cost of evaporative concentration at heat Source -sesssseseee= 169

Table 5.10 Cost of freeze concentration and entrustment treatment --+ 170
Table 5.11 Cost comparison of waste-water treatment method at
evaporative concentration using €leCtriCity sesssssssseesseeesnesnaeane 171
Table 5.12 Cost comparison of waste-water treatment method at
evaporative concentration using di€sel Qil «esssessessesseesesencencsncenes 172
Table 5.13 Cost comparison of waste-water treatment method at
evaporative concentration uSing LNG wsessessessesseussesseaseasensensenscns 172

Table 5.14 Daily electricity cost of waste-water FC treatment system -- 179

Table 5.15 Mean charge in summer season for air-conditioning s 180
Table 5.16 Mean charge in winter season for heating «sssssssssseseessessensesne 180
Table 5.17 Cost reduction of HVAC In WOrk place -«esssssseeseessessessessessasnane 180
Table 5.18 Total economy benefit of waste-water FC system «eeeseseeeeeees 181

Table 5.19 Rate of electric power consumption and daily treatment
capacity for the application Of PreCoQling sessssssssesessesscsnseensas 182
Table 5.20 Rate of electric power consumption and daily treatment
capacity at design treatment CapaCity swssssssssssssssssssssssssssusasenees 182
Table 5.21 Rate of electric power consumption and daily treatment
capacity at operation treatment Capacity -seesssssesseeseeseesesesncanene 183
Table 6.1 Salinity of frozen layer at cooling wall temperature «sesesse- 185

Table 6.2 Pb & Cr content of frozen layer at ice-lining thickness - 186

— viil —



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

List of Figures

1. 1 Current state of waste-water diSCharge swseessssssmsseeseesssnsssssessssnse 4
1. 2 Current state of waste-water discharge COmpany «sssssssssssesssesseces 4
1. 3 Current state of waste-water treatment method «esesesesssesssseseseeeee 5
1. 4 Multi-stage freeze concentration(FC) system (GEA) sesesesessesesecsces 8
1. 5 Waste-water FC system with incineration(GEA) «ssssessssessesesussscnsnas 8
1. 6 Model of ice layer growth at PEC «sssssmsssmsssssssssssussssssssissenes 9
1. 7 Model of water freezing DENAVIOL sesessessessessersersensensensensnsnsnsnsnnans 13
1. 8 Pilot plant for ice crystallization of Wakisaka et. al. eesssseeseeseees 16
1. 9 Tubular ice System for PEC sssessessersemssesstusensenscnssessensensenssnssessensenses 17
1.10 Structure of a CONCENLTIC SSHE, sessssssssrsesssrssrssassassasassassnssassassnsansansas 19
1.11 Single tube FBHE of Habib and Farid seessssessesesssessessessesensensenaes 19
1.12 Schematic diagram of falling film waste-water FC system «--- 20
2. 1 Schematic diagram of experimental apparatus «sssssssssesssessesecases 25
2. 2 Detail Of tEST SECLIOMN +esssssassassassssnssassassasassassnssassassssassassassasessassassassases 2%
2. 3 Photograph of eXperimental apparatus swsssssssssssessessessensessessensesns 27
2. 4 Photograph of frozen layer at S=1.8 Wi% swssesesssesseusenssesensenssensens 31
2. 5 Photograph of frozen layer at S=3.6 Wi% seseesssrsserssensseusseuserssenass 31
2. 6 Thickness of frozen layer at S=1.8 Wt% «wsessssssssssssssssussssssassusnens 32
2. 7 Thickness of frozen layer at S=3.6 Wit%h sesesessesesessessessessesensenses 32
2. 8 Salt content Of fTOZEN 1AYEr «sesserssrsesemssesensensessensensensseasensenssensensens 33
2. 9 Salt content of concentrated aqUEOUS SOIULION seswsesssssaserasacscananses 33
2.10 Photograph of frozen layer at S=1.8 wt%, Ty=-2 T eeeeseesereceeens 35
2.11 Photograph of frozen layer at S=1.8 wt%, Ty==7 T reeererserccees 35
2.12 Photograph of frozen layer at S=1.8 wt%, Ty==-12 T recereserecee 36

_iX_



Fig.

2.13 Thickness of frozen layer at Fya=15 L/min, Fring=15 L/min,

Fring=30 L/ITUI seeeerssersseussnssenssenssenssenssenssasenssenssensssssnsensstussssssnssenssenssees 36
Fig. 2.14 Salt content of fTOZEN lAYEr «wewesssessseserssemsensseussnssenssenssenssenssensenases 37
Fig. 2.15 Salt content of concentrated aqUEOUS SOIULION wswsesescsrssasasasusssnsees 37
Fig. 2.16 Photograph of frozen layer at not flow field(Fnon) seeeseseseseseseeses 39
Fig. 2.17 Photograph of frozen layer at Fring=b L/MiN seseeeecesssususeececssassuceae 39
Fig. 2.18 Thickness of frozen layer at Fring=0 L/MIn «eeeseseeeecesususessasnscscacaruee 40
Fig. 2.19 Thickness of frozen layer at Fnon , Fring=d L/Min seeseseceeeeeescecee 40
Fig. 2.20 Pb content of frozen 1ay@r swssssssssssssmssussssssssusssssssssssssssssussssasans 41
Fig. 2.21 Cr content Of frozen layer swsesssessssssssmssmsssssssussssssssusssussssssasssasasans 41
Fig. 2.22 Photograph of frozen layer at lp=1 mm seeseseesssesssesensseessenssenssensnes 43
Fig. 2.23 Photograph of frozen layer at Ip=5 mm esssessesserserssesensessenssnasenses 43
Fig. 2.24 Pb content Of frOZEN lAYET sesssssessesserssessessenssensensenssessensenssessenssnssensss 44
Fig. 2.25 Cr content Of fTOZEM JAYEr resssesessssesscsssnsenssesscuscusenssessensensenssensensenaes 44
Fig. 2.26 Pb content of concentrated aqueous SOIULION sessssssssesesssccsasususees 45
Fig. 2.27 Cr content of concentrated aquUEOUS SOIULION sesssssesssssesssusnsesnanacas 45
Fig. 2.28 Growth model Of frOZen layer sesssscescsssessessensensenssessensenssnssnssensensenses 46
Fig. 2.29 Progress model Of fTOZEMN layer sewsesssessesemsseussessenssenssensenssenssensenases 47
Fig. 2.30 Ice layer along vertical cooling tube at simplified model -+« 49
Fig. 2.31 Test section insulated by polyethylene mat sesssssssssssssesasescasusccase 52
Fig. 2.32 Conduction heat transfer through two-layer plane wall s 53
Fig. 2.33 Conduction heat transfer through two-layer composite

63721176 1) g R 54
Fig. 2.34 Heat analysis of freeze concentration ProCESS sesssssssssssessessesseenees 56
Fig. 3. 1 Waste-water FC SYStEm PrOCESS swssesssesssssssssssssssssssssusasusssssssssssraans 64
Fig. 3. 2 Waste-water treatment process in the factory seessessseesseesscencenee 68
Fig. 3. 3 Ice layer along COOLNG LUDE sesserssesserserssessensenssessessensenssensenssnssensenses 74



Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

3. 4 Ice-lining freezing ProCEdUIE swessessesersemsemssmssuseseaseasensensensensensensens 76
3. 5 Waste-water freeze concentration proCedure «sesssssssseessssssesessecsn 78
4. 1 Operation procedure of precooling and non-precooling system -+ 92
4. 2 Modeling of waste-water FC treatment system without fresh

WALET COOQLET  eeeesereceeeccerceanceanccarnccernccarccsarcsarscsanscsanscssnccasssasscsasscsascsance 90
4. 3 Modeling of waste-water FC treatment system with fresh

WALET COOQLET  eeeesereccescccncceanccerncceancscancseascceacsensccenscssnsccsncscansssscscascsascscnce 97
4. 4 Two-stage compression refrigeration system with intercooler --- 98
4. 5 Two-stage compression refrigeration cycle with intercooler ---- 98
4. 6 Modeling of short-term Operation DU sssssssssessessssssessssusersassseass 109
4. 7 Modeling of fresh water diSCharge pPUmp swssesssssesssssssssssssssseseens 120
4. 8 Modeling of waste-water diScharge pUmp swsessssssessesserssensensenssenss 123
4. 9 Modeling of warm brain SUpPPLy DUIN «ssssessessessesseasessessessuasessuaees 125
4.10 Power consumption at design CapaCity ssswsssssesssessesserssessensersseasens 130
4.11 Power consumption ratio of compressor with FC system -«e« 130
4.12 System operation time at operation treatment capacity s 137
4.13 Power consumption of one batch operation and freeze

CONCENLTALION PIOCESS sessesssrsserserssrssersssssensarsssnsarsssssssssssserssssssnsanssssss 143
5. 1 Installation diagram of waste-water FC system in factory - 147
5. 2 Energy efficiency of waste-water FC treatment system at

dESIGN CAPACILY sreerssersssrssssssssssssssusssusssssssssssssssssssissssssssssisssssssssasssens 157
5. 3 One batch and daily treatment CapaCity ressesssssssesssssssssssssssssases 159
5. 4 Rate of electric power consumption at operation capacity -+ 162
5. 5 Rate of electric power consumption at operation condition - 165
5. 6 Daily treatment capacity at operation CONdition sessssssssseeesseneecs 166
5. 7 Treatment cost at waste-water treatment method seesessesseeseese 173

_Xi_



A Study on Freezing Behavior in Waste Water Treatment
Using Freeze Concentration and Energy Efficiency
Improvement of Commercial System

Kim, Jung Sik

Department of Marine Engineering System
Graduate School of Korea Maritime University

Abstract

Water has a decisive effect to survival of all organisms including human
being. But many countries have been experiencing a water shortage with
more deterioration due to population growth, industrial development and
improving the quality of human life. Another noticeable water problem which
threatens the mankind is water pollution. Industrial development gave rise to
waste-water containing harmful contaminants that caused severe environmental
pollution. Water pollution inflicts a fatal effect on not only mankind but also
an organism. Various techniques of waste-water management have developed
continuously and applied to treat pollutants contained in waste-water. But

most methods were suitable for a large quantity of waste-water.

Recently, waste-water treatment system is developed in small and middle
size to get more economic advantage. Freeze concentration method based in
the fact that pollutions can be separated and concentrated as non-frozen

liquids when ice crystals are formed under the freezing point, is very useful
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to waste water treatment system of small and middle size. Freeze concentration
system which can re-use purified water and cold energy obtained from ice

has high thermodynamic efficiency and low energy consumption.

First, this study was progressed on the freezing behavior along the vertical
tube in relation to freeze concentration method. The experiment was
conducted on the freezing behavior of waste-water by cooling wall
temperature, air-bubble flow method, ice-lining thickness in NaCl aqueous
solution and the representative heavy metal aqueous solution containing Pb

and Cr during the freeze concentration process.

The fundamental experiment was performed to investigate freezing
behavior of NaCl aqueous solution along the vertical cooled circular tube for
parameters such as cooling wall temperature and air-bubble injection method.
In the experiment on heavy metal aqueous solution, Pb and Cr concentration of
frozen layer and concentrated solution was compared at the effect of
parameters such as cooling wall temperature, flow field effect and the
ice-lining thickness. The following experimental factors were applied such as
cooling wall temperature: -2 C, -7 C, -12 C and -17 C, direct air-bubble

injection method and ice-lining thickness: 1 mm and 5 mm.

As the result of experiment, a decrease in the cooling wall temperature
brought the high growth rate of ice front and more solute was involved in
frozen layer. The method to inject directly air-bubble on ice-liquid interface
through the ring shape nozzle gave higher purity of ice than indirect
method. Ice-lining in 5 mm thickness resulted in frozen layer with higher

purity than 1 mm thickness.

Also, the freeze concentration waste-water system which was designed as
the small and medium sized capacity was analyzed about the rate of electric
power consumption and the daily treatment capacity to suggest the direction

of the system development. The virtual system possible to commercialize was
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composited and the design data was calculated to analyze energy efficiency
and daily productivity with HYSYS simulation. At first, the power consumption
and operation time of the system with fresh water precooler or without it
was calculated by computer modeling and analysis. Subsequently, the change
of design and operation treatment capacity was applied to the system with

fresh water cooler.

The cost effectiveness of the freeze concentration system was analyzed
with operation power consumption based on computer-aided analysis.
Economical efficiency of the system for commercialization was studied at the
point of energy recovery to utilize heat source of purified ice and condenser

for air conditioning and to re-use water fusing ice.

As the result, the rate of electric power consumption was higher as 0.6
Wh/kg but daily treatment capacity increased in quantity as 19 % in the
system with fresh water precooler. As design treatment capacity increased,
the rate of electric power consumption was lower and daily treatment
capacity was larger in quantity.

The operation cost of the freeze concentration system was lower up to 9.3
~ 12.1 times in comparison with the evaporative concentration using
electricity method and was lower up to 31.9 ~ 41.5 times in comparison with

entrustment treatment.

As the energy recovery system, cooling efficiency was 1.12 and heating
efficiency was 2.99 when ice thermal storage and condenser heat was fully
utilized by air conditioning unit. At the comprehensive economic efficiency,
cost saving was 32.5 times greater than operation cost in summer and 28.7

times in winter.

Keywords: Daily treatment capacity €< *2]%; Economic efficiency 74 #|4; Freeze

concentration 54 %3 Freezing behavior 527 %; Waste-water treatment <= 2]
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Table 1.1 Per capita water resources by country®?

No Country name re?oeurrcceasp lgfrf /ﬁiﬁgm
1 Greenland 10,767,857
2 Alaska (USA) 1,563,168
4 Iceland 609,319
6 Suriname 292,566
7 Congo 275,679
11 Canada 94,353
12 New Zealand 86,554
13 Norway 85,478
63 USA 10,837
104 France 3,439
106 Japan 3,383
127 UK 2,465
128 China 2,259
133 India 1,880
134 Germany 1,878
146 South Korea 1,491

Table 1.2 Water quality index by country™®

No Country name Water quality index
1 Finland 1.85
4 UK 1.42
5 Japan 1.32
6 Norway 1.31
7 Russia 1.30
8 South Korea 1.27
9 Sweden 1.19
10 France 1.19
12 USA 1.04
18 Austria 0.85
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Fig. 2.1 Schematic diagram of experimental apparatus
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Fig. 2.2 Detail of test section



Fig. 2.3 Photograph of experimental apparatus
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Table 2.1 Experimental condition(NaCl)

n Cooling wall
Salinity(S) Bubble flow method
Temperature(T,)
Injection from wall(Fya) = 15 L/min
1.8 wt% -2 C
-7 C Ring nozzle(Frng) = 15 L/min
3.6 wt% -12 C
Ring nozzle(Fring) = 30 L/min
Table 2.2 Experimental condition(Pb, Cr)
Ice-Lining Cooling wall
) Flow method
thickness(n) temperature(Ty,)
. -2 C
1 mm Not flow field(Fnon)
-7 C
. . . -12 C
5 mm Ring flow field(Frng) = SL/min 15 ¢




23 GSHUESSEY Y A9AH 2 13

1.8 wt%et 3.6 wtholA 7IZE A}

Fig. 2.43} Fig. 2.5%

bR AR

oy

=) 1.8 wt%s} 3.6 wt% &Ml thsl) F

E=(TWE -2 C, -7 TC, -12 CE H3ANHS w 54

Fig. 2.67} Fig. 2.7¢ 7tz o2

%]

o}

o

171 o 2o

7}3]

AgE T

5
o] HIAFe= EA

AM FAARCRSY dfFHo]l AR I wEt

oot iz

S

1.8 wt%

s}y zpol

B

3]

goo]

oy
T

153 3.6 wi%

Skt

o] A

oy

)

oA go] HjA&

XA E7] o

7F dojur] Al deA7 ol

i

%

+



(a) TW=_2 € (b) TW=_7 T (C) TW=_12 T
Fig. 2.4 Photograph of frozen layer at S=1.8 wt%

(a) Tw=_2 T (b) Tw=_7 T (C) TW=_12 T

Fig. 2.5 Photograph of frozen layer at S=3.6 wt%
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Fig. 2.7 Thickness of frozen layer at S=3.6 wt%
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(@ Fya=15 L/min (b) Fring=15 L/min (©) Fring=30 L/min
Fig. 2.10 Photograph of frozen layer at S=1.8 wt%, Ty=-2 C

(@) Fyar=15 L/min (D) Fring=15 L/min (©) Fring=30 L/min
Fig. 2.11 Photograph of frozen layer at S=1.8 wt%, Ty=-7 C



Fig. 2.12 Photograph of frozen layer at S=1.8 wt%, Ty=-12 C
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Fig. 2.13 Thickness of frozen layer at Fya = 15 L/min,

Fring=15 L/min, Fring=30 L/min
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(b) Ty=-7 C © Tw=-12 C
Fig. 2.16 Photograph of frozen layer at not flow field(Fnon)

(a) Tw=-2 C (b) Tw=-7 C © Tw=-12 C

Fig. 2.17 Photograph of frozen layer at Fring=5 L/min
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(a) Ty=-2 C (b) Tw=-7 C © Tw=-12 C
Fig. 2.22 Photograph of frozen layer at lp=1 mm

(@) Ty=-7 C (@ Tw=-12 C (@) Tw=-15 C

Fig. 2.23 Photograph of frozen layer at [»=5 mm



0.5

§_: [ nitial :hi_(flkmniss(lth)
§ 04F [—e—=5mm ]
€ ]
8 | :
£ o3[ ]
02| ]
01| ]
ool e Y
2 -7 -12 -17
Cooling wall temp.(C)
Fig. 2.24 Pb content of frozen layer
005 ) N S ' ' ) e ' L ' )

Cr content(ppm)
o
g

o
Q
@

0.02

0.01

Initial thickness(l,)
—.— Im=1 mm
—e—|,=5mm

0.00 L

-2. — .-7. — .-1'2. — .-17
Cooling wall temp.(C)

Fig. 2.25 Cr content of frozen layer



T ——— .
§ o [ [ Initial thickness(,) ]
E’ Ny —a—|, =lmm .
8 [ |—e—1=5mm
8 °F 3
& [
4L 3
3F 3
2F ]
1F ]
0 : " 1 " " " " 1 " " " " 1 " " " "
2 7 -12 17

Cooling wall temp.(C)

Fig. 2.26 Pb content of concentrated aqueous solution

0.20 — T
g. Initial thickness(l, )
% —a—| =1lmm
3 015l —e— 1, =5mm A
‘g I ]
S
(8]
0.10 - -
0.05 - -
0.00 I T S
-2 -7 -12 -17

Cooling wall temp.(C)

Fig. 2.27 Cr content of concentrated aqueous solution



25 $A¥EAAe dug =Y

o

T

o

s

led o2 mda} Hustez 4

A

SAsh d5AE B
Z319t).

o &

2 gz a#e HYSYSS

o

Np

o

ot

™
Nlo

~H

I

23
T

_mmo

W

il

o
pelll

_&O

B

Al FA o

]

gl

o
=

22

—_
o

sheiet.

SFaLx}

AEC &8

a9
N4 ag

Jl

2<Hl
— H

|

o] A

251 $4% 479 o124 gend™

Fig. 2.28%} 2T},

o] FAZIFE

goz wath 4g

O
Of

Frozen layer

6p

P

(2)$

Fig. 2.28 Growth model of frozen layer™®



3 olFsle EH & FolA oW o]Fs

S|
FApel Ao FPsHE FAFE AR B Bl ARE woton FAA
=20

ds a0,
=\ = 2.1
ql dT 7( ay )y-g qc ( )
A7NA, o © G99 BE, ¢ < JAEF N © €Y EHEE, 4, = F

A% %, 7 & ARt

_

o}

ZF g A 229 Zoh

C

i
I3
2
>
i
o
ol
)
rg
=2
il
2
)
rlr
e

Water

Or
Frozen
layer

\

Op

Fig. 2.29 Progress model of frozen layer™



UEeEbd ZoZ Aol

2] (2.3 o2 BAHAL

o
=]

e

€]

3

o=l

Zlojt}. wrehx] Am oA ¢

2.3)

o) exolt},

4714, 6, &

st A (2.4)°]t.

@ s = ool A2}

0
o

(2.4)

2,(0,-6,)

2]

Bis

okl Aol Al

o714, AHe o]

252 |24 deRddA THTF H EF

+
o

N

it

uf-

0

o}
Zo

™

oK
=
1
N

o
.Zﬁo

2} Q4o A et o] FAAWAALY dols2 L=

AT

~
o

Sgoloz NEel dolFo] gk 7}

sttt &AL 1.8 wt% <

o FAE AL

=
S

S Table 2.3& &5 %4
21 24ANA o]2F derndo wel AdAst

bk o

J|

e

=
=

=44

8

1ol Fig 2,303}

[e)
29l

wo) %

5)
=

17.9 mmo] 2 A

o FAE



Table 2.3 Condition of simplified model calculation

(3610371

Aqueous 0, P; q T
solution () (kg/nd) | (kg (s)
1.8 wt%
NaCl aqueous 0.99 917.789 | 336,000 | 3,600
solution
o A I Vertical Cooling Tube
Q gy (o |
» N ,~+tFrozen Layer
O*_ ++++ T4 ++++:
~ ++++++++ ++++7

(Unit : mm)

Fig. 2.30 Ice layer along vertical cooling tube at simplified model
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A 3E Table 242 AR T
Q= W, Xq (2.6)
Table 2.4 Heat and ice amount of simplified model calculation
Ice volume Ice amount Freezing heat
V,(m) Wi(kg) Q,, k)
2.365x107 2.17 724.01
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Table 2.5 Heat and ice amount of test result

Ice volume Ice amount
1.341x107° 1.23 204.34 5 410.67
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Fig. 2.31 Test section insulated by polyethylene mat
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Fig. 2.32 Conduction heat transfer through two-layer plane wall
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Table 2.6 Plane wall condition

Ad) D, (m) D,(m) 7;(C) 7(C)

0.0628 0.005 0.005 0 11
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Table 2.7 Cylindrical pipe condition
G(m) r,(m) 7,(m) r,(m) 7,(C) T,(C)
0.4 0.1 0.105 0.11 0 11




Table 2.8 Heat loss at freeze concentration’®”!
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Fig. 2.34 Heat analysis of freeze concentration process



b1 9

9

o @3t

=

=

em, o]

<
T

st 2] (292 el AT

S

AR TEG

254 325574 duy =d 7
A
LT D

=]
T

Ho

A Al A7

)
o

FHgoA A

il

R

oy

oju

_&0
wm

=

)

At &, FAEFHAANA 29

aY
o

o

Mo

dstal I ZolE Wl

Ag ol et 7t

—

4
_&0

A1
o
;0U
2}

el

o
1+

=K

w
Ho

A aroprgiry,

}

SAFE =AM
21034 o] Al A Ae2 mHs

o], case 2

k)

;01_
JJo

B
2

_'__rL

==
=

©] Table

o

=
g 7ol A

o]
H

A1 9]
ol WYztEe &£=7} -7 ColB=E

1

k)
yi

=

B4 HYSYS AolA o
Q)

St T} case 1

9

d w3
H] 22 3} 93 o}

T

)

o

& @3t
z711& olzfe] Table 2.113} o] &

213 =]
d #

E

S o
T
hl

o). case 3

3

A
&

9



Table 2.10 Modeling of freeze concentration process

Gross Heat( ,,)
case 1 o100
1 2
Gross
Heat
Latent Heat(g,), Aqueous Solution Cooling(@,,. @..),
Heat Loss(@,,..)
case 2
Latent Aqueous Heat
Heat Solution Loss
Cooling
Latent Heat(@,,), Total Heat Loss(Q,,)
7 8 f 9
Latent Total
Heat Heat
Loss
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Table 2.11 Condition of brain and heat exchanger

Ethylene glycol(CoHsO2) 40% aqueous solution

Inlet temp. -7 C
Brain
Flow rate 0.23 ni/min
Pressure 120 kPa
Heat exchanger AP 0 kPa

Table 2.12 Outlet condition at each modeling case

Outlet condition Case 1 Case 2 Case 3

Temp.(C) -6.984 -6.984 -6.984
Press.(kPa) 120 120 120
Molar Flow(kgmole/h) 424.7 424.7 424.7




Table 2.13 Process stream condition at each modeling case

Name 1 P) 3 4
V.F. 0 0 0 0
T(C) -7 -6.984 -7 -6.991
P(kPa) 120 120 120 120
Fuo(kgmole/h) 424.7 424.7 424.7 424.7
Finass(kg/h) 1.514e+004 1.514e+004 1.514e+004 1.514e+004
Frig(mi /h) 14.09 14.09 14.09 14.09
Qu(kJ/h) -1.511e+008 -1.511e+008 -1.511e+008 -1.511e+008
Name 5 6 7 8
V.F. 0 0 0 0
T(C) -6.986 -6.984 -7 -6.991
P(kPa) 120 120 120 120
FMol(kgmole/h) 424.7 424.7 424.7 424.7
Fmass(kg/h) 1.514e+004 1.514e+004 1.514e+004 1.514e+004
FLiq(nd /h) 14.09 14.09 14.09 14.09
Qh(kJ/h) -1.511e+008 -1.511e+008 -1.511e+008 -1.511e+008
Name 9 - - -
V.F. 0 - - -
T(C) -6.984 - - -
P(kPa) 120 - - -
FMol(kgmole/h) 424.7 - - -
Fmass(kg/h) 1.514e+004 - - -
FLiq(mi /h) 14.09 - - -
Qh(kJ/h) -1.511e+008 - - -
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Table 2.14 Thickness and salinity of frozen layer at each cooling

wall temperature (NaCl aqueous solution)
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Table 2.15 Thickness and salinity of frozen layer at bubble flow

method (1.8 wt% NaCl aqueous solution)
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Table 2.16 Thickness and Pb & Cr content of frozen layer at flow

method (Pb & Cr aqueous solution)

Not flow field(Foon) fé;“_g féo"L“ / fl.elf
Cooling wall ring™0 L/
Temp. | Thickness| content(ppm) | Thickness| content(ppm)
(mm) Pb Cr (mm) Pb Cr
-2 C 14 0.1 0.01 5 0.0 0.0
-7 C 18 0.2 0.02 6 0.1 0.01
-12 C 28 0.4 0.03 9 0.2 0.02

@) 2719%9) A7 $AL5E $A% W Pbo Crel = Gopaith

Table 2.17 Pb & Cr content of frozen layer at ice-lining thickness

(Pb & Cr aqueous solution)

Cooling wall | lce-lining thickness(1mm) Ice-lining thickness(5mm)
Temp. Pb(ppm) Cr(ppm) Pb(ppm) Cr(ppm)
-2 C 0.0 0.0 - -

-7 C 0.1 0.01 0.0 0.0
-12 C 0.2 0.02 0.0 0.0
-15 C - - 0.1 0.01
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Table 3.1 Basic design data of waste-water FC treatment system

Waste-water inflow

250 kg/batch

Treatment capacity (Ice amount)

Design capacity

Specific heat

2.0934 kJ/kgK

Ice Temperature -10 C
Thickness 15 mm

Inflow temp. 25 C

Waste-water Discharge temp. 1<C

Specific heat

4.1868 kJ/kgK

Supply temp. -20 C
Cold brain

Return temp. -17 C

Supply temp. 50 C
Warm brain

Return temp. 45 C

Supply temp. 25 C
Injection air Cooling temnp. 1<C

Injection rate

5 L/min (per cooling tube)

Ethylene glycol(C;HsO2) aqueous solution

Concentration 50 %
Brain
Specific heat 2.9308 kJ/kgK
Specific gravity 1.085
Thickness 1 mm
Ice-lining
Temperature -10 C
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Table 3.2 Number of cooling tube and amount of ice-lining

at design capacity

Treatment

ca : ‘/‘Itube I/Emg X P; ]Vtube Mim’ng
pacity (ke) (ke) (ca) (k)
(ke) 8 8 ea ¢
125 16.06 7.13
150 19.27 8.96
175 7.783 0.444 22.49 9.99
200 25.70 11.41
225 28.91 12.84
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Table 3.3 Operation condition of refrigeration system

Refrigerant R-134a
Evaporating temperature -30 C
Condensing temperature 40 C
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Table 3.4 Operation procedure of waste-water FC treatment system

Fresh water supply 2 min
Ice-lining making -

Fresh water discharge 2 min
Waste-water supply 2 min
Waste-water FC 60 min
Waste-water discharge 1 min
De-ice 3 min
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Fig. 3.4 Ice-lining freezing procedure




lf wac + waf + th + Qic (34)

7] A,

Qe = F U X 8 A(4.1868 Kl/kgK) X (FULE-HELE)
Qpug = Myjpig X IE X (M ZE L2 E-FALE0 T))

Q= M, < A7 E(333.6042 kI/kg)

Q= Myyiy X D1 B(2.0934 kI/kgK) X (0-F &2 5)

Table 3.5 Freezing heat of ice-lining(@,;) at non-precooling

Treatment

. wac waf Q[h + Qi(’, Qllf
t o)
capacily kD) ) D) D)
(kg)
125 25.120.8 |  29.85 252786 | 27.67851
150 95.120.8 35.84 3034.84 | 28.191.48
175 25.120.8 |  41.83 3541.66 | 28.704.29
200 25.120.8 | 4777 404529 | 29.213.86
295 25.120.8 |  53.76 4552.27 | 29.726.83
28 A zAH AEY SAA B2 BAO Hrl AW A
2 g B0k 2028 J5E ug 44 2% 5 Cx duste] 27
Ao z7W= Fuo] Wes AS Table 3.63 2o] AEAT) ol
=25 CojlAl 5 C& wg] Wztste] Ao Bgats Aoz shgch



Table 3.6 Freezing heat of ice-lining(¢),) at precooling

Treatment
cap aCity we waf th + Qic Qlf
(ke) (kJ) (k) (kJ) (kJ)
125 4,186.8 29.85 2,527.86 6,744.51
150 4,186.8 35.84 3,034.84 7,257.48
175 4,186.8 41.83 3,541.66 7,770.29
200 4,186.8 47.77 4,045.29 8,279.86
225 4,186.8 53.76 4,552.27 8,792.83
) AAAFE sHAsSHY E€F
We FAEFAYE 25 Co ASE Aol FFehn Juele @
NAX sAAR] #HE WAolstE Waste] ojn JAH 7S
15 m FAZ 545 A BHolth o ePEPL IF FEYo
WAl #He s5AAAY] LaAE 0FCE, HyEe 1 TAF

10 C7A @A Te

o) BA%E Aot

H:32 222%5 ggoig
b
— —HI$LE: 1T
b
PN ETOE —zges:-10°C

Fig. 3.5 Waste-water freeze concentration procedure
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A(,), TAZY 9SS -10 TCAA Wasted Fas da(,)o AA= o

(RB.5)0llA AstR o Z A FE =
o Hge] Bl TR wE gEd A7IAE HFet 2o 7Hg skt

3
o
i
of

wf wac + waw + Cglh + Qic (35)

7] A,

Quue = L F X 1A (4.1868 kI/kgK) X (FRLE-HE L)
Qpons = Mgy X 1B X (N ELE-5H 25(0 C))

Q= My, % 5 AF H(333.6042 kl/kg)

Qo = My, X D201 D(2.0934 KI/kgK) X (0-L &2 %)

Table 3.7 Freezing heat of waste-water treatment( Q)

T
C;.e; ;Igleg[ wac waw th + Qic wa f
kJ) (kD) (kD (kD)

(kg)
125 25,120.8 523.35 44,317.28 69,961.43
150 25,120.8 628.02 53,180.73 78,929.55
175 25,120.8 732.69 62,044.19 87,897.68
200 25,120.8 837.36 70,907.64 96,865.80
225 25,120.8 942.03 79,771.10 | 105,833.93




AN T FAAYM FHd= TEFT WoE ¥iA" LdEH] w55
o] AEsxe F8&Y Fo] FAHAT o2 3] FETo LAEH] 3=
g0l ®mobA HAu A" AR Eo] Yolxth olF WA 2
Aol A FAEH FE&Hof| fF5& 7tete] AHY 1= LE9EES &
A7), A-G £5EE AT ARes s 8 7I12E A W
HE J&3dth 712z 24 AT 99 5 Lmin®] f#Fo = #a 54%
3 608 T A&t EARSHA "ok olw BEAME TIEE QIS &4
= HA3Ze7] sl FVIRAEE 725 35 CollA &4 250 1 C=E
3715 WAAA EAetE ASR skt o|lw ZEEA 375 WS
g FEEC DS A QGOA Ao A F BE EAET]
3 YZdze Table 3.8% 2t}

Coig XM, X AT (3.6

A7NA, ¢, = E719 ¥d 1.0048 ki/kgKolth 71 EEA S ke) M, =

I X Ny X BAFE(L/min) X ZAFA] 7H(min)
air 1,000

oA71AM, = 5719 2= 1.184 kg/nio]T}.

Table 3.8 Cooling heat of injection air at design capacity(qQ,; )

Treatment capacity N, M, Qi
(kg) (ea) (kg) k)
125 16.06 5.70 194.73
150 19.27 6.84 233.67
175 22.49 7.99 272.64
200 25.70 9.13 311.92
225 28.91 10.27 350.85
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411 A z=" 34 AE ZHEA A
AN 2"l Mo 8" md(property package)S WdEAl2Elo] A o]&
=& Peng-Robinson AEl®A2](PR EOS)S H&3tgon, AeA2e e

2 UDT 422 AojH il

RT a
Vb (V) +b(V—b) 4D
Z —(1—-B)Z*+(A—2B—-3B*)Z— (AB— B*~ B =0 4.2)
o] 7] A,
_ alP
(RT)?
bP
b= RT
. RI,
=0.077796 P
(RT,)
a=0.457235 PC 1+mi— TP
T
L=

m = 0.37464 + 1.54226w — 0.26992w>
oy 7] A, acentric factor > 0.49 & 7%=,

m=0.379642 + [1.48503 — (0.164423 — 1.016666w )w]w
P = Pressure

R=Ideal gas constant

T= Temperature



Compressibility factor
w= Acentric factor
Z AH(subscript) :
= Variable at the critical point

. = Variable at the reduced point

PR EOSelA Agylel AE=H O] e 7] fs] 28" AMTELS ts
21 (4.3) 2 (4D} 2.

H-H"” 1 oday  VA(V2H1D

ar =21y oppp @t Tl e ) 4.3)
E-E)" P A Tda, . V+(V2+1)b

R _ln(Z_B)_lnPO_m(aE)ln[V—k(ﬁ—l) ] (44)

o714,
H= Enthalpy
E= Entropy
A ZH(subscript) :
AP = Ideal gas

, = Reference state



4.1.2 A 2" 92 Unit Operation 3j4] ©]&

(1) ¥=71(compressor)

4E7)e] SHEES AR FEAHoA Fe

= Volume exponent
F= Correction factor

P = Pressure of the inlet stream

P, = Pressure of the outlet stream

p, = Density of the inlet stream

F, = Molar flow rate of the inlet stream

MW= Molecular weight of the gas

A A A 4=(volume component) n& TNEZY] &7

s 27t the A (46) 2 (UNF o] Aol

Uehdith @dsgtE: 2 28 E 23 (polytropic)

2

i)

(4.5)

e
)
=2
£

(4.6)



— ) 4.7
In("?)
p
o714, = E7FA9 2=
B A A S (correction factor)e o 2 (4.8)2 A4HHTH
CF= h,2_h1 4
— p, P 4.8)

A7, b JFFA AEZI ] FEste S7/A dgd, v,= dTF
Aol Mgy

=719 E&S vehlle 9dE2858&0) FHEERIES(G)S te 4
(4.9)9} 4.10= AL

Work Required g,y (Hoyp = Hiy ) iaean

= . = 4.9
n(l I/I/brk;}?Equz’red(actual) ([{()ut - ]{in)(actual)
Pout (n;1> n ]{3—1
(B =<l .
= X .
" oy '
P.

A71A
H= Mass enthalpy
p= Mass density
n = Polytropic exponent
k= Isentropic exponent



(2 71971 % W747]

HYSYSoll Al 7} 7] (heater) 9t B ZH7](coolen)= 71719 AElHt=E 34 &
E(process stream)oll A 7FE 3 Wzhe] Q7%= AUAE A4bst=d el st
o ATE FARN fFAE EF F 2HE JMEIHAY "é”ﬂ*‘ztﬂ ojlw ¢

27 Aolwd dgIE FHeAY wEeA Bk AFEAESAL A2
o A AHEHE Vg WATIs B BEld Ao IH Lﬂoi d o]
ojFoAER d EHE HAIT F U A" FAHAS s & = o
AN 2" A= 7]7]19 FE Hues dolUA S d=o F3e T A
Attt Zrarle ¥zl 7] Rdo] AL&HE A2 o 41DF 4.12)
Jl=
d(VH,,,)
Hy = Hy\) = Quoier = P 4.1D)

MUT, = Hy ) Q= p ) a1
7] A,

M= Process fluid flow rate

p= Density

H= Enthalpy

Qheater = Heater dUty
Q...1.r = Cooler duty
V= Volume shell or tube holdup



(3) dustr]

719 Ae w2 AL FAY YA WAz 7|xEH, WA
2o FA7E A2 fA dudr] §FNF dFS FTHHA 2

A

~Hheat balance)?]2 o2 2 (4.13)3 2t}

H

L= ]

ozi

lance Error = [Mold (]{out in )(old Qleak] [ hot (f[out )hof Ql()ss] (4 13)

7] A,
M= Fluid mass flow rate
H = Enthalpy

Q... = Heat leak
@,.. = Heat loss

A3 E FIA dEEE FEADEH(heat exchange duty)2 FEHEA
F, dusr)o AdAA, FEHF&E=2Hlog Mean Temperature Difference,
LMTD)ell 9J3)] o2 4 4142 Yepd 4 o

Q= UAAT ,F, (4.14)

71 A,
U= Overall heat transfer coefficient
A = Surface area available for heat transfer
AT,,= Log mean temperature difference

F, = LMTD correction factor



d( V}[out )shell

}[m - }lout >shell o C‘?loss + Q =p dt (415)
5 H(tube) =2,
d( V[—[ou ) ube
M (Hm - H(—)ut )tubc - Q =p e (416)

dt

71 A,
M, = Shell fluid flow rate
M, = Tube fluid flow rate
p = Density
H = Enthalpy
Q,,, = Heat loss

@ = Heat transfer from the tube side to the shell side

V= Volume shell or tube holdup
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A 71A,
P

out

= Pump outlet pressure
P, = Pump inlet pressure

F= Flow rate

P, = Liquid density

Hzo] dFH(actual power, PWR )< Aol G824 (4.18)0A Feolet
PWE,
n(%) = ' < 100% (4.18)

A (@13} 418)0A H=Z o a3 dFde o5 4 @419= yE

24 5 gtk

(P, —P,)xFx100%
PWR, = ’

4.19
i <1(%) (@419

of

rlo

AEHE B3 dsT FA9 didheat flow) 2ok Z2oh HZ T80
pas

o
H =
100 % Bty e A5 23 duA= =79 A4 255 FsA71A 8o
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Fig. 4.1 Operation procedure of precooling and non-precooling system
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esign waf + Qair (4 20)

Qdesign = waf + Qaz’r + wapc (421)

A7) A, Q= A2) oY FHKI/)

TEFS ASEAT dEEgRIY] AME 2EE JIE AAUClHAA AT
9} zro] WHEIH FA -20 CE EFFHo], -17 CE IFHEE AH3IY
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esign

AR A, e :
Hgh), £, = 2AZ7] 37 Bekel 3 g/h)

Q wt
F — wu
not
wWw Cb XAT
_ Qm'r
air Cb XAT

qA7IM, AT = Bl A&7 2535 Bl Hld ¢t 2.9308 kl/kgK

BEFAAI 2" A= 2] (4.23) 004 A4S o
F =F +F.+F (4.23)

design wwt air Sfwpe

A71A, F,, = A% o dg Bl §kelh)

2 (4.22)9 (4.23)90 A Axe WHekel «3FS Table 4.101 Felat%ch

Table 4.1 Design heat capacity and cold brain flow rate

Design heat capacity Cold brain flow
System (KJ/h) (ke/h)
waf Qair wapc Qdesign Fwwt Fair Fprc Fdesign
Non-precooling | 87,897.68 | 272.64| - 88,170.32/9,997.14 | 31 10,028.15
Precooling 87,897.68 | 272.64| 20,934 1109,104.32| 9,997.14 | 31 |2380.96 | 12,409.10
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Fg. 4.2 Modeling of waste-water FC treatment system without fresh water cooler
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Fig. 4.3 Modeling of waste-water FC treatment system with fresh water cooler
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Table 4.2 Operation condition of refrigeration cycle

Refrigeration Two-stage compression refrigeration cycle
cycle with intercooler
Refrigerant R-134a
Outlet temp.
©) V.F.
Refrigerant Condenser 40 0
temperature Evaporator -30 1
Intercooler 5 -
Intermediate 993.9 kPa
Pressure
Refrigerant Non-precooling system 684.9 kg/h
flow rate Precooling system 852.7 kg/h
Installed in warm brain tank
Condenser
Pressure loss 0 kPa
Installed in cold brain tank
Evaporator
Pressure loss 0 kPa
Compressor Adiabatic efficiency 75 %

Table 4.3 Condition of warm brain cooling pipe system

Ethylene glycol 50 % aqueous solution

Brain Outlet temperature 50 C
Tank
Inlet temperature 45 C
Warm brain AP 100 kPa
supply pump Adiabatic efficiency 75 %
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Table 4.4 Condition of cold brain circulation pipe system

Ethylene glycol 50 % aqueous solution
Non-precooling system 10,030 kg/h
Brain Flow rate
Precooling system 12,410 kg/h
Tank Outlet temperature -20 C
Cold brain AP 100 kPa
supply pump Adiabatic efficiency 75 %
Pressure loss 0 kPa
Inlet temperature 25 C
Air cooler
Outlet temperature 1<C
Flow rate 8.18 kg/h
Pressure loss 0 kPa
Inlet temperature 25 C
Fresh water cooler
Outlet temperature 5C
Flow rate 250 kg/h
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Table 4.5 Process stream condition at non-precooling system

Name A-1 A-2 A-3 C-1
V.F. 1 1 1 0
T(C) 25 35.15 1 50
P(kPa) 110 120 120 110
Fmo(kgmole/h) 0.276 0.276 0.276 223.9
Finass(kg/h) 7.99 7.99 7.99 8964
Frig(ni /h) 9.084e-003 9.084e-003 9.084e-003 8.275
Qn(kJ/h) -2.505 77.82 -192.7 -8.199e+007
Name C-3 C-4 F-1 F-2
V.F. 0 0 0 0
T(C) 50.01 45 -20 -20
P(kPa) 210 210 110 210
Fimo(kgmole/h) 223.9 223.9 250.4 250.4
Finass(kg/h) 8964 8964 1.003e+004 1.003e+004
Frig(ni /h) 8.275 8.275 9.258 9.258
Qn(kJ/h) -8.199e+007 -8.212e+007 -9.370e+007 -9.370e+007
Name F-3 F-4 F-5 F-6
V.F. 0 0 0 0
T(C) -20 -19.04 -16.74 -16.74
P(kPa) 210 210 210 210
Fro(kgmole/h) 249.7 249.7 249.7 250.4
Frnass(kg/h) 9997 9997 9997 1.003e+004
Fiig(ni /h) 9.229 9.229 9.229 9.258
Qn(kJ/h) -9.341e+007 -9.338e+007 -9.332e+007 -9.361e+007
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Name F-7 F-9 R-1 R-2
V.F. 0 0 1 1
T(C) -20 -16.76 15.99 5.231
P(kPa) 210 210 293.9 293.9
Fro(kgmole/h) 0.7742 0.7742 5.013 6.713
Finass(kg/h) 31 31 o1l.5 684.9
Frig(ni /h) 2.862e-002 2.862e-002 0.4120 0.5516
Qn(kJ/h) -2.896e+005 -2.894e+005 -4.497e+006 -6.028e+006
Name R-3 R-4 R-5 R-6
V.F. 1 0 0 0
T(C) 56.51 35 35 5
P(kPa) 1018 1018 1018 1018
Fro(kgmole/h) 6.713 6.713 5.013 5.013
Finass(kg/h) 684.9 684.9 511.5 511.5
Frig(m /h) 0.5516 0.5516 0.4120 0.4120
QukJ/h) -6.003e+006 -6.134e+006 -4.581e+006 -4.603e+006
Name R-7 R-8 R-9 R-11
V.F. 0.2069 1 0 0.887
T(C) -30 -30 35 0.1221
P(kPa) 84.83 84.83 1018 293.9
Fima(kgmole/h) 5.013 2.013 1.699 1.699
Frnass(kg/h) 511.5 511.5 173.4 1734
Frig(m /h) 0.4120 0.4120 0.1396 0.1396
Qu(kJ/h) -4.603e+006 -4.514e+006 -1.553e+006 -1.531e+006
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Table 4.6 Process stream condition at precooling system

Name A-1 A-2 A-3 C-1
V.F. 1 1 1 0
T(C) 25 35.15 1 50
P(kPa) 110 120 120 110
Fmo(kgmole/h) 0.276 0.276 0.276 278.7
Finass(kg/h) 7.99 7.99 7.99 1.116e+004
Frig(ni /h) 9.084e-003 9.084e-003 9.084e-003 10.30
Qn(kJ/h) -2.505 77.82 -192.7 -1.021+008
Name C-3 C-4 F-1 F-2
V.F. 0 0 0 0
T(C) 50.01 45 -20 -20
P(kPa) 210 210 110 210
Fimo(kgmole/h) 278.7 278.7 309.9 309.9
Finass(kg/h) 1.116e+004 1.116e+004 1.241e+004 1.241e+004
Frig(ni /h) 10.30 10.30 11.46 11.46
Qn(kJ/h) -1.021+008 -1.022+008 -1.159e+008 -1.159e+008
Name F-3 F-5 F-6 F-7
V.F. 0 0 0 0
T(C) -20 -16.74 -16.72 -20
P(kPa) 210 210 210 210
Fro(kgmole/h) 249.7 249.7 309.9 60.24
Fnass(kg/h) 9997 9997 1.241e+004 2412
Fiig(ni /h) 9.229 9.229 11.46 2.227
Qn(kJ/h) -9.341e+007 -9.332e+007 -1.158e+008 -2.254e+007
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Name R-1 R-2 R-3 R-4
V.F. 1 1 1 0
T(C) 15.99 5.209 56.49 35
P(kPa) 293.9 293.9 1018 1018
Fro(kgmole/h) 6.241 8.357 8.357 8.357
Finass(kg/h) 636.7 852.7 852.7 852.7
Frig(ni /h) 0.5128 0.6867 0.6867 0.6867
Qn(kJ/h) -5.598e+006 -7.504e+006 -7.474e+006 ~7.637e+006
Name R-5 R-6 R-7 R-8
V.F. 0 0 0.2069 1
T(C) 35 B} -30 -30
P(kPa) 1018 1018 84.83 84.83
Fro(kgmole/h) 6.241 6.241 6.241 6.241
Finass(kg/h) 636.7 636.7 636.7 636.7
Frig(m /h) 0.5128 0.5128 0.5128 0.5128
QukJ/h) -5.703e+006 -5.730e+006 -5.730e+006 -5.619e+006
Name R-9 R-11 W-1 W-2
V.F. 0 0.8869 0 0
T(C) 35 0.1240 25 5
P(kPa) 1018 293.9 110 110
Fima(kgmole/h) 2.117 2.117 13.88 13.88
Finass(kg/h) 216 216 250 250
Frig(m /h) 0.1739 0.1739 0.2505 0.2505
Qu(kJ/h) -1.934e+006 -1.906e+006 -3.972e+006 -3.994e+006
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Table 4.7 Condition of short-term operation pump

Pump Flow temperature Flow rate Operatign time
() (kg/min) (min)
P 25 125 2
Ptq 1 120 9
Py 25 125 9
Pud 1 75 1

Inlet

Power

Short-term

Operation
Pump

Fig. 4.6 Modeling of short-term operation pump
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Table 4.8 Process stream condition of short-term operation pump

Fresh water supply pump(Prs)

Fresh water discharge pump(Psq)

Name
Inlet Outlet Inlet Outlet
V.F. 0 0 0 0
T(C) 25 25.01 1 1.008
P(kPa) 110 210 110 210
Fro(kgmole/h) 416.3 416.3 399.7 399.7
Fass(kg/h) 7500 7500 7200 7200
Fiig(nd /h) 7.515 7.515 7.215 7.215
QnkJ/M) -1.192e+008 -1.192e+008 -1.151e+008 -1.151e+008
Waste-water supply pump(Pys) | Waste-water discharge pump(Pyq)
Name Inlet Outlet Inlet Outlet
V.F. 0 0 0 0
T(C) 25 25.01 1 1.008
P(kPa) 110 210 110 210
Fro(kgmole/h) 416.3 416.3 249.8 249.8
Fmass(kg/h) 7500 7500 4500 4500
Fiig(nd /h) 7.515 7.515 4.509 4.509
QnkJ/M) -1.192e+008 -1.192e+008 -7.196e+007 -7.196e+007
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Table 4.9 Electric power consumption for the application of precooling

Power consumption(kWh)

System CMP

IL* P cb wa Pab Pfs Pfd Pws PWd Total
Low | High

Non-Precooling |3.968(4.770{6.782|0.329|0.324|0.022|0.009 |0.009 |0.009 |0.00316.225

Precooling  [1.080|5.938(8.443|0.4070.4030.022{0.009 |0.009 |0.009 |0.003 |16.323

* L : Electric power consumption of making ice-lining
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Table 4.10 Operation time of precooling and non-precooling system

Treatment procedure Non—l;r;(?;;) oling Pri;iil)mg
Fresh water supply 2 2
Ice-lining making 100 4.3
Fresh water discharge 2 2
Waste-water supply 2 2
Waste-water FC 60 60
Waste-water discharge 1 1
De-ice 3 3

Total 89.5 74.3
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Table 4.11 Design heat capacity and cold brain flow rate

Design heat capacity

Cold brain flow

Treatment
) kJ/mh) (kg/h)

capacity
(%) wf Qrufr wap[: Qdezsign vat F‘ui’r Ff’wp(t Eif:sign
20 69,961.43 (194.73] 20,934 | 91,090.16 | 7,957.14 | 22.15 | 2,380.95 [10,360.24
60 78,929.55 |233.67| 20,934 1100,097.22| 8,977.14 | 26.58 | 2,380.95 |11,384.67
70 87,897.68 |272.64| 20,934 |109,104.32| 9,997.14 | 31.01 | 2,380.95 |12,409.10
80 96,865.80 |311.92| 20,934 | 118,111.72|11,017.14| 35.48 | 2,380.95 |13,433.57
90 105,833.93|350.85| 20,934 |127,118.7812,037.14| 39.91 | 2,380.95 | 14,458.0
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Table 4.12 System parameters for modeling of waste-water FC process

Z;ea;r?ietn t Refrigerant | Waste-water |FC process**| Cold brain | Air flow
FZ‘V) Y| flow(kg/h) | cooing* (ki) ) flow(kg/h) | (kg/h)
50 712.7 7.119 12.30 10,360.24 5.70
60 782.6 7.148 14.76 11,384.67 6.84
70 852.7 7.177 17.22 12,409.10 7.99
80 922.5 7.206 19.68 13,433.57 9.13
90 992.5 7.235 22.14 14,458.0 10.27

* we Q fwe

o th + Qic

Table 4.13 Injection air flow of waste-water FC system

Treatment capacity(%)

Number of cooling

Air flow rate

tube(ea) (L/min)
50 16.06 80.30
60 19.27 96.35
70 22.49 112.35
80 25.70 128.50
90 28.91 144.55
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Table 4.14 Result of waste-water FC system analysis

Refrigerator Pump
Treatment IM(kW)
capacity | gya CMP(KH) Pey P Pap
%
(%) WD | Loy | High | 5 @ | Gtq.,| WD | G0 |G
50 25.77 | 4.963 | 7.057 12.30 7.119 0.340 | 0.321 | 0.016
60 28.30 | 5.450 | 7.750 14.76 7.148 0.373 | 0.353 | 0.019
70 30.83 | 5.938 | 8.443 17.22 7.177 0.407 | 0.384 | 0.022
80 33.36 | 6.425 | 9.135 19.68 7.206 0.440 | 0.416 | 0.025
90 35.89 | 6.912 | 9.828 22.14 7.235 0.474 | 0.447 | 0.029
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Table 4.15 Condition of fresh water discharge pump

Flow temperature 1
()
Operation time 2
(min)
Treatment Discharge flow rate
capacity (kg/min)
(%) §
50 121.4
S 60 120.7
70 120.0
80 119.3
90 118.6
| Qutlet
nlet 4= Fresh
Water
Power Bhsr%arge

Fig. 4.7 Modeling of fresh water discharge pump
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Table 4.16 Process stream condition of fresh water discharge pump

Design capacity(50 %)

Design capacity(60 %)

Name
Inlet Outlet Inlet Outlet
V.F. 0 0 0 0
T(C) 1 1 1 1
P(kPa) 110 210 110 210
Frmo(kgmole/h) 404.3 404.3 402 402
Fmass(kg/h) 7284 7284 7242 7242
Frig(mi /h) 7.299 7.299 7.257 7.257
Qn(kJ/h) -1.165e+008 -1.165e+008 -1.158e+008 -1.158e+008
Name Design capacity(70 %) Design capacity(80 %)
Inlet Outlet Inlet Outlet
V.F. 0 0 0 0
T(C) 1 1 1 1
P(kPa) 110 210 110 210
Fmo(kgmole/h) 399.7 399.7 397.3 397.3
Fmass(kg/h) 7200 7200 7158 7158
Frig(m /h) 7.215 7.215 7.172 7.172
Qn(kJ/M) -1.151e+008 -1.151e+008 -1.145e+008 -1.145e+008
Name Design capacity(90 %)
Inlet Outlet
V.F. 0 0
T(C) 1 1
P(kPa) 110 210
Fro(kgmole/h) 395 395
Fmass(kg/h) 7116 7116
Frig(mi/h) 7.130 7.130
Qu(kJ/h) -1.138e+008 -1.138e+008
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Table 4.17 Condition of waste-water discharge pump

Flow temperature 1
()
Operation time
. 1
(min)
Treatmﬁnt Discharge flow rate
capacity (kg /min)
(%)
50 125
Flow rate i -
70 75
30 50
90 25
= ; Outlet
Waste-water
Discharge
FPower Fump

Fig. 4.8 Modeling of waste-water discharge pump
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Table 4.18 Process stream condition of waste-water discharge pump

Design capacity(50 %)

Design capacity(60 %)

Name
Inlet Outlet Inlet Outlet
V.F. 0 0 0 0
T(C) 1 1.008 1 1.008
P(kPa) 110 210 110 110
Frno(kgmole/h) 416.3 416.3 333.1 333.1
Finass(kg/h) 7500 7500 6000 6000
Frig(m/h) 7.515 7.515 6.012 6.012
Qn(kJ/h) -1.199e+008 -1.199e+008 -9.595e+008 -9.595e+008
Name Design capacity(70 %) Design capacity(80 %)
Inlet Outlet Inlet Outlet
V.F. 0 0 0 0
T(C) 1 1.008 1 1.008
P(kPa) 110 210 110 210
Frno(kgmole/h) 249.8 249.8 166.5 166.5
Fmass(kg/h) 4500 4500 3000 3000
Fiig(mi /h) 4.509 4.509 3.006 3.006
Qn(kJ/M) -7.196e+007 -7.196e+007 -4.797e+007 -4.797e+007
Name Design capacity(90 %)
Inlet Outlet
V.F. 0 0
T(C) 1 1.008
P(kPa) 110 210
Fro(kgmole/h) 83.26 83.26
Finass(kg/h) 1500 1500
Frig(m/h) 1.503 1.503
Qu(kJ/h) -2.399e+007 -2.399e+007

- 124 -




Table 4.19 Condition of warm brain supply pump

Warm brain 50 % Ethylene glycol aqueous solution
Flow temperature 50
(C)
Operation time
) 3
(min)
Treatmgnt Discharge flow rate
capacity (kg/min)
%) 5
50 155.45
Flow rate 60 170.66
70 186.0
80 201.16
90 216.50

__ Qutlet
~ VWamm Brain

Supply
Power Pump

Inlet

Fig. 4.9 Modeling of warm brain supply pump
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Table 4.20 Process stream condition of warm brain supply pump

Name Design capacity(50 %) Design capacity(60 %)
Inlet Outlet Inlet Outlet
V.F. 0 0 0 0
T(C) 50 50.01 50 50.01
P(kPa) 110 210 110 210
Frno(kgmole/h) 334.0 334.0 366.7 366.7
Finass(kg/h) 9327 9327 1.024e+004 1.024e+004
Frig(ni/h) 8.872 8.872 9.74 9.74
Qn(kJ/h) -1.072e+008 -1.072e+008 -1.177e+008 -1.177e+008
Name Design capacity(70 %) Design capacity(80 %)
Inlet Outlet Inlet Outlet
V.F. 0 0 0 0
T(C) 50 50.01 50 50.01
P(kPa) 110 210 110 210
Frno(kgmole/h) 399.6 399.6 432.2 432.2
Fmass(kg/h) 1.116e+004 1.116e+004 1.207e+004 1.207e+004
Fiig(mi /h) 10.62 10.62 11.48 11.48
Qn(kJ/M) -1.282e+008 -1.282e+008 -1.387e+008 -1.387e+008
Name Design capacity(90 %)
Inlet Outlet
V.F. 0 0
T(C) 50 50.01
P(kPa) 110 210
Frno(kgmole/h) 324.4 324.4
Finass(kg/h) 1.299e+004 1.299e+004
Frig(m /h) 11.99 11.99
Qu(kJ/h) -1.188e+008 -1.188e+008
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Table 4.21 Electric power consumption of system at design capacity

Treatment M Power consumption(kWh)

capacity (kW) CMP
% IL P Py Pa Prts P Puys Pwa | Total
( /) h Qi(: Qwuuz + qu:c LOW ngh " ’ ’ f ¢ !
50 12.30 7.119 0.939 | 4.963 | 7.057 | 0.340 { 0.337 | 0.016 | 0.009 | 0.009 | 0.009 | 0.005 |13.684
60 14.76 7.148 1.010 | 5.450 | 7.750 | 0.373 | 0.370 | 0.019 | 0.009 | 0.009 | 0.009 | 0.004 |15.003
70 17.22 7.177 1.080 |5.938 | 8.443 | 0.407 | 0.403 | 0.022 | 0.009 | 0.009 | 0.009 | 0.003 |16.323
80 19.68 7.206 1.151 | 6.425 | 9.135 | 0.440 | 0.436 | 0.025 | 0.009 | 0.009 | 0.009 | 0.002 |17.641
90 22.14 7.235 1.222 1 6.912 |1 9.828 | 0.474 | 0.470 | 0.029 | 0.009 | 0.009 | 0.009 | 0.001 |18.963
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Table 4.22 Operation time at design capacity

(unit : min)
Design capacity
(%)
Treatment procedure
50 60 70 80 90
Fresh water supply 2 2 2 2 2
Ice-lining making 4.4 4.4 4.3 4.2 4.2
Fresh water discharge 2 2 2 2 2
Waste-water supply 2 2 2 2 2
Waste-water FC 60 60 60 60 60
Waste-water discharge 1 1 1 1 1
De-ice 3 3 3 3 3
Total 74.4 74.4 74.3 74.2 74.2
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Fig. 4.10 Power consumption at design capacity
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Fig. 4.11 Power consumption ratio of compressor with FC system
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Table 4.23 Amount and thickness of ice layer per cooling tube

Inflow rate | Treatment | Cooling tube Amount Thickness
(kg) capacity(kg) (ea) (kg) (mm)
125 5.56 114
150 6.67 13.3
250 175 22.49 7.78 15.2
200 8.89 17.0
225 10.0 18.8
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Table 4.24 Fresh water temperature after precooling

Treatment

capacity FC time( o) Pre-cooling Temperature(7},,,)
) (min) heat(q;,,,)(kJ) (T)
50 42.86 14,953.87 10.71
60 51.43 17,943.91 7.86
70* 60.0 20,934.0 2.0
80 68.57 23,924.09 2.14
90 77.14 26,914.13 -0.71

* Design capacity
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Table 4.25 Freezing time of ice-lining(r;)
Treatment Heat of Ice-lining making(kJ) Time(r,)
capacity (min)
(%) Q}"wc waf th + Qic TOtal
50 10,163.46| 41.83 | 3,541.82 | 13,747.11 7.56
60 7,180.36 | 41.83 | 3,541.82 | 10,764.01 5.92
70 4,186.80 | 41.83 |3,541.82 | 7,770.45 4.27
80 1,193.24 | 41.83 | 3,541.82 | 4,776.89 2.63
90 0.0 0.0 3,526.92 | 3,526.92 1.94
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Table 4.26 Operation time of concentrated waste-water

discharge pump

rg;esgrgir;t Concent.rated residual | Discharge time(r,,,)
@) quantity(az, ., )(ke) (min)
50 125 1.67
60 100 1.33
70 75 1.0
80 50 0.67
90 25 0.33
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Operation time(min)

100 [} T T T T T T T T T

—— Ice-lining process
90 —e— FC process

—O— Waste-water discharge
80 —a— One batch operation

70
60
50
40
10
N m
50 60 70 80 0

Operation treatment capacity(%)

Fig. 4.12 System operation time at operation treatment capacity
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Table 4.28 Electric power consumption of refrigerator at operation

treatment capacity

Treatment | Ice-lining making FC process Total
¢ a;z;}glty Time Power Time Power Time Power
(min) (kWh) (min) (kWh) (min) (kWh)
50 7.56 1.81 42.86 10.27 50.42 12.08
60 5.92 1.42 51.43 12.33 57.35 13.74
70 4.27 1.02 60.0 14.38 64.27 15.40
80 2.63 0.63 68.57 16.43 71.20 17.06
90 1.94 0.46 77.14 18.49 79.08 18.95
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Table 4.29 Electric power consumption of short-term operation pump

at operation treatment capacity

Treatment capacity
%
Pump o)
50 60 70 80 90

Time(min) 1.67 1.33 1.0 0.67 0.33
Pwd

Power(kWh) |  0.005 0.004 0.003 0.002 0.001

Time(min) 42.86 51.43 60.0 68.57 77.14
1:)ab

Power(kWh) | 0.016 0.019 0.022 0.025 0.028

Time(min) 53.42 60.35 67.24 74.20 82.08
wa

Power(kWh) | 0.342 0.386 0.431 0.475 0.526

Time(min) 50.42 57.35 64.24 71.20 79.08
1:)cb

Power(kWh) | 0.342 0.389 0.435 0.482 0.536
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Table 4.30 Power consumption of system at operation treatment capacity

M Power consumption(kWh)
capacity 0 CMP
(%)) Pep Py Pap Prs Ptq Pys Pwa | Total
o Qi | Quuet Qpuc IL FC
50 12.30 7.119 1.813 10.271 | 0.342 | 0.342 | 0.016 | 0.009 | 0.009 | 0.009 | 0.005 | 12.816
60 14.76 7.148 1.418 12.327 | 0.389 | 0.386 | 0.019 | 0.009 | 0.009 | 0.009 | 0.004 | 14.570
70 17.22 7.180 1.024 14.381 | 0.435 | 0.431 | 0.022 | 0.009 | 0.009 | 0.009 | 0.003 | 16.323
80 19.68 7.206 0.630 16.435 | 0.482 | 0.475 | 0.025 | 0.009 | 0.009 | 0.009 | 0.002 | 18.076
90 22.14 7.235 0.465 18.490 | 0.536 | 0.526 | 0.028 | 0.009 | 0.009 | 0.009 | 0.001 | 20.073
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Table 4.31 Power consumption and operation time for the application

of precooling

Systern Power consumption Operation time
y (kWh) (min)
Non-precooling 16.225 89.5
Precooling 16.323 74.3

(2 Alzdle] AAAE T FLFE Axdle] Halrh AAA Ludd

& Z7ksh, B3N LE A9 et

o2

Table 4.32 Power consumption and operation time at design

treatment capacity

Treatment capacity Power consumption Operation time
(%) (kWh) (min)
50 13.684 74.4
60 15.003 74.4
70 16.323 74.3
80 17.641 74.2
90 18.963 74.2
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Table 4.33 Power consumption and operation time at operation

treatment capacity

Treatment capacity | Power consumption Operation time
(%) (kWh) (min)
50 12.816 61.2
60 14.570 67.6
70 16.323 74.3
80 18.076 80.9
90 20.073 88.3
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Fig. 5.1 Installation diagram of waste-water FC system in factory“”
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o714, = AuAYIZFE|WWh/kg), C,= 5 AYF, PwR, = 2HA
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Alz=de] AAFS st AWst=d AHEEE AvdEgE 3
=71 B 718 Hx &RsE ] Folth H7IA AlxFe] AZE
A #ko] 175 kg/batchol™, A28 Anjddes @ Lnjdden =

7 2},

Table 5.1 Rate of electric power consumption for the application
of precooling

TCout "76

(kg)
. IL* | CMP Pcb wa Pab Pfs Pfd PWS Pwd total (kWh/kg)

Item

Non-Precooling | 175 [3.98]11.55/0.33]0.32{0.02|0.01|0.01|0.01/0.003|16.23 | 0.0927

Precooling 175 |1.08|14.38|0.410.40 1 0.02{0.01|0.01 {0.01 |0.003| 16.32 | 0.0933

* IL : Electric power consumption of making ice-lining
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Table 5.2 Daily treatment capacity of waste-water FC system

[tem Non-Precooling Precooling
Inflow of waste-water(kg) 250 250
Treatment capacity(kg) 175 175
Operation time(min) 90 75
Number of daily operation
. 16 19
(times)
Daily treatment capacity(kg) 2,800 3,325
Daily electric power
. 259.60 310.14
consumption(kWh)
Rate of electric power
0.0927 0.0933

consumption(kWh/kg)
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Table 5.3 Rate of electric power consumption at design treatment capacity

. . PWRin(kWh)
Design capacity | TCout

0,

) ke) | s L oMP | P | Pas | Pu | Ps | Pu | Pu | Pu | total | VD/ke)
50 125 0.939 |12.020| 0.340 | 0.337 | 0.016 | 0.009 | 0.009 | 0.009 | 0.005 | 13.684 | 0.109
60 150 1.010 | 13.2 | 0.373 | 0.370 [ 0.019 | 0.009 | 0.009 | 0.009 | 0.004 | 15.003 0.1
70 175 1.080 |14.381| 0.407 | 0.403 | 0.022 | 0.009 | 0.009 | 0.009 | 0.003 | 16.323 | 0.093
80 200 1.151 |15.560 | 0.440 | 0.436 | 0.025 | 0.009 | 0.009 | 0.009 | 0.002 | 17.641 | 0.088
90 225 1.222 116.740| 0.474 | 0.470 | 0.029 | 0.009 | 0.009 | 0.009 | 0.001 | 18.963 | 0.084

* IL : Electric power consumption of making ice-lining
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Table 5.4 Consumption of evaporator heat in waste-water FC treatment process

Design capacity y Heat flow(kJ/h) R *

R W00 @ | Quuet Qe | @ Qur %)

50 92,770 44,290 25,630 21,580 193.0 47.7

60 101,900 53,150 25,730 21,580 231.6 52.2

70 111,000 62,000 25,840 21,580 270.5 55.9

80 120,100 70,860 25,940 21,580 309.1 59.0

90 129,200 79,720 26,050 21,580 347.7 61.7

* R, : Rate of heat used to make and cool frozen layer in evaporator capacity

+ 0
R = thQ MQw
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Fig. 5.2 Energy efficiency of waste-water FC treatment system

at design capacity
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Table 4.22= AAA g =HE 7
AIZEES A4 Aoz AA L3

Table 5.5 Daily treatment capacity at design capacity

Design capacity

Item %)
50 60 70 80 90
Inflow of waste-water(kg) 250 250 250 250 250
Treatment capacity(kg) 125 150 175 200 225
Operation time(min) 75 75 75 75 75
Number of daily treatment
_ 19 19 19 19 19
(times)
Daily treatment capacity(kg) | 2,375 | 2,850 | 3,325 | 3,800 | 4,275
Daily electric Power
) 260.0 | 285.06 | 310.14 | 335.18 | 360.30
consumption(kWh)
Rate of electric power
i 0.109 0.1 0.093 | 0.088 | 0.084
consumption(kWh/kg)
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Table 5.6 Rate of electric power consumption at operation treatment capacity

Treatment PWRin(kWh)

capacity TCou
%) ®) | omp | Py | Pu | Pw | Pe | Pu | Pu | Py | totar | KWN/ke)
50 125 12.084 | 0.342 | 0.342 | 0.016 | 0.009 | 0.009 | 0.009 | 0.005 | 12.816 0.103
60 150 13.745 | 0.389 | 0.386 | 0.019 | 0.009 | 0.009 | 0.009 | 0.004 | 14.570 0.097
70 175 15.405 | 0.435 | 0.431 | 0.022 | 0.009 | 0.009 | 0.009 | 0.003 | 16.323 0.093
80 200 17.065 | 0.482 | 0.475 | 0.025 | 0.009 | 0.009 | 0.009 | 0.002 | 18.076 0.090
90 225 18.955 | 0.536 | 0.526 | 0.028 | 0.009 | 0.009 | 0.009 | 0.001 | 20.073 0.089
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Table 5.7 Daily treatment capacity at operation treatment capacity

operation treatment capacity
(%)

Item
50 60 70 80 90
Inflow of waste-water(kg) 250 250 250 250 250
Treatment capacity(kg) 125 150 175 200 225
Operation time(min) 61.2 67.6 74.3 80.9 88.3
Number of daily treatment
_ 23.5 A 19.4 17.8 16.3
(times)
Daily treatment capacity(kg) | 2,938 | 3,195 | 3,395 | 3,560 | 3,668
Daily electric Power
. 301.18 | 310.34 | 316.67 | 321.75 | 327.19
consumption(kWh)
Rate of electric power
, 0.103 | 0.097 [0.093 |0.090 |0.089
consumption(kWh/kg)
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Fig. 5.5 Rate of electric power consumption at operation condition
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Table 5.8 Heat capacity of evaporative concentration treatment

Treatment capacity wh Qe Qe
(kg) () k) Q)
125 39,251.25 281,980.98 458,903.17
150 47,101.50 338,377.18 550,683.82
175 94,951.75 394,773.37 642,464.46
200 62,802.0 451,169.57 734,245.10
225 70,652.25 907,565.76 826,025.75

Table 5.89] AHglgdd Fask

49 TRE SUEH
dogx= 714 w©o
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Table 5.9 Cost of evaporative concentration at heat source

Item Electricity Diesel oil LNG

Net calorific value 3,600.65 kJ/kWh 35,378.46 kJ/L 39,983.94 kJ/m

Cost on unit 42.9 ¥/kiWh 1680.77 /L 837.31 ¥/m

Treatment capacity Amount Total cost Amount Total cost Amount Total cost
(kg) (kWh) (W) (D) (W) (m) (W)
125 127.5 5,468 13.0 21,802 11.5 9,610
150 152.9 6,561 15.6 26,162 13.8 11,532
175 178.4 7,655 18.2 30,522 16.1 13,454
200 203.9 8,748 20.8 34,883 18.4 15,376
225 229.4 9,842 23.3 39,243 20.7 17,298
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Table 5.10 Cost of freeze concentration and entrustment treatment

Treatment FC treatment system Entrustment
ca p( Egc) 1ty Pewer Elg;ﬁmpﬂon o tre a( ;;r; ent
125 13.684 587.04 18,750
150 15.003 643.63 22,500
175 16.323 700.26 26,250
200 17.641 756.80 30,000
225 18.963 813.51 33,750
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Table 5.11 Cost comparison of waste-water treatment method at
evaporative concentration using electricity

copacity | FSW | ESOSTEIO | g |
(kg)
125 587.04 5,467.61 18,750 9.3 31.9
150 643.63 6,561.13 22,500 10.2 35.0
175 700.26 7,654.66 26,250 10.9 37.5
200 756.80 8,748.18 30,000 11.6 39.6
225 813.51 9,841.70 33,750 12.1 41.5

FCS : Freeze Concentration System
ECS : Evaporative Concentration System
ET : Entrustment Treatment

- 171 —



Table 5.12 Cost comparison of waste-water treatment method at
evaporative concentration using diesel oil

Treatment
. FCS(A) ECS(B) ET(O)
capacity W) (W) (W) B/A C/IA
(kg)

50 587.04 21,801.7 18,750 37.1 31.9
60 643.63 26,162.04 22,500 40.6 35.0
70 700.26 30,522.39 26,250 43.6 375
80 756.80 34,882.73 30,000 46.1 39.6
90 813.51 39,243.07 33,750 48.2 41.5

Table 5.13 Cost comparison of waste-water treatment method at
evaporative concentration using LNG

Treatment
capacity F(ng ) E(C;(;B ) Eg;g) B/A C/IA
(keg)

50 587.04 9,609.96 18,750 16.4 31.9
60 643.63 11,531.96 22,500 17.9 35.0
70 700.26 13,453.95 26,250 19.2 37.5
80 756.80 15,375.94 30,000 20.3 39.6
90 813.51 17,297.94 33,750 21.3 41.5
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Table 5.14 Daily electricity cost of waste-water FC treatment system

Operation Costtw)
ftem times Power(kWh) Unit cost Amount
(W/KWh) (W)
Midnight operation 8 130.58 42.9 5,602.1
Daytime operation 11 179.55 83.9 15,064.5
A 19 310.20 ~ 20,666.6

552 Q3E T AT A& A BAA

FAFEAFADA 2NN ARG 5T o] JIH 35719 9L
8 5slel oAl WU FY 8 252 BT ALHolE A
dgoR B8 Aol ¥z 3N 2AE Has T 5 vk oy 2
AAE JE} AL FrRs0] ASSE HYOR BAste] AANE B4
st

AAE A AT ALY, e ALHE LF AR T YU 2
wozte] B AYLFS AGAT 9Y TRALE F2ANA A 9
N EZADI F 64 7HA LY 9AE F1FOE SATh F271Y
80 ~ 90 % HAE7F AH8FS} 3.3 ~ 66 kV HL dojar & AREAITFe] 200 ~
500 A%t AEE 2AEC] FRANTA AHLF TE F AUFAHR) 1
YA A1l LFAE 7 o BERgaze

&3t 79 ~ 84 st47]

HESE, HjRete] 7|EAIRe| wet B8-S Al4kstH Table 5.15¢F Zth

A7 119 ~ 290l gat A7 & JFeF-e Table 5163 2o
AAEE Yol o] & 7153 ALE 4S5 dH2 & gt o]& Table
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Table 5.15 Mean charge in summer season for air-conditioning

Criteria | UM cost Working hour(h) | Daily cost |Mean cost per
(%/KkWh) AM PM (%) hour ()
Intermediate | ¢ g 2 2 427.6
load
Maximum | g7 ] 4 936.0 15151
load
Total 1,363.6

Table 5.16 Mean charge in winter season for heating

Criterig | Uit cost Working hour(h) | = Daily cost |Mean cost per
(% /kWh) AM PM (%) hour()
Intermediate 105.1 1 5 630.6
load
Maximum. | e 2 2 1 480.9 123.5
load
Total 9 1,111.5
Table 5.17 Cost reduction of HVAC in work place
Item Heat Power* Cost
kD (kWh) (%)
Air conditioning 1,248,445.14 346.73 52,533.06
Summer Hot water 3,344,366.44 |  928.82 140,725.52
season
Total 4,592,811.58 1,275.55 193,258.58
Winter Heating 3,344,366.44 |  928.82 114,709.27
season

*1kWh = 3,600.648 kJ
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Table 5182 70 % AAAFE zte A2de) YU LN &3} 234 4
AL B3 Tolth, A=Ele] AAZ JHXE 4 | dojAE AA

Table 5.18 Total economy benefit of waste-water FC system

Operation Cost effectiveness(B)

[tem cost(A) (%) BIA
(%) TCY HR? | WRY | Total

SUMMET | 90 666.6  |478,083.4 193.258.6| 7415 | 672,083.5| 325

season

WINET | 20,6666 |478,083.4 114,709.3| 7415 | 593,534.2 | 287

season

TCY : Treatment Cost
HR? : Heat Recovery
WR? : Water Reuse
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Table 5.19 Rate of electric power consumption and daily treatment

capacity for the application of precooling

System Rate of elgctric power Daily tr@atment
consumption(kWh/kg) capacity(kg)
Non-Precooling 0.0927 2,800
Precooling 0.0933 3,325
@ AAALYFol F/NB5F AzEe Ret A amAGFe FEHA
Fo] FWstel Fd AT YHAER ol &5

Table 5.20 Rate of electric power consumption and daily treatment

capacity at design treatment capacity

Treatment capacity | Rate of electric power Daily treatment
(%) consumption(kWh/kg) capacity(kg)
50 0.109 2,375
60 0.1 2,850
70 0.093 3,325
80 0.088 3,800
90 0.084 4,275
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Table 5.21 Rate of electric power consumption and daily treatment

capacity at operation treatment capacity

Treatment capacity | Rate of electric power Daily treatment
(%) consumption(kWh/kg) capacity(kg)
50 0.103 2,938
60 0.097 3,195
70 0.093 3,395
80 0.090 3,560
90 0.089 3,668

@ FAFEY AYNES WS ASHE FAEF AuGe 83 % -

10.7 %, A v g9 24 % ~ 3.1 %= "5 AHIF AS=E e

65) FoliA S F5otd Fr1zsbo] o] &8 A AlzEo] 2 YHELL
2.99, WS BE Hg Ao 4112 e

6) H%F AAHY B4 A3 FYHE LAUE oyl Aol 3250, FA
= 28.7ue) AAH oo g AL £ UKL
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(D 1 met 5 mm 7Y FAA FAV FALTE 252 Pb 9 Cr 5%

b ggith ol B2 &7 #AdZ @Y i AT IR $2F
BAAEE7) Aobd §do] T3 AT WO MAEE ¥ AzEh

Table 6.2 Pb & Cr content of frozen layer at ice-lining thickness

Cooling wall Pb(ppm) Cr(ppm)
temp. 1 mm 5 mm 1 mm 5 mm
-2 C 0.0 - 0.0 -
-7 C 0.1 0.0 0.01 0.0
-12 C 0.2 0.0 0.02 0.0
-15 C - 0.1 - 0.01

237 1
A U st dAe e wo};av} A4 Ave weow
2 g Ae e sy, diuXss @ SRS E SUe 1

(2) 2AAZEF] 50 % ~ 90 %= F/NEFE Az"He BRIt AX AnA
H&F2 7AW rlA sEHe dol AWEty Rdd 239
Wads ol&He= Hl&o] 47.7 % ~ 617 %E At LB Rt
0.109 kWh/kg ~ 0.084 kWh/kgZ Zolx|a, dIdAHHFT FA g F Z7}l
whe} 2,375 kg ~ 4,275 kg &2 Z7}stdh
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Table 1 Waste-water FC system without fresh water pre-cooler

Licensed to: KOREA MARITIME UNIVERSIT
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- Case Name BESTA| AHE N _2E H5C

2] KOREA MARITIME UNIVERSIT

3 Burlingtan, MA Unit Set: s

= aspen Tan

=] Date/Tirme Thu Apr 18 13:57:36 2013

i

n Workbook: Case (Main)

8

%D Material Streams Fluid Pkg All
11| Name Al A2 A3 Ad o

12| wapour Fraction 1.0000 1.0000 1.0000 0.0000 0.0000
13| Temperature (<) 2500 35.18 1.000* 1.000 50.00
14| Pressure (KPa) 11007 1200 % 1200 120.0 1100
15| Molar Flow (kamolesh) 0.2760 0.2760 0.2760 0.0000 2238
16| Mass Flow (ka/h) 7.8a0~ 7.800 7.880 0.0000 BOE4
17| Liguid Volume Flow (m3rh) 9.084e-003 9.084e-003 9.084e-003 0.0000 B.275
18| Heat Flow (k/h) -2.505 77.82 1827 0.0000 -8.198e+007
|15] Name c2 (6] c4 e:5 [ofl]

20| Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
21| Temperature (€} 50.01 50.01 45.00 * 45.00 5001
22| Pressure (kPa) 210.0 210.0 2100 210.0 2100
23] Molar Flaw (kgmolesh) 2238 2238 2238 2238 0.0000
24| Mass Flow (kah) 8964 8864 8364 8964 0.0000
26| Liguid Valume Flow (mia/m) 8.275 8.275 8.275 8.275 0.0000
26| Heat Flow (k/h) -8.189e+007 -8.188e+007 -8.212e-+007 -8.212e+007 0.0000
27] Name &2 c8 E-1 o F-3

28] Vapour Fraction 0.0000 1.0000 0.0000 0.0000 0.0000
23| Temperature (€) 45.00% 50.00 -20.00 % -20.00 -30.00
30| Pressure (kPa) 21007 1100 1100* 210.0 2100
31| Molar Flaw (kamole/h) 0.0000 0.0000 2504 250.4 2487
32| Mass Flow (ki) 0.0000 * 0.0000 1.003e+004 1.003e+004 9887
33| Liguid Valume Flow (m3rh) 0.0000 0.0000 9.258 9.258 8228
34] Heat Flow (RJ/h) 0.0000 0.0000 -8.370e+007 -8.370e+007 -8.341e+007
35| Mame F4 ES F8 = Fg

36| Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
37| Temperature (€) -18.04 -16.74 -16.74 -20.00 -16.78
38| Pressure (KPa) 210.0 210.0 2100 210.0 2100
33| Molar Flow (kgmolesh) 249.7 249.7 2504 0.7742 0.7742
40| Mass Flow (koth) EEER 9887 1.003e+004 31.00 31.00
41| Liguid Volume Flow (ma/) 9.22a 8229 9.258 2 B62e-002 2.862e-002
42| Heat Flow (kJ/h) -9.338e+007 -9.332e+007 -9.361e-+007 -2.886e+005 -2.884e+005
43| Name F-10 R-1 R2 R-3 R4

44| Vapour Fraction 1.0000 1.0000 1.0000 1.0000 0.0000
45| Temperature (©) -20.00 15.88 5.231 5651 3500
46| Pressure (KPa) 1100 2838~ 2838 1018 1018
47| Molar Flaw (kamole/h) 0.0000 5013 6.713 6713 6713
48] Mass Flow (kath) 0.0000 5115 8848 * 684.8 6843
49| Liguid Volume Flow (m3rh) 0.0000 0.4120 0.5518 05518 0.5518
50| Heat Flow (k/h) 0.0000 -4.487e+008 -6.028e+008 -6.003e+008 -6.134e+008
51] Name R5 R R7 R-8 R

52| Vapour Fraction 0.0000 0.0000 * 0.2088 1.0000 0.0000
33| Temperature (©) 35.00 5.000 * -30.00 -30.00 35.00
54| Pressure (kP3) 1018 1018 * 84.83 8483 1018
55| Molar Flaw (kgmolesh) 5013 5013 5013 5013 1.888
56| Mass Flow (kath) 511.5 511.5 5115 511.5 1734
|57 Liguic Volume Flow (ma/n) 04120 0.4120 04120 04120 0.1388
58] Heat Flow (kJ/h) -4.581e+008 -4.603e+006 -4 B03e+008 -4.514e+008 -1.553e+008
53] Name R10 R11

ﬂﬁpuur Fraction 0.2485 0.8870

81| Temperature (€} 01232 0.1221

62] Pressure (KPa) 293.9 2934 *

63| Maolar Flowy (kgmole/h) 1688 1688

64| Mass Flow (kgth) 1734 1734

65| Liguid Valume Flow (m3rh) 0.1336 0.1398

6] Heat Flow (k/h) -1.553e+008 -1.531e+008

@
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52| Aspen Technology Inc. Aspen HYSYS Version 7.3 (25.0.0.7336) Page 1 of 1

* Specified by User.




Table 2 Waste-water FC system with fresh water pre-cooler

aspen

KOREA MARITIME UNIVERSIT
Burlingtan, MA

UsA

Case Name: BLE2EN ARSI £BHSC
Unit Set. Sl
Date/Time Thu Apr 1B 13:59:29 2013

Workbook: Case (Main)

GEEEEEEEE

s Material Streams Fluid Pkg All
1] Name Al A2 Al Ad [l

12| Wapour Fraction 1.0000 1.0000 1.0000 0.0000 0.0000
13| Temperature (] 2500* 3515 1,000 * 1.000 50.00
14] Pressure (kPa) 110.0~ 1200~ 1200 120.0 1100
15] Molar Flow (kgmoledh) 0.2760 0.2780 0.2760 0.0000 278.7
16| Mass Flow (kaih) 7.890* 7880 7.880 0.0000 1.118e+004
17] Liguid Valume Flow (m3/h) 9.084e-003 9.084e-003 9.084e-003 0.0000 10.30
18] Heat Flow (klih) -2.505 77.82 -192.7 0.0000 -1.021e+008
18] Mame c2 i c4 c:5 CB

20] Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
21| Temperature () 50.01 50.01 45.00 * 45.00 50.01
22| Pressure (KPa) 210.0 210.0 2100 210.0 210.0
23] Malar Flow (kamolesh) 278.7 278.7 278.7 278.7 0.0000
24| Mass Flaw (ka/h) 1.116e+004 1.116e+004 1.116e+004 1.116e+004 0.0000
25| Liguid Volume Flow (maih) 10.30 1030 10.30 10.30 0.0000
26| Heat Flow (klih) -1.021e+008 -1.021e+008 -1.027e+008 -1.022e+008 0.0000
27] Name et c8 i Bl Fd

28] Vapour Fraction 0.0000 1.0000 0.0000 0.0000 0.0000
29| Temperature () 4500~ 50.00 -20.00 * -20.00 -20.00
30| Pressure (KPa) 210.0* 1100 1100 * 210.0 210.0
31| Malar Flow (kgmolesh) 0.0000 0.0000 3088 308.8 249.7
32| Mass Flow (kg/h) 0.0000* 0.0000 1.241e+004 1.241e+004 9897
33| Liguid Valume Flow (m3ih) 0.0000 0.0000 11.48 1148 9278
34| Heat Flow {llih) 0.0000 0.0000 -1.158e+008 -1.159e+008 -8.341e+007
35| Name F4 F5 F8 E7 Fa

36| apourFraction 0.0000 0.0000 0.0000 0.0000 0.0000
37| Temperature (<) -18.04 ~18.74 -18.72 -20.00 -18.88
38| Pressure (kPa) 210.0 210.0 2100 210.0 210.0
33| Molar Flow (kgmoledh) 249.7 249.7 3094 60.24 60.24
40] Mass Flow (kath) 98d7 9387 1.241e+004 2412 2412
41] Liguid Volume Flow (m3fh) 9.229 9723 11.48 2227 23227
42| Heat Flow (klih) -0.338e+007 -8.332e+007 -1.158e+008 -2.254e+007 -2.251e+007
43] Name F-g F-10 al R2 R3

44] wapour Fraction 0.0000 1.0000 1.0000 1.0000 1.0000
45] Temperature (©) -16.64 -20.00 15.88 5209 5648
46] Pressure (kPa) 210.0 1100 2838 * 283.9 1018
47| Molar Flow (kgmoledh) 60.24 0.0000 6.241 8357 8.357
48] Mass Flow (kgin) 2412 0.0000 838.7 852.7 852.7
48] Liguid Volurne Flow (m3fh) 2227 0.0000 0.5128 0.6667 0.6867
50| Heat Flow (klih) -3.251e+007 0.0000 -5 588e+008 -7.504e+008 -7.474e+008
51| Name R-4 R-5 R-B R-T R-8

52] Vapour Fraction 0.0000* 0.0000 0.0000 * 0.2088 1.0000
53| Temperature (©) 35007 35.00 5.000 * -30.00 -30.00
54] Pressure (KPa) 1018 1018 1018 * 8483 8483
55] Molar Flow (kgmaoledh) 8.357 6.241 6.241 6.241 6.241
56| Mass Flow (kgih) 852.7 636.7 636.7 636.7 636.7
57| Liquid Valumne Flow (maih) 0.6867 0.5128 05128 05128 0.5128
58] Heat Flow (klih) -7.837e+008 -5.703e+008 -5 730e+008 -5.730e+008 -5.619e+008
58] Name R-8 R-10 R11 Wl W2

50| VapourFraction 0.0000 0.2485 0.8867 0.0000 0.0000
61| Temperature () 35.00 0.1232 0.1240 25.00 5.000
62| Pressure (kPa) 1018 2838 2838 * 110.0 1100
63| Malar Flow (kgmolesh) 2117 2117 2.117 1388 1388
64| Mass Flow (kgih) 218.0 216.0 218.0 250.0 250.0
65| Liguid Valume Flow (m3rh) 01738 0.1739 0.1738 0.2505 0.2505
56| Heat Flow {ldih) -1.834e+008 -1.834e+008 -1.906e+008 -3.872e+008 -3.884e+008
57
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Table 3 Short-term operation pump in waste-water FC system

aspen

KOREA MARITIME
Burlington, MA
UsA

UNIVERSIT

Case Name:

B A4 0% 5= =288 hsc

Unit Set Sl

Date/Time:

SatFeb 23 1

6:57:102013

Workbook: Case (Main)

[-T=T~I=I-T=1=T-1-

=)

Material Streams

Fluid Pkg:

All

Name

2

Vapour Fraction

0.0000

0.0000

0.0000

0.0000

0.0000

Temperature

2500

2501

1.000 *

1.008

2500~

Pressure

110.0*

210.0

1100 "

2100

1100~

Malar Flow

416.3

416.3

3887

388.7

416.3

Mass Flow

7500

7500

7200 *

7200

7500

Liguid Wolume Flow

7515

7515

7.215

7.215

7518

Heat Flow

-1.192e+008

-1.182e+008

-1.151e+008

-1.161e+008

-1.192e+008

Name

‘apour Fraction

0.0000

0.0000

0.0000

Temperature

25.01

1.000 "

1.008

Pressure

210.0

110.0*

2100

Molar Flow

416.3

2498

2498

Mass Flow

7500

4500 *

4500

Liguid Yolume Flow

7515

4.608

4.508

Heat Flow

-1.192e+008

-7.196e+007

-7.196e+007

Energy Streams

Fluid Pkg:

All
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Table 4 Waste-water FC system (Design capacity 50 %)

L] Case Name SN AN =2 50%_3E HSC

= KOREA MARITIME UNIVERSIT

3 Burlington, MA Unit Set: Sl

o aspen S

=] Date/Time Thu Agr 18 14.02:45 2013

[ 5 ]

a Workbook: Case (Main)

8

B .

m Material Streams Fluid Pkg All
1] Name A A2 A3 Ad (]

12| Vapour Fraction 1.0000 1.0000 1.0000 0.0000 0.0000
13| Temperature (©) 2500 3515 1,000 * 1.000 50.00
14| Pressure (kPa) 110.07 1200 120.0 120.0 1100
15| Molar Flow (kgmoleth) 01869 0.1889 0.1889 0.0000 2328
16| Mass Flow {kgh) 5700 5700 5.700 0.0000 8327
17| Liguid Volume Flow (m3fh) B.480e-003 8.480e-003 B.480e-003 0.0000 8611
18| Heat Flow {lkJrh) -1.787 55.52 1375 0.0000 -8.:531e+007
19| Name ¥l c3 c4 C:5 C-B

20| Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
21| Temperature © 5001 50.01 45.00 * 4500* 50.01
22| Pressure (kPa) 210.0 210.0 2100 2100 210.0
23] Molar Flow (kgmolefh) 232.8 2328 2329 2329 0.0000
24| Mass Flaw (kgrh) 9327 9327 9327 9327 0.0000
25] Liguid Volume Flow (midrh) 8611 BE11 8.611 8611 0.0000
26| Heat Flow (ki) -8.531e+007 -8.531e+007 -8.545e+007 -8.545e+007 0.0000
27] Name s c £ e E3

28] apourFraction 0.0000 1.0000 0.0000 0.0000 0.0000
23| Temperature (©) 4500* 50.00 -20.00 * -20.00 -20.00
30| Pressure (kPa) 210.0* 1100 110.0 * 2100 210.0
31| Molar Flow (kgmoleth) 0.0000 0.0000 258.7 258.7 188.7
32| Mass Flow (kg/h) 0.0000 % 0.0000 1.036e-+004 1.036e+004 7957
33| Liguid Valume Flow (m3fh) 0.0000 0,0000 8.564 9,564 7.348
34| Heat Flow {llrh) 0.0000 0.0000 -8.680e+007 -8.680e+007 -7.435e+007
35 Name Fa = FB F-7 F8

36] ‘apourFraction 0.0000 0.0000 0.0000 0.0000 0.0000
37| Temperature (©) -18.80 -18:74 -16.72 -20.00 -18.87
38| Pressure (kPa) 210.0 210.0 210.0 2100 210.0
33] Molar Flow (kgmoleth) 188.7 1887 2587 60.01 80.01
40] Mass Flow (ka/h) 7857 7857 1.036e+004 2403 * 2403
41] Liguid Volume Flow (mdrh) 7.3948 7.348 9.564 2218 2218
42] Heat Flow (kdth) -7432e+007 -7.428e+007 -8.671e+007 -2.245e+007 -2.243e+007
43] Name F-3 F-10 R-1 R-2 R-3

44| Vapour Fraction 0.0000 1.0000 1.0000 1.0000 1.0000
48] Temperature (C) -16.64 -20.00 15.99 5302 56.50
46| Pressure (kPa) 210.0 1100 2839 283.9 1018
47| Molar Flow {kgmoleth) 80.01 0.0000 5217 6885 8.885
48] Mass Flow (kgth) 2403 0.0000 5322 7127~ 712.7
49] Liguid Volume Flow (m3th) 2218 0.0000 04287 0.5740 0.5740
50| Heat Flow {kJh) -2.243e+007 0.0000 -4 B79e+008 -6.272e+008 -8.747e+008
51 Name R4 R-5 R8 RT R8

52| Vapour Fraction 0.0000 * 0.0000 0.0000 * 0.2088 1.0000
53| Temperature () 3500 35.00 5000 * -30.00 -30.00
54| Pressure (KPa) 1018 1018 1018 * 84.83 84.83
55| Molar Flow (kgmalefh) 6985 5217 5217 5217 5217
56| Mass Flaw (kgth) 712.7 532.2 5423 532.2 532.2
57| Liguid Volume Flow (miarh) 05740 0.4207 04287 0:4287 0.4287
58] Heat Flow (ki) -6.383e+006 -4 TETe+006 -4 790e+008 -4.790e+008 -4.697e+006
53] Mame R-8 R-10 R-11 W1 WD

60| ‘\apourFraction 0.0000 0.2485 0.8868 0.0000 0.0000
61| Temperature (©) 35.00 0.1232 0.1248 25.00* 5.000
62| Pressure (kPa) 1018 2538 2038 * 110.07 1100
63] Molar Flow (kgmoleth) 1.769 1788 1,769 1388 1368
64 Mass Flow (kgh) 180.5 180 5 180.5 2500 250.0
5] Liguid Volume Flow (m3fh) 0.1453 0.1453 0.1453 0.2505 0.2505
6] Heat Flow {lJrh) -1816e+008 -1.618e+D08 -1.583e+008 -3.877e+008 -3.884e+006
7]
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Table 5 Waste-water FC system (Design capacity 60 %)

L Case Name DS LEHY SEE 60% 2B HSC

2] KOREA MARITIME UNIVERSIT

3 Burlingtan, MA Unit Set: Sl

] aspen Usa

a Date/Time Thu Apr 18 14:04:35 2013

a

u Workbook: Case (Main)

g

g -

m Material Streams Fluid Pkg All
1] Name At A2 A3 A4 Gl

12| Vapour Fraction 1.0000 1.0000 1.0000 0.0000 0.0000
13| Temperature (©) 2500° 35.15 1.000 " 1.000 5000
14| Pressure (kPa) 110.0* 1200 1200 120.0 1100
15| MolarFlow (kgmolesh) 0.2383 0.2363 0.2383 0.0000 255 8
16| Mass Flow (kg/h) 6.840 " 6.840 6.840 0.0000 1.024e+004
17| Liguid Valume Flow (math) 7.776e-003 7.776e-003 7.776e-003 0.0000 9.456
18] Heat Flow (kJih) -2.148 6B.62 -185.0 0.0000 -8.369e+007
19] Name G (o] c4 C5 c-B

20| Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
21] Temperature (C) 50.01 50.01 4500 45.00* 50.01
22| Pressure (kPa) 2100 2100 2100 210.0 2100
23] Molar Flow (kgmole/h) 255.8 2558 2558 255.8 0.0000
24] Mass Flow (kgih) 1.024e+004 1,024e+004 1.024e+004 1.024e+004 0.0000
25| Liguid Valume Flow (math) 9458 9458 9456 9458 0.0000
26| Heat Flow (kih) -0.3682+007 -0.368e+007 -0.384e+007 -9.384e+007 0.0000
27| Name Sl cB F-i E-2 F3

28| ‘\apour Fraction 0.0000 1.0000 0.0000 0.0000 0.0000
28| Temperature () 4500 50.00 -20.00 * -20.00 -20.00
30| Pressure (kPa) 2100 110.0 1100 210.0 2100
31| MolarFlow (kgmolesh) 0.0000 0.0000 2843 284.3 224 2
32| Mass Flow (kgih) 0.0000* 0.0000 1.138e+004 1.138e+004 8877
33| Liguid Valurme Flow (m3th) 0.0000 0.0000 10.51 1051 8288
34| Heat Floaw (kJih) 0.0000 0.0000 -1.064e+008 -1.064e+008 -8.368e+007
35| Name F4 E6 F8 il F8

361 Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
37] Temperature (C) -18.84 -16.74 -16.72 -2000 -16.68
38] Pressure (kPa) 210.0 2100 2100 210.0 2100
as| Molar Flow (kgmolesh) 224.2 2242 20843 60.11 60.11
40] Mass Flow (kg/h) Bg77 ga77 1.138e+004 2407 * 2407
41] Liguid Valume Flow (math) 8.288 8.288 10.51 2222 2222
42| Heat Flow (kJih) -8.385e+007 -8.380e+007 -1.063e+008 -2.248e+007 -2.247e+007
43] Name F-g F-10 R-1 R-2 R-3

44] vapour Fraction 0.0000 1.0000 1.0000 1.0000 1.0000
45] Temperature () -16.64 -20.00 15.89 5238 56.52
46] Pressure (kPa) 210.0 1100 2938 * 203.8 1018
47| MolarFlow (kgmolesh) 80.11 0.0000 5728 7870 7670
48] Mass Flow (kgih) 2407 0.0000 5845 782,58 7826
49] Liguid Volume Flow (m3th) 2222 0.0000 04707 0.6308 0.6303
50| Heat Flow (kJih) -2.947e+007 0.0000 -5.138e+008 -6.888e+006 -6.860e+008
51| Name R4 R-5 R-§ R-7 R-8

52| Vapour Fraction 0.0000 * 0.0000 0.0000 * 0.2068 1.0000
53| Temperature (©) 35.00° 35.00 5000 * -30.00 -30.00
54| Pressure (KPa) 1018 1018 1018 * 84.83 8483
55| Molar Flaw (kgmale/h) 7670 5.729 5.729 5729 5.728
56| Mass Flow (kg/h) 762.8 584.5 584.5 5084.5 584 .5
57| Liquid Valume Flaw (m3th) 0.6303 0.4707 04707 04707 0.4707
58] Heat Flaw (klin) -7.009e+008 -5.235e+008 -5.260e+006 -5.260e+006 -5.158e+006
53] Mame R-8 R-10 R-11 WL W2

60| ‘\apour Fraction 0.0000 0.2485 0.8871 0.0000 0.0000
61| Temperature () 35.00 0.1232 0.1218 2500 * 5.000
62| Pressure (kPa) 1018 2938 2938 110.07 110.0
63| Molar Flow (kgmalesh) 1.942 1.942 1.842 13.88 1388
64| Mass Flow (kgih) 188.1 188.1 188.1 250.0* 2500
65| Liguid Valume Flaw (m3fh) 0.1588 0.1586 0.1588 0.2505 0.2505
56| Heat Flow (lJih) -1.774e+008 -1.774e+008 -1.748e+008 -3.977e+008 -3.884e+008
7]
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Table 6 Waste-water FC system (Design capacity 70 %)

- 201 —

L Case Name: SE2EA AHHY S=E 70%_FHE HSC

= KOREA MARITIME UNIVERSIT

3 Burlingtan, MA Unit Set: Sl

a aspen usA

? Date/Time Thu Apr 18 14:06:292013

H

a Workbook: Case (Main)

g

g -

ol Material Streams Fluid Pkg All
1] Name Al A2 A3 Ad c-1

12] Vapour Fraction 1.0000 1.0000 1.0000 0.0000 0.0000
13] Temperature <) 2500~ 3218 1000~ 1.000 s0moo~
14] Pressure (kPa) 1100~ 1200 1200 120.0 110.0*
15] MolarFlow (kgmole/h) 0.2760 0.2780 0.2760 0.0o00 2787
18] Mass Flow (ko/h) 7.8a0" 7.880 7.880 n.0ooo 1.116e+004
17) Liguid Volume Flow (marh) 9.084e-003 9.0B4e-003 9.084e-003 0.0000 10.30
18] Heat Flow (kl/h) -2.505 7782 -182.7 0.0000 -1.021e+008
18] Name C-2 C-3 C4 C5 C-B

20] Vapour Fraction 0.0000 0.0000 0.0000 o.0o00 0.0000
21] Temperature (C) 5001 50.01 4600 * 4500~ 50.01
22| Pressure (kPa) 210.0 2100 2100 210.0 2100
23] Molar Flow (kgmole/h) 2787 278.7 2787 278.7 0.0000
24] Mass Flow (kg/h) 1.116e+004 1.116e+004 1.116e+004 1.116e+004 0.0000 7
25] Liguid Yaolume Flow (m3hy 10.30 1030 10.30 1030 0.0000
26) Heat Flow (kd/h) -1.021e+008 -1.021e+008 -1.023e+008 -1.022e+008 0.0000
27] MName C-7 c-8 F-1 F-2 F-3

28] VYapour Fraction 0.0000 1.0000 0.0000 0.0000 0.0000
28] Temperature (C) 4500~ 5000 -20.00 * -20.00 -20.00 "
30] Pressure (kPa) 210.0* 110.0 1100~ 210.0 2100~
31] Molar Flow (kgmole/h) 0.0000 0.0000 308.9 308.9 2487
32] Mass Flow (kg/h) 0.0000 * 0.0000 1.241e+004 1.241e+004 5957 *
33] Liguid Valume Flow (marh) 0.0000 0.0000 11 .48 1148 8228
34] Heat Flow (ki) 0.0000 0.0000 -1.159e+008 -1.158e+008 -9.341e+007
35] MName F-4 F-8 F-8 F-7 F-8

36] Wapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
37] Temperature ) -18.04 -16.74 -16.72 -2000 -16.68
38| Pressure (kPa) 2100 2100 210.0 210.0 2100
33| Molar Flow (kgrmolefh) 249.7 2497 308.8 60.24 60.24
40] Mass Flow (ko/h) 9887 8887 1.241e+004 24127 2412
41] Liguid Volume Flow (marh) 9229 8229 1148 2227 27227
42] Heat Flow (k/hy -0.338e+007 -0.332e+007 -1 .158e+008 -2.264e+007 -2.251e+007
43] Name F-3 F=10 R-1 R-2 R-3

44| Wapour Fraction 0.0000 1.0000 1.0000 1.0000 1.0000
45] Temperature (C) -16.64 -20.00 1588 5.208 5648
46| Pressure (kPa) 210.0 110.0 2838~ 283.8 1018
47] Molar Flaw (kgmole/h) 60.24 0.0000 6.241 B8.357 8357
48] Mass Flow (kg/h) 2412 0.0000 B36.7 882.7* 8527
48] Liguid Volume Flow (marh) 2227 0.0000 0.5128 0.6867 0.6867
50] Heat Flow (kd/hy -2.251e+007 0.0000 -5.508e+008 -7.504e+008 -7.474e+008
51] Name R4 R-5 R-B R-7 R-B

52| Wapour Fraction 0.0000 * 0.0000 0.0000 * 0.2068 1.0000 *
53] Temperature (C) 35.00° 3500 5000~ -30.00 -30.00
54] Pressure (kPa) 1018 1018 1018 = 8483 8483
53] Molar Flow (kgmole/h) B.357 B.241 B.241 B.241 6.241
56] Mass Flow (kgih) B52.7 B36.7 B36.7 B3B6.7 6387
57 Liguid Yolume Flow (ma/h) 0.BBB7 0.5128 05128 5128 0.5128
58] Heat Flow (kd/h) -7.637e+008 -5.703e+006 -5 730e+006 -5.730e+008 -5.B19e+008
58] Mame R-8 R-10 R-11 WA W2

50) Wapour Fraction 0.0000 0.2485 0.8867 0.0o000 0.0000
61] Temperature (<) 35.00 0.1232 0.1240 2500~ 5.000~
62| Pressure (kPa) 1018 2838 293.8* 110.0* 110.0
63] Molar Flow (kgrmale/h) 2117 2117 TAAT 13.88 13.88
54] Mass Flow (kg/h) 218.0 2160 218.0 250.0* 2500
65] Liguid Vaolume Flow (marh) 1738 01733 0.1733 0.2505 0.2505
66] Heat Flow (kl/h) -1.934e+006 -1.934e+006 -1.80Be+008 -3.072e+008 -3.984e+008
[
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Table 7 Waste-water FC system (Design capacity 80 %)

L Case Name; SEREA A ==2 80% B HSC

i KOREA MARITIME UNIVERSIT

i aspen Burlingtan, MA Unit Set: Sl

4 usAa

? Date/Time Thu Apr 18 14:07:47 2013

=

7 Workbook: Case (Main)

8

g -

m Material Streams Fluid Pkg All
11] Name Al A2 A-d A4 C-1

12] Vapour Fraction 1.0000 1.0000 1.0000 0.0000 0.0000
13| Temperature (C) 2500 3515 1.000 " 1.000 5000
14] Pressure (kPa) 110.0°% 1200 1200 120.0 1100
151 Molar Flow (kgmole/h) 03124 0.3154 03134 0.0000 301.8
16] Mass Flow (kg/h) 9.130* 9130 8130 0.0000 1.207e+004
17] Liguid Volume Flow (mah) 1.038e-002 1.038e-002 1.038e-002 0.0000 11.15
18] Heat Flow (kJih) -2 BE3 6882 -220.2 0.0000 -1.104e+008
19] MName C-2 C-3 C-4 C-5 C-B

20| ‘Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
21| Temperature (©) 5001 5001 45.00 * 4500 5001
22| Pressure (kPa) 2100 2100 210.0 210.0 2100
23] Molar Flow (kgmolesh) 3018 301.5 3015 301.8 0.0000
24] Mass Flow (kah) 1.207e+004 1.207e+004 1.207e+004 1.207e+004 0.0000
25] Liguid Volure Flow (m3/h) 11,15 1115 118 1118 0.0000
26| Heat Flow (kJih) -1.104e+008 -1.104e+008 -1.106e+008 -1.10Be+008 0.0000
27| Narme C-7 C-B F-1 F-2 F-3

28] ‘Vapour Fraction 0.0000 1.0000 0.0000 0.0000 0.0000
29| Temperature (C) 4500 5000 -20.00 * -20.00 -20.00
30| Pressure (kPa) 2100~ 110.0 100~ 210.0 2100
31] Molar Flow (kgmaleh) 0.0000 0.0000 3356 338.8 2751
32] Mass Flow (kath) 0.0000% 0.0000 1.343e+004 1.343e+004 1.102e+004
33| Liguid Volume Flow (m3ih) 0.0000 0.0000 12.40 1240 1017
34| Heat Flow (kdih) 0.0000 0.0000 -1.255e+008 -1.255e+008 -1.029e+008
35] Name F-4 F-5 F-B E-7 F-8

36| Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
37| Temperature (G) -1813 -16.74 -16.72 -20.00 -168.689
38| Pressure (kPa) 210.0 210.0 210.0 210.0 2100
39| Molar Flow (kgmoles/h) 2751 2751 3355 60.35 B0.35
40] Mass Flow (kg/h) 1.102e+004 1.102e+004 1.343e+004 2418 * 2186
41] Liguid Volume Flow (m3h) 1017 1017 12.40 2.231 2231
42] Heat Flow (kd/h) -1.028e+008 -1.028e+008 -1.254e+008 -2.258e+007 -2.256e+007
43] Name F-8 F-10 R-1 R-2 R-3

44| ‘vapour Fraction 0.0000 1.0000 1.0000 1.0000 1.0000
45] Temperature (C) -16.64 -20.00 15.89 5.2494 56,52
46| Pressure (kPa) 2100 1100 2838 283.8 1018
47] Maolar Flow (kgmaole/h) B0.35 0.0000 B.753 9042 9.042
48] Mass Flow (kg/h) 2418 0.0000 689.0 822.5™ 922.5
49] Liguid Volume Flow (mah) 2.231 0.0000 0.5548 07430 0.7430
50| Heat Flow (kJ/h) -2.256e+007 0.0000 -f.057e+006 -8.118e+008 -B.086e+006
51] Name R-4 R-5 R-6 R-1 R-B

52| Vapour Fraction o.0ooo * 0.0000 0.0000 * 02068 1.0000
53] Temperature <) 35.00° 3500 5.000 * -30.00 -30.00
54| Pressure (kPa) 1018 1018 1018 * B4.83 8483
55| Molar Flow (kgmole/h) 09.042 6.753 6.753 B 753 B.753
56| Mass Flow (ka/h) 9225 683.0 6B3.0 6B3.0 BBa.0
57] Liguid Yolume Flow (m3h) 07430 05543 05549 05549 0.5543
28] Heat Flow (kl/h) -8.262e+008 -6.171e+008 -6.201e+008 -6.201e+008 -B.081e+006
59| Name R-8 R-10 R-11 W1 WD

60| ‘apour Fraction 0.0000 0.2485 0.8871 0.0000 0.0000
61] Temperature [{%] 3500 0.1232 0.1231 2500~ 5.000
62] Pressure (kPa) 1018 2838 2838 * 1Mo.on~ 1100
63] Molar Flow (kgmale/h) 2.289 2288 2.289 13.88 1388
64] Mass Flow (kgh) 2335 2335 2338 2500* 2500
65 Liguid Volume Flow (m3h) 01881 01881 0.1881 02505 0.2505
66] Heat Flow (kJih) -2.081e+008 -2.091e+008 -2.068 1e+008 -3.072e+00B8 -3.894e+006
57}
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Table 8 Waste-water FC system (Design capacity 90 %)

] Case Name: SESHA ABEY =52 90% ABHSC

2} KOREA MARITIME UNIVERSIT

i aspen Burlingtan, MA Unit Set Sl

4 UsA

=] Date/Time Thu Apr 18 14:08:05 2013

i

a Workbook: Case (Main)

g

8 -

B Material Streams Fluid Pkg All
1] Name Al A2 A-3 A4 Gl

12| Vapour Fraction 1.0000 1.0000 1.0000 0.0000 0.0000
13| Temperature ) 2500 3515 1.000 % 1.000 5000
14| Pressure (kPa) 11007 1200 1200 1200 110.0
5] Molar Flow (kgmoleh) 0.3547 0.3547 03547 0.0000 3244
16] Mass Flow (kg/h) 10.27* 10.27 10.27 0.0000 1.289e+004
17| Liguid Volume Flow (mai) 1.1682-002 1.1682-002 1.168e-002 0.0000 11.88
18] Heat Flow (lJih) -3.220 100.0 -247.7 0.0000 -1.188e+008
19| Warme o) c-3 c-4 C5 C-B

20| ‘Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
21| Temperature (©) 5001 5001 4500 % 4500 5001
22| Pressure (kPa) 210.0 2100 2100 210.0 2100
23| Molar Flow (kgmolesh) 3244 324 4 3244 324.4 0.0000
24] Mass Flaw (kg/h) 1.299e+004 1.288e+004 1.299e+004 1.289e+004 0.0000
25| Liguid Volume Flow (m3rh) 1188 11.99 11.88 11889 0.0000
26] Heat Flow (kih) -1.1882+008 -1.188e+008 -1.190e+008 -1.100e+008 0.0000
27| Name (e c-8 F-i F-2 F-3

28| ‘\apour Fraction 0.0000 1.0000 0.0000 0.0000 0.0000
29| Temperature (<) 4500° 50.00 -20.00 * -20.00 -2000
a0| Pressure (KPa) 2100 1100 1100~ 210.0 2100
31| Molar Flow (kgmoleh) 0.0000 0.0000 3811 361.1 300 6
32| Mass Flow (kg/h) 0.0000 % 0.0000 1.44Be+004 1.44Be+004 1.204e+004
33| Liguid Volume Flow (m3ih) 0.0000 0.0000 13.35 1335 1111
34| Heat Flow (lkJih) 0.0000 0.0000 -1.351e+008 -1.351e+008 -1.125e+008
35] Name F-4 F=5 F-8 F7 F-8

36| ‘apour Fraction 0.0000 0.0000 10,0000 0.0000 0.0000
37| Temperature (©) -18.20 -16.74 1872 -20.00 -16.68
38| Pressure (Pa) 210.0 2100 2100 210.0 2100
33| Molar Flow (kgmolesh) 300.6 300 6 361.1 80.46 6046
40] Mass Flow (kg/h) 1.204e+004 1.204e+004 1.448e+004 2421 * 2421
41] Liguid Volume Flow (math) 11.11 1111 13.35 2.235 2235
42| Heat Flow (i) -1.124e+008 -1.124e+008 -1.350e+008 -2 262e+007 -2.260e+007
43| Name F-8 F-10 R-1 R-2 R-3

44] vapour Fraction 0.0000 1.0000 1.0000 1.0000 1.0000
45] Temperature (©) -16.64 -20.00 15.88 5.237 56.52
46| Pressure (Pa) 210.0 1100 2838 * 293.8 1018
47] Molar Flow (kgmoleh) 6048 0.0000 7.265 8728 9728
48] Mass Flow (kgih) 2421 0.0000 741.3 992.5° 992.5
49] Liguid Volume Flow (math) 2235 0.0000 0.5870 0.7933 0.7893
50] Heat Flow (lih) -2 260e+007 0.0000 -6 517e+006 -8 735e+006 -B.690e+006
51 Name R4 R-5 R-§ R R-B

52| Vapour Fraction 0.0000 * 0.0000 0.0000 * 0.2088 1.0000
53| Temperature () 3500° 35.00 5000 * -30.00 -30.00
54| Pressure (kPa) 1018 1018 1018 * 84.83 84 83
55| Maolar Flow (kgmolesh) 9,728 7.265 7.285 7.265 7.265
56| Mass Flaw (kgih) 992.5 741.3 741.3 741.3 7413
57| Liquid Valume Flaw (mah) 0.7893 0.5870 05870 0.5870 0.5870
58] Heat Flaw (klin) -8.089e+008 -6.639e+006 -6.67 1e+006 -6.671e+006 -6.542e+008
59] Name R-g R-10 R-11 WL W2

60| ‘\apour Fraction 0.0000 0.2485 0.8870 0.0000 0.0000
61| Temperature () 3500 0.1232 0.1226 25007 5.000
62| Pressure (kPa) 1018 20838 2838 * 11007 110.0
63| Maolar Flow (kgmolesh) 2483 2463 2483 13.88 1388
54| Mass Flow (kg/h) 251.2 2512 251.2 250.0% 2500
65| Liquid Valume Flaw (m3dh) 0.2023 0.2023 02023 0.2505 0.2505
6] Heat Flow (klih) -2.250e+008 -2.250e+008 -2.218e+008 -3.972+006 -3.994e+008
7]
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Table 9 Fresh water supply pump in accordance with design capacity

aspen

KOREA MARITIME UNIVERSIT

Burlington, MA
USA

Case Name

& =t 48 = hsc

Unit Set

Sl

Date/Time:

SatFeb 23 21:07:52 2013

Workbook: Case (Main)

T-I=1-1T-I-1=]=]-1-

=)

Material Streams

Fluid Pkg: All

Name

2

Vapour Fraction

0.0000

0.0000

0.0000

0.0000

0.0000

Temperature

1.000~

1.008

1.000 *

1.008

1.000 "

Pressure

1100~

210.0

1100~

210.0

110.0*

Molar Flow

404.3

4043

402.0

402.0

398 .7

Mass Flow

7284 "

7284

7242 %

7242

72007

Liguid Volume Flow

7.299

7.299

7.267

7257

7218

Heat Flow

-1.165e+008

-1.165e+008

-1.158e+008

-1.158e+008

-1.161e+008

Name

Wapour Fraction

0.0000

0.0000

0.0000

0.0000

0.0000

Temperature

1.008

1.000 *

1.008

1.000"

1.008

Pressure

210.0

100"

2100

110.0*

2100

Malar Flow

399.7

397.3

397.3

385.0

3950

Mass Flow

7200

7158 *

7158

7116*

7118

Liguid Volume Flow

7.215

7172

7172

130

7.130

Heat Flow

-1.151e+008

-1.145e+008

-1.145e+008

-1.138e+008

-1.138e+008

Energy Streams
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Table 10 Waste-water discharge pump in accordance with design capacity

Case Name Bla=HH&EE I hsc
KOREA MARITIME UNIVERSIT

aspen Burlingtan, MA Unit Set: Sl

USA
Date/Time: SatFeb 23 21:18:20 2013

Workbook: Case (Main)

[<-T=T-T=I-T-1=1-1-

Material Streams Fluid Pkg: All

=)

11] Name 7 8 3 4 1
12] Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
1.000 " 1.008 1.000 " 1.008 1.000
110.0~" 210.0 1100 " 210.0 1100 "
166.5 166.6 3331 333.1 4183
3000~ 3000 6000~ 6000 7500
17] Liguid Volume Flow (m3h 3.006 3.006 6.012 6.012 7515
18] Heat Flow (kdih -4.797e+007 -4.797e+007 -9.595e+007 -9.595e+007 -1.199e+008
18] Name 2 5 6 10 9
20| ‘Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000
1.008 1.000 " 1.008 1.008 1.000
210.0 1100 " 2100 210.0 110.0 =
416.3 2488 2488 83.28 83.28
7500 4500 * 4500 1600 1500 *
748158 4.508 4.509 1.503 1.503
-1.198e+008 -7.196e+007 -7.196e+007 -2.388e+007 -2.388e+007

13| Temperature (C
14] Pressure (kPa
15] Molar Flow (kgmolesh
16] Mass Flow (karh

21] Temperature (C
22] Pressure (kPa
23] Molar Flow (kgmole/h
24] Mass Flow (kagth
25] Liquid valume Flow (m3th
26] Heat Flow (klih

Energy Streams Fluid Pk All

29] Name [ o104 [ -0 [ a0z [ o103 [ o105
30| Heat Flow win) | 3a0.2 | 5755 | 7804 5653 | 195 1
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Table 11 Warm brain supply pump in accordance with design capacity
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Material Streams

Fluid Pkg

All

Name

2

Vapour Fraction

0.0000

0.0000

0.0000

0.0000

0.0000

Temperature

50.00"

50.01

50.00

5001

50.00~

Pressure

110.0*

2100

1100

210.0

110.0 %

Molar Flow

334.0

3340

366.7

366.7

399.6

Mass Flow

9327 *

9327

1.024e+004 *

1.024e+004

1.116e+004 *

Liguid Volume Flow

8.872

8.872

§.740

§.740

1082

Heat Flow

-1.072e+008

-1.072e+008

-1.177e+008

-1.177e+008

-1.282e+008
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Vapour Fraction

0.oooo

0.0000
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Temperature
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50.01
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1100 *
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110.0*
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Molar Flow

399.5

4322

432.2

324.4

324 4

Mass Flow

1.118e+004

1.207e+004 *

1.207e+004

1.289e+004 =

1.288e+004

Liguid Volume Flow

1062

1148

11.48

1188

1189

Heat Flow

-1.282e+008

-1.387e+008

-1.387e+008

-1.188e+008

-1.188e+008
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