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Abstract

As a result of the worldwide increased consumption of fossil fuel energy, global
warming is currently greatest challenges to human. Greenhouse Gas(GHG) emissions
from ocean-going shipping are currently main issue in the international maritime
society. As a matter of fact, the International Maritime Organization (IMO) is
studying the GHG emission reduction system including mandatory fuel-efficiency
indices and voluntary guidelines on efficient operation.

In this study, for the purpose of reduction of CO, gas emission and to increase
recovery of waste heat from ships, the ORC(Organic Rankine Cycle) is investigated
and offered for the conversion of temperature heat to electricity from waste heat
energy from ships. Simulation was performed with waste heat from the exhaust gas

which is relatively high temperature and cooling sea water which is relatively low



temperature from ships. The result shows that 1,000kW power generation is available
from exhaust gases and 600kW power generation is available from sea water cooling
system. Different variable fluid is used for simulation of the ORC system with
variable temperature and flow condition and efficiency of system and output power is
compared.

As a result of the waste gas ORC power generating system, efficiency of TFEA
is highest with heat source of high temperature above 140C and efficiency of
SES36 was high from 110TC to 140C. Also, The mass flow rate of TFEA is
lowest and obtained 1,897kW maximum output power at 170C.

As a result of the sea water cooling ORC power generating system, efficiency of
the working fluid with R717 is highest as a 2.86% and the next working fluid is
R152a, R134a, R143a and R125a. The system with working fluid R717 is obtained
289,869kg/h of Mass flow rate among the various working fluid.

On the sea water cooling ORC power generating system, output of net power is
below 0 under system temperature 42°C because cooling water pump driving power
i1s increased by consumption of cooling water on the condenser. To overcome this
problem, scoop cooling piping system will be one of alternative solution to get
cooling water from a ship because cooling water can obtained by ship's propulsion
power.

To optimize ship's waste heat ORC generating system, it is suggested that system
utilize of cooling water waste heat and exhaust gas waste heat in one ORC system
with re-heater. Cooling water waste heat was used for a heating medium of
pre-heater and exhaust gas waste heat was used for a heating medium of heater.
To increase efficiency of system the pre-heated working fluid is re-heated by
re-heater installed between turbine and condenser. The system with TFEA as a
working fluid obtained output of 2,400kW at the turbine.

In many ways, ORC(Organic Rankine Cycle) is a promising method for the

- Vii =



conversion of low temperature heat to electricity. Different and new fluid can be
used in the cycle for the re-utilization of waste heat.

A study and operation result on the ship's cooling water ORC generating system
will contribute to development and practical use of OTEC(Ocean Thermal Energy
Conversion) system since it's similarly principle with working temperature and

pressurc.
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Alphabet

A

P1
P2

Qleak
Qloss
Qi

Nomenclature

- Surface area available for heat transfer

: Concentration of j in the inlet stream

: Concentration of j in the outlet stream
D AdH
EERE
: Flow rate

: flow rate of the feed entering the bank

flow rate of the product exiting the tank

: Enthalpy

=5 TolA] Algksl o749 g
: Head

: component

: Characteristic pure component parameter

: Fluid mass flow rate
: Volume exponent

: Pressure

: Power Pumpl

: Power Pump?2

: Heat leak

: Heat loss

Uy g%

H



ut s I

R D 71A e

R, : reaction of rate of the generation of component |
: Entropy

s L 2% Tol A ALtE o] d7lA e dERY

SC : Flow of R134a in the sample plant

ST : Temperature in the sample plant

SP : Pressure in the sample plant

$ : US Dollar

T : Temperature(Absolute or Celsius)

: Warm water temperature

T, : Cold water temperature

Thp : Hot pinch Temperature

Tep : Cold Pinch Temperature

AT : Temperature difference

U : Overall heat transfer coefficient

u . Internal energy (energy per unit mass)
V : Volume

W, . : BRl =9

W, D BT AT

W o dF



Greek

: A& (EHW or FX)
n c Al2E g &
p : Density
P; : density of the feed entering the bank
P, : density of the feed entering the bank

: potential energy (energy per unit mass)
w; : Acentric factor
Abbreviation
ASPHRAE : Anerican Society of Heating, Refrigerating and Air-Con. Engineers
Aux. : Auxiliary
CF : Correction factor
Crit : Critical
C.W. : Cooling Water
dpP : Pressure difference
DWT : Deadweight tonnage
EEDI : Energy Efficiency Design Index for new ships
EEOI : Energy Efficiency Operational Indicator
EOS : Equation Of State
EXH : Exhaust
GHG : GreenHouse Gas



GT

IMO

I[PPC
ICOSADS
liq.

LT

LMTD

mass
mol

MF
Min.A
MW

NCR
NBP
OTEC
ORC
P/P
PRSV
Pt

PW

PWR
PWR,

PWRy
SERS

: Gross tonnage

: International Maritime Organization

: Intergovernmental Panel on Climate Change

: International Comprehensive Ocean-Atmosphere Data Set
: Liquid

: Low Temperature

: Log Mean Temperature Difference

: Mass
: Molar

: Molecular Formula

: Minumum Approach

: Molecular weight of the gas
: Net

: Normal Continuous Rating

: Normal Boiling Point

: Ocean Thermal Energy Conversion
: Organic Rankine Cycle

: Pump

: Peng-Rovinson Stryiek-Vera

: Point

: Pump power

: Power

: Net Power
: Turbine Power

: Special Report on Emission Scenarios
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SES36
SMCR
STD
TFEA
TES
Temp.
tb

vol
V.F.
WHRS

: Solkatherm SES36,Mixture of R365mfc and Galden HTS5S5
: Specified Maximum Continuous Rating

: Standard

: Trifluoroethanol

: Thermo Efficiency System

: Temperature

: Turbine

: Volume
: Vapour Fraction

: Waste Heat Recovery System
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12KOEME/MC with TES
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Fig. 1.10 Heat balance diagram of the nominally rated 12KME/MC Mk 6

engine(MAN B&W)

_14_



Reduction gear

Reduction with overspeed
gearbox clutch
Generator, Steam Eé?g,%?gf d
: AC alternator turbine ¢
Exh. gas boiler
HP
LP

Superheated
Steam for _
heating steam Switchboard
services HP

Diesel generators

—H ]
—H ]

Turbo-
chargers

Shaft motor/ Exhaust gas receiver

generator

—(H ]

Main engine

Y

4

Fig. 1.11 Power concept for thermo efficiency system (MAN B&W)



Fig. 1.11°= MAN B&WY #Hd3]4 HHA~F(WHRS: Waste Heat
Recovery System)e] 7Zfgfoltt, Alx®le] FA4L wj7[7ts B
(Exhaust Gas Boiler), =% E{HI(Steam Turbine), 3% E] QI (Power Turbine)
¥} 27 7](Generator) = 744 ¥ o] Ut
Ao zHE wlE% <= #7725 35 7](Turbocharger)E 75 51 A
A F7F 8602 99]H W (Power Tirbine)s T ol d#H-S A4
HEEe w77k fel wel AR XA "
Bk, B o] AR w77t Bde ] ko] Ay o] T AyE)
A Hed ojd WAt "o R NS FEdte] B A #rh

<" B w77 Hae 47)0leh 2eAw dHe] A% 5

4

= A7) A dEsA Hrk

F%O
=)
Z
lo

Fig. 1.12¢} Fig. 1.132 2" ERWIA|2H] FX3 -
UER AL ot oA 714 w772 e] Do |y A E Ik A2 w77}
1 A ¢ (Exhaust Gas boiler)2} =¥ ERHlo|A] s}A Ht}, w77t~ BAY

AN HA 165T, 6bard] WS A =i, HEFSRE 270TCe 7

P>

tlo

A5 7](Superheated steam)”} HAYSHA €v) EAEH ~EHE AEHEW

il

3 §%7](Condenser)ol A §F 5] B = (Hot well)oll #7350

ol

-

5
H X (Feedwater pump)oll 23l thA] wi7|7F~ HAdejel ~El=go=

swo] At}

B A

_16_



Exh. gas boiler T

sections:
Preheater Steam
drum
A 4 *
Evaporator
Superheater
A 4
a
Exhaust gas Sat. steam
Surolus % for heating
U services
valve
Condenser *~| Feedwater
\ 4 pump
F

Hot well
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Fig. 2.2 Distribution of temperature difference between surface & deep water
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PRSV Molar volume

[ ZRT 68

PRSV Enthalpy
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(3.9)
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Table 3.1 Measures of pilot plant

Measured
Sensor

Value

ST10 [TC] 44

SP1 [kPa] 1,140

Refrigerant SC1 [I/h] 39
(R134a) STI11 [C] 13.1
ST9 [C] 10.4

SP2 [kPa] 420

ST3 [C] 34

Air SP3 [m'/h] 351
ST5 [(C] 18.0
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Fig. 3.2 Photograph of pilot plant(R134a)
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Fig. 3.3 Modeling of pilot plant
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Table 3.2 Comparison of measured values and simulation result

Measured Simulation
Sensor
Value Result
ST10 [C] 44 44
SP1 [kPa] 1,140 1,140
Refrigerant SC1 [V/h] 39 39
(R134a) STI1 [C] 13.1 13.1
ST9 [C] 10.4 10.4
SP2 [kPa] 420 420
ST3 [C] 34 34
Air SP3 [m'/h] 351 351
ST5 [C] 18.0 17.8
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Table 3.3 Simulation result of sample plant - R134a

Name 1 2 3 4
V.F. 1 0 0.262216 1
T(C) 53.00 44.24 10.42 10.42
P (kPa) 1,140 1,140 420 420
Fum (kg/h) 48.42 48.42 48.42 48.42
Fy (STD_m'/h) 11.2 11.2 11.2 11.2
FL (m'/h) 0.039 0.039 0.039 0.039
Q (ki/h) -42,4715.9 -432,983.5 -432,983.5 -426,066.6
h (kJ/kg) -8,770.6 -8,941.4 -8,941.4 -8,798.5
s (kJ/kg-C) 1.80643 1.26889 1.28109 1.78482
Name 11 12 21 23
V.F. 1 1 1 1
T(C) 34.00 17.79 20.50 34.50
P (kPa) 110 110 110 110
Fum (kg/h) 429.76 429.76 594.72 594.72
Fy (STD_m'/h) 351.0 351.0 485.7 485.7
FL (m'/h) 0.4886 0.4886 0.6761 0.6761
Q (ki/h) 3,707.3 -3,209.6 -2,841.7 5,425.9
h (kJ/kg) 8.6 -7.5 -4.8 9.1
s (kJ/kg-C) 4.08793 4.03409 4.04330 4.08954
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Fig. 3.4 Major heat source of the ship
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Table 3.4 Fuel oil consumption of 3,000kW marine diesel engine generator

Load [%] 25 50 75 100
Engine Load [kW] 7,50 1,500 2,250 3,000
Fuel Oil
_ 170.4 3114 444.6 577.2
Consumption [kg/h]

metd 2 =M e AFEE Fole s 7 oy AEbe dxe

2RE EEE ks P45 A%S B4, oY e 9L ¥
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(MCR: Maximum Continuous Rate)> 72,240kW ©|t}. AA| A=¥
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CHo wrdko] oF 41,800k/kge] PR UHE HE wAYE I

S W= 3h2ksbH 153,800kW7F F T}

o] ARE HE FRHE FAFO
2RE A FehEs) Was SR MEHE A% WY wEE:

w7)7kze] ABE HAT 5 A Aol

THCIHE Flste HW

MCRZEZ A ooy Z}7](Air Cooler)®] A5

Table 3.5¢F 7t} ol WAL= F=FL 29750k 7 H T}

Table 3.5 Performance data & heat dissipations of air cooler

Air amount Scavenge Air temp. Scavenge Air cooler
total air pressure after t/c air temp. heat total
[kg/h] [ka] [C] [C] [KW]

686,000 375 192.0 37.0 29,750
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Table 369145 W7ol A MEHE A3t e dAge] oF Ae
Feg 5 9

Table 3.6 Heat dissipations of Cooler

Engine shaft Jacket water Lube oil cooler Radiation/
power cooler heat heat Convection heat
[%MCR] [KW] [KW] [KW]
100 8,480 5,840 820

AA AgA WA= FdFo] 153800k RE FFHE AR
TEFS 100%= g o tjAAdleA @A st Fuhelo] 72,240kW0l B
2 °H47%7} | al, Table 3.53 3.6°] W, Air cooler® 19.3%, Jacket
CoolerZ 5.5%, L.O Cooler= 3.8%, 7]E} EHEZ 0.5%7} AH|F oz},
ek des dRE 23.8%7F HERE o] ol wIIVtAR wEEHe dF
o] H T} Table 3.7914 AA dg BAFoZHE LH|EHX = IS

g oeld o 3l
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Table 3.7 Engine heat balance of 8,500TEU Container vessel

o 4% K

o 1

[KW] [%0]

A DI 153,800 100.0
Az 72,240 47.0
Air cooler 29,750 19.3
Jacket Cooler 8,480 5.5
LO cooler 5,840 3.8
BANA = 820 0.5
v} 7] 7} 2~ 36,670 23.8
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%21 8,500TEU #o HHolyidute] #A&H= F
of ¥il o5
1) MAIN ENGINE : 12K98ME-C
2) SMCR(100% Power) : 72,240 kW x 104.0 r/min
3) NCR(80% Power) : 57,792 kW x 96.5 r/min
4) Cooling System : Central fresh water cooling system
5) Ambient reference condition
- Sea water temperature : 32°C
- Central water outlet temperature : 36T

- Tropical ambient Air temperature: 45T

Auto A= Aoz HE mEH= w717t2e HdS 3435t o=
wrpo] Ao A AEE WAAAA ATl Bad A5 L 259 JHd &
of A-8-3HA H &=, Table 3.8 A% o] Zi=mlo] Aol Fu=E= w77k~
o] 2ot FFAHE g & 3
Table 3.8 oA ®Hi& ule} o], AP o 2HE HiEEHE wi7|7tAE 9
7] 2wzl wh Aok glont o] simmbo] A Ztel A oF 200T o]
o] 323 °F 600,000kg/h ©]’de] HF o]
Atk olelgh wj7| 7k e AR

Heol x
TR oF160CT7HA] F7141%1 d& 348 + eS¢ T Utk
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Table 3.8 Exhaust gas temperature and flow of EGB(Exhaust Gas Boiler)

Engine Load MCR NCR
Condition Winter Summer | Winter Summer
Exh. gas amount [kg/h] 755,900 655,700 698,300 605,800
Steam production [kg/h] 4,891 9,227 8,015 3,802
Exh. gas inlet temp. [C] 217 273 208 265
Exh. gas outlet temp. [C] 203 243 196 236

wok, Auke] &3 & o]lFw-wlo] A= u7|7F2 H | (Exhaust Gas
Boiler:EGB)Z 4] X &0 A8E d4sle ZHeHes HE 2AdYy
(Aux.Boiler)?] &3S tiAstA ®oh AA| Auke] 238 T 2~g 9] AH]|

Fa FAtste] Bndeler iyt B o) &% AHASHA Hed, A
=4 Vo =mstd H7I7lE BAdYE 100% 7HEstil HE HAdHE
10% F712 &3t oF sk, IS0 7|22 39S wos RERY
g AEes shA Far wi7I7kE B e 71%e] F-ShH(Load)oll A &

= 298 358 F Stk Table 39914 Al &3S &Ad QU
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Table 3.9 Steam consumption & boiler load under normal voyage

o ISO WINTER
Steam Consumption [kg/h] 3,697.3 3,776.1
Capacity [kg/h] 6,000 6,000
Aux. Boiler
Load [%] 0 10
Exh. Gas Capacity [kg/h] 5,234 3,148
Boiler Load [%] 71 100
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Fig. 3.6 Modeling of exhaust gas heater
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Table 3.10 Condition of exhaust gas heater

Name EXH IN EXH OUT
V.F. 1 1
T [C] 250 160
P [kPa] 130 120
Fmoi[ kgmole/h] 21,219 21,219
Frmass [kg/h] 665,700 665,700
Fiiq [m'/h] 820 820
Q [kJ/h] -1,601,005,970 -1,663,891,597
humol[kJ/kgmole] 75,450 78,414
Smol[kJ/kgmole-C] 173 168
humass[KJ/kg] 2,405 22,499
Smass| kJ/kg-C] 6 5

o] 7ol A w717} 2= 9] In/Out AFS] Abol= AsrAlet 4 ngtsl= &
o] HEg o2 w 2 dYgow AHosk 4= gt} wEla o)A I
A= U< Heat flowe] xfo]= WHAY b= A=l 63,266,255 kI/h=
FH 30%¢! 18,979,876kI/hE I Fgttial 7FASllSs W, 11 o
Tdste] EHE &Sk Fig
3.837 o] Ay sle] A} oF 850kF2 S zh= i AlxH

5 4 .

TFEAE Z5FAZ 5= BAO] L

<
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i
st

Gl 2=
= T
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Fig. 3.7 Distribution of exhaust gas heat flow by AT
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Heat

Heater

JL Expander
2 Power

Streams
1 2 3 4 Heat Pw Power Cool
Vapour Fraction 1.0000 1.0000 0.0000 0.0000 <empty> <empty> <empty> <empty>
Temperature Cc 160.7 61.15 35.00 35.36 <empty> <empty> <empty> <empty>
Pressure kPa 1190 22.91 17.91 1200 <empty> <empty> <empty> <empty>
Molar Flow kgmole/h 368.8 368.8 368.8 368.8 <empty> <empty> <empty> <empty>
Mass Flow kg/h 3.690e+004 | 3.690e+004 | 3.690e+004 | 3.690e+004 <empty> <empty> <empty> <empty>
Std Ideal Ligq Vol Flow | m3/h 26.70 26.70 26.70 26.70 <empty> <empty> <empty> <empty>
Heat Flow kd/h -3.032e+008 | -3.064e+008 | -3.223e+008 | -3.222e+008 | 1.898e+007 | 4.340e+004 | 3.122e+006 | 1.590e+007
Molar Enthalpy kd’kgmole | -8.221e+005 | -8.306e+005 | -8.737e+005 | -8.736e+005 <empty> <empty> <empty> <empty>

Fig. 3.8 Example of exhaust gas ORC generating system
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Fig. 3.9 Diagram of fresh water cooling system of ship
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Fig. 3.10 Diagram of sea water cooling system of ship

_72_



3.8 Adure] Wz Al&" & sy

al
oAt A BT 5 ut. Fig 3119 Po] RIS

Ank i A HE HolxE F9 HF W77 (Central cooler)ol
2S ok 55T, 2,200m/hE B o]skal, Cooler

=T 59 2EE % 35CT=E 49 31%S wl, Cooleroll Al & k= o] A
=7 W25 4 dHE &3 29

A= W7o A WME A= AR 189,643,036kI/he] T of 7o A
At g 45 tAl €902 Agste JE AXE AFAYU
JAttH HHA = & At dyA 285 Husted ¢ ds Ao

th. AbA df4 A= Table 3.11004 Selst = 9t

)
Q-COOL

CW cwW

IN COOLER ouT

Fig. 3.11 Modeling of fresh water cooler
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Table 3.11 Stream condition of fresh water cooler

Name CW IN CW OUT
V.F. 0.0 0.0
T [C] 55.0 35.0
P [kPa] 350.0 340.0
Fmol[kKgmole/h] 121,873 121,873
Frnass [Kg/h] 2,195,569 2,195,569
Fiiq [m'/h] 2,200 2,200
Q [kJ/h] -34,498,765,943 -34,688,408,979
hmoi[kJ/kgmole] -283,069 -284,625
smol[ kJ/kgmole-C] 61.1 56.2
hmass[KJ/kg] -15,712 -15,799
Smass| KJ/kg-C] 3.394 3.123

_74_



A7 M T st G mBsle] M9 WMoE WEHE 5 I
FuE sl stel AA AN bsE AT L

5 g7 Az s 97 Asdel Avte Fg FF Wz

N
2
oy
!
e

W
o
=2
R

(Central cooler)ol] ¢]&}o] W7} w= Al ~ElS A3 T
q— ='L
LT CW IN SW OUT
— CENTRAL
- COOLER
\
h— “=
LT CW OUT SW IN

Fig. 3.12 Modeling of sea water central cooler

A

JE

tel 3

]/\Eﬂ
— X

i

WZEA| 2~ E(LT Cooling system)e] A<} 3l4(SW) W37t
= =454 WYZ7](Central cooler)ol| A& )-&-
T Aol 3eke Yo Y ko Aol7t ds
, 718 AA 27190 2F 30CE 7Ieo® AHAYE otH =79
= oF 51T, 2we] F%2 2,100 m/h o]ttt ojuje] dwEr|e] UA
42,135,940KJ/C-h o]t}. A 324 A 2= Table 3.12% ).

>
s
El
(ol
aly
:Cu)l'_',

ol

T
rlo

2

A

BN

o %2
lo

H

rr

_75_



Table 3.12 Overall performance condition of central cooler

Central Cooler

Duty[kJ/h] 189,643,036
UA[KJ/C-h] 42,135,940
Funass(CW)[kg/h] 2,195,569
Funass(SW)[kg/h] 2,095,771
T(CWi)[C] 55.0
T(CWou)[ C] 35.0
T(SWin)[C] 30.0
T(SWou)[ C] 51.0
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Heat flow [kJ/h]
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Fig. 3.13 Distribution of heat flow by AT
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Heat
b
> —
Heater
JL Expander L__
2 Power
Cool

.

4 -

3

Fluid E-100
Pw
Streams
1 2 3 4 Heat Pw Power Cool

Vapour Fraction 0.9996 0.9655 0.0000 0.0000 <empty> <empty> <empty> <empty>
Temperature c 54.93 3599 35.00 35.46 <empty> <empty> <empty> <empty>
Pressure kPa 2290 1345 1340 2300 <empty> <empty> <empty> <empty>
Molar Flow kgmole/h 2852 2852 2852 2852 <empty> <empty> <empty> <empty>
Mass Flow kg/h 4.858e+004 | 4.858e+004 | 4.858e+004 | 4.858e+004 <empty> <empty> <empty> <empty>
Std Ideal Liq Vol Flow | m3/h 78.85 78.85 78.85 78.85 <empty> <empty> <empty> <empty>
Heat Flow kd/h -1.310e+008 | -1.336e+008 | -1.880e+008 | -1.879e+008 | 5.689e+007 | 1.193e+005 | 2.535e+006 | 5.448e+007
Molar Enthalpy kd/kgmole | -4.593e+004 | -4.682e+004 | -6.592e+004 | -6.588e+004 <empty> <empty> <empty> <empty>

Fig. 3.14 Example of cooling water ORC generating system
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Fig. 4.1 Typical closed rankine cycle system
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4.1.1 w717}~ ORC oA A|AH”H 1A

1) ©o] & x=w}o] A (Exhaust gas heater)

2) EJRHl 2HA 7](Expander with generator)
3) 35 7](Condenser)

4) 2] A (Separator)

5) Z& Al H >~ (Fluid pump)

2

6) W7z} 3857 (Sea water cooling pump)

PN
T
- 2L(Scoop)

P>

7)

ANa'le F7A N3] Z(Open loop)] sl WZ4AIEH 3] Z(Closed
loop)2 TAEAAE A AToE o] A rh

=oAL A 93 7ttEo] meFo] w9 o]F-nlo] A
tEEozIh oz K @A 29 w77k~ E <F 200T ]
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Fig. 4.2 Concept of exhaust gas ORC generating system
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4.1.2 YA 28 ORC &A A|A=H 7A

Aduke] Qe Wz 9 Hx7|71Y Wae] W o jEY = sl
WAz 27 F9 HE o 0CAED AT 39 A5 exe
°F 20T 7F&9o 2=xpr7t dAsHA d ol ASTE &83 g
TExf WA 71429l OTEC(Ocean thermal energy conversion) A|Z~El3} A}
gt Al 2~Ele] Ao E AH B SAE et A Wi AlEel
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1) < %7](Evaporator)

2) EJRHl ¥ 7](Expander with generator)
3) -5 7](Condensor)

4) 2] 7 *|(Separator)

5) Z& A HZ(Fluid pump)

&L

6) 35 *J7ZF 3 3Z(Sea water cooling pump)

7) Z=5->(Scoop)
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N Au_x. L | Central Cooler e
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Main Engine,
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F.W Cooling System
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Sea Water X
Cooling Pump X

_Q_ Fluid Pump

Sea Water
Pump High Sea Chesi;

Scoop

Fig. 4.3 Concept of sea water cooling ORC generating system
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ofe] 714 g4 Al 2 A BEAL e alEsile w A
2wt WAl A8 A5 Wiz RITGE e RS A
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P(kPa)
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Fig. 4.4 Saturated pressure of fluid at the boiling temperature
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Table 4.1 Thermodynamic property of refrigerant

ASHPHRAE No. R717
Name Ammonia
MF NH3
MW 17.03
NBP[C] -33.45
[keg/m'] 616.1
Terit[C] 132.4
Perie[ Pa] 11,284
ASHPHRAE No. TFEA

Name 2,2,2-Trifluoroethanol
MF C2H3F30
MW 100.04
NBP[C] 77.8
plkg/m'] 1,391
Terie[C] 227
Perit[KFa] 4,930
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ASHPHRAE No.

SES36

1,1,1,3,3—Pentafluorobutane 65%,

Name Perfluoropolyether 35%
MF C4H5F5...
MW 184.5

NBP[TC] 35.6
[kg/m'] 1365.4
Terie[ C] 177.55
Perid[Ka] 2850
ASHPHRAE No. R125
Name Pentafluoroethane
MF C2HF5
MW 120

NBP[C] -48.11
plkg/m'] 1,515
Terie[ C] 66.02
Pri[ kPa] 3,620
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ASHPHRAE No.

R134a

Name 1,1,1,2-Terafluoroethane

MF C2F4H2
MW 102.0
NBP[C] -26.22
[kg/m'] 1,242
Terie[ C] 101.0
Perie[kPa] 4,055

ASHPHRAE No. R143a

Name 1,1,1-Trifluoroethane
MF C2H3F3
MW 84.04
NBP[C] -47.34
plkg/m’] 1168
Teit[ C] 72.73
Perie[kPa] 3,764




ASHPHRAE No.

R152a

Name 1,1-Difluorocthane
MF C2H4F2
MW 66.05
NBP[C] 25
[kg/m'] 922.5
Terie[C] 113.9
Pri[ kPa] 4,444
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A 5 7 Auk ORC 2 A|2E9] Alo]F 4
51 ¥]7]7}2 ORC A A" Alo]E 34

717kl M wlE s = a2 e] ks dYle R AefiAs S Al
an, Ao slarr ¥ He fAY AlelEellM Atz dAskE ¥
31%7] tg ol Aolo HWE % & 712 A<l #43 (Closed) H7IA
o|F& A Fig. 5.13 )

2EFAY 55S TFEAR 3t A|~gS FA8% A, A2~ Al &
ol 43S 9T &9 FY(UniE ZEo AAF WS Folsta, o

w2 7} A (Stream) o] ZZAM|~0] £ A (Property) ) Al2®l 4] AiE
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2 TURBINE
HEATER 1l Power
4
2 1
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P1 | -

JONDENSER

23
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Fig. 5.1 Modeling of exhaust gas ORC generating system
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5.1.1 7}€E 7] (Heater)

& 0 3t7](Heat Exchanger)®] ZA|4F2 7|24 o2 w29 FA9F A=9

Aol A o] ol x| i 2ol 7] 23k

I o] o] Am I3 2 *k(Balance error)i= 0(Zero)©]

Abs]o]of Gl

Balance error

= (Mcold[Hout' in]cold'Qleak)'(Mhot[I_]in' out]hot'Qloss)

71 A,
= Fluid mass flow rate
= FEnthalpy

Qlear = Heat leak

Qioss = Heat loss

dugrE A AdH T us
AHE Aot dugdsEes WY g
Q UAAT ,,F
o] 7] A,

U = Heat transfer coef ficient

3

< % & (Heat Balance) Al Th2-

=5

(5.1)

(Heat exchanger duty)= 3

Sexel] ofste] AojHtt

(5.2)

A = Surface areaavailable for heat transfer

A Tp, = Log mean temperature difference (LMTD)

F, = LMTD correction factor
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Augkr] o] 7| Rdo| 2A&H A tha g2
d( V}[out )shell
hell H ]{()ut)shell o Qloss + Q =P dt (53)
(TUbe) = 1_.,
d( V]_"()ut>tube
Mube (H;n o out )tube Q p (54)

dt
71 A,

Mspen = Shell fluid flow rate

Mupe = Tube fluid flow rate

p = Density

H = Enthalpy

Qioss = Heat loss

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

V' = Volume shell or tube holdup

Al 2~Elo| A 7} 7] (Heater)ol] 4% = 8171 7F2=~(11)¢] A & (Component)
< F7NAINE 7o R sglon, %= 220C, 9> 230k, A
Z(Mass Flow)> EJWIo] Z2S [,000lWS 7|Fo % 3}o] 755900kg/h =
Aol sATh AT =) 2% Coolerol A 30T dfSoll o3t W
5= ¢ 36T7F Htth oju 7tE7|Y Hess EY

o = o)
Z—l]_a O‘_IEI;I__ T

lo

Table 5.13 2t}
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Table 5.1 Overall performance condition of Heater

Heater performance

Duty[kJ/h] 30,958,926
Queak[kJ/h] 0.0
Quoss[kJ/h] 0.0
UA[KJ/C-h] 242,826
Min.A[C] 120.0
LMTD[C] 127.5
Tip[ C] 220
Tep[ C] 100
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5.1.2 E ¥l (Turbine)

ERlel a82 AA B ZRAzAM st E=H

Ao A S = (Power)] Hl &2 T Xt

PWR

(%) = deal  100%

5.5
WR ctual ( )

NAReR 7t Theet TR s de

2
TE E3dE 5 3

W= VdP (5.6)
o 71 A,

W = Work

V = Volume

dP = Pressure difference
E1 9l (Expander)®] A A &8 /=7 FA9 &4

d ZF(Heat flow) =}o]<}
Fdsith gud o8 ol el wh

P WRactual - 621'77/ o Qout (5 7)

ElRle] ool Al E R I ([sentropic) S+ E EZI(Polytropic) =9

(Powen)t T}&2] Ao RE Ao} At}
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[ p n—l)
2 n
x Fl) —1 (5.8)

Fouw " )CF

71 A,
n = Volume exponent
CF = Correction factor
P, = Pressure of the inlet stream
P, = Pressure of the exit stream
py = Density of the inlet stream
po = Density of the exit stream
F; = Molar flow rate of the inlet stream

MW = Molecular weight of the gas

o] 7141 &4 A 4*(Volume exponent) n< Th2} 2T

In| 22
ava
n = / (5.9)
( P2
In
P1
CF(Correction factor)i= Tls 2] o2 AAF HT)
CF = Wyl (5.10)
( n ) s '
n—=1)\py p
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h's = Enthalpy of the exit stream

h; = Enthalpy of the inlet stream

Al 2=glo| A wlj 7] 7k2e] o) Tt E AR Al 7FE7] =T 3)ol A Bl
ol 9 2 SAHINAS 1HEY 100CE 7IFoz &R, ojuel A
E(V.F.)% 1.09] E3PJEl= Foate] e 257kao] Hoh S 71A
7](Condenser)ol| A &%= &= AFold 9ste] HAEIS G531

NS 175 FE3ske] 3,599,999kI/h(1,000kW) ] dS& dkar AEHS A

m\m

rlr
o\o

il

AstAl ©o. Rl ©<d & (Adiabatic efficiency)< 75%% 7|+ {to=
gefstar ojuf, HHl 5 S ==9F hHS 50T, 29kho] Hrth o]
#ok 214 BRI A5 (Performance)= X Table 5.29F -t}

oluf, HHIE FEdle gPL 257khE AdolmnE AHGA FEo]

7hedh mao] w2 MY AA B AlFe] e Aolnt

Table 5.2 Overall performance condition of turbine

Turbine performance
Hadiabatic[m] 6,131
Hpolytropic[m] 6,260
Hlagiabatic[kJ/kg] 60.12
H'potytropic[ kJ/ke] 61.39
Noadiabatic[ 0] 75.000
Npolytropic[ 70] 73.453
PWR[KV] 1,000
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5.1.3 -3 7](Condenser)

RIS 538t g ¢ 7|AE 30T el ofs) ¥aEe &5
oo slm= 3=7|(Condenser) =7 S(3)< 36TlA] ZjE(V.F.)—% 0o
HE o= o, 375 752 34C= B9 st
Atk ol =1 AEelM 8qE= W] &2 2,085m/h o]l
o], &=7]2 AHFH <2l A5 (Performance)= X.H Table 5.33 7t}

Table 5.3 Overall performance condition of condenser

Condenser performance
Duty[kJ/h] 27,663,879
Qieax[kJ/h] 0.0
Qioss kJ/h] 0.0
UA[kJ/C-h] 7,251,702
Min.A[C] 2.251
LMTD[C] 3.815
Tip[ C] 36.251
Te[C] 34
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5.1.4 3 3 (Pump)

AAE shgksts Wzel ol gHal

52 (Ideal power) 742

& wzgs
-4 2 (Standard pump equation)®l] 7] Z Sk},
(P out Pm) XF
WR ;.. (5.11)
pliq.
o] 7] A,
P, = Pump outlet pressure
P;, = Pump inlet pressure
= Flow Rate

A AL o] AA FH(Actual power)> B3I g5 7

(%) = PWh e 100%
X
N g

(5.12)
3z g&o] 100%ET "oAH dUA= 459 FAY =&+
FSAZIA Erh weEbA gre] dA eTHAAE Y2 o A3
Zol &= Hr}
J—— (P, —P,) < Fx100% (5.13)
actual — Plig X 77(%) '
T3 AA s8> BEZ Y/ET 59 Heat Flow #}o] ¢} &dsiot.
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2
power efficiency)oll @3S FA Hr}.

A Bze] §%E 60m'/holl 549kWelar, sia ¥z Pz &
< 2,073m/hell 192KWelth. A gk Haz ol AR e table 5.49F 2
o

Table 5.4 Overall performance condition of pump

Pump performance

H[m] 18.92

F[m'/h] 59.668
Pumpl

Q[kJ/h] 19,746.5

PWRJ[KW] 5.485

H[m] 25.40

F[m'/h] 2,073.2
Pump?2

Q[kJ/h] 691,083

PWR[KW] 192
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515 T2 A A A A3}

2 AlE TFEAR st 7] Alo] &3 o] &3 B A Agle] FjjA]gh
AE Qo s, oA HjESH = w77 LT E 220CE A
e 755,900kg/h= Aol S w, AErA 79,590ke/h(57.7m'/h)e] A

o
o
F el wzlzkzel o7 sbdel 98 100CR T S, thAl 3

0Ce T2 SF7olA I2e o Bt 29 hHAtol= HulS
T35 o oF 1,000k0e] HH &FS FAT & A ol Tas Y
Zh4=9] 832 2,085m'/h o]t

olu] |7l Alo]F AxHle]l dF &, & I V|E HogZ mHEe &

%
Hoz ted & 9

Woyt — Wiy, (h3 - h4) 1 (hz B h1)

= = 5.15
i din (hg_hg) ( )
o] 7] A
= hy — h, = 45.23kJ/kg (5.16)
W, = h, —h, =0.2481kJ/kg (5.17)
@, = h; — h, = 465.3kJ/ kg (5.18)
ojn® AlAHY dE & n,T 9.67%=E YE AT
oA7IA HH AR £ Fa T =¥ (Net power) R
Au] Yo A HE 2a¥E THy Yzt el HEe Y
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S W ol "tk
WR  PWR,—PWR, — PWR, (5.20)
1714,
PWR,, = 1,000K0

PWR , = 5.5KkW

pl
PWR,, = 192V
olBR 4 FAE FHS PWR, S 803kW7F H

7 Aol ZEAM A A 3ty siA] 23S B Table 5.59F )

—
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Table 5.5 Process stream condition of exhaust gas ORC

generating system(TFEA)

Name 1 2 3 4
V.F. 0 0 1 1
T [C] 36 36.07675 100 49.75908
P [kPa] 18.71814 267.6998 257.6998 28.71814
Frass [Kg/h] 79,590 79,590 79,590 79,590
Fiiq [m'/h] 57.59045 57.59045 57.59045 57.59045
Q [kJ/h] -69,5154,583 -695,134,836 -658,099,240 -661,699,294
hme [kJ/kgmole] -873,771 -873,747 -827,195 -831,720
himass [KJ/Kg] -8,734.2 -8,733.95 -8,268.62 -8,313.85
Smol [kJ/kgmole-C] 49.81961 49.83726 177.4889 182.224
Smass | KJ/kg-C] 0.497995 0.498172 1.774174 1.821506
Name 11 12 21 23
V.F. 1 1 0 0
T [C] 220 172.2302 30 34
P [kPa] 230 220 100 340
Frass [Kg/h] 755,900 755,900 1,951,227 1,951,227
Fiiq [m'/h] 859.3933 859.3933 1,955.164 1,955.164
Q [kJ/h] 148,674,901 111,639,306 -30,869,847,319 -30,836,392,525
hmo [kJ/kgmole] 5,694.058 4,275.642 -285,018 -28,4703
hmass [KJ/Kg] 196.6859 147.6906 -15,821.1 -15,803.6
Smol [kJ/kgmole-C] 126.0521 123.3968 54.99617 56.01125
Smass | KJ/kg-C] 4.354132 4.262412 3.052782 3.109128
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Table 5.6 Overall performance of heater

Heater performance
Duty[kJ/h] 78,824,675
Qieak[kJ/h] 0.0
Qioss[kJ/h] 0.0
UA[KJ/C-h] 10,412,902
Min.A[C] 8.000
LMTD[C] 7.570
Tup[ C] 55.0
Tep[ C] 47.0
Ft Factor 0.765
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Table 5.7 Overall performance condition of turbine

Turbine performance

Hadiabatic[m] 4,745
Hyotytropic[m] 4,769
H'sdiabaric [ kJ/kg] 46.54
H'poryropic [ kJ/ kg 46.77
Noadiabatic[ %0] 75.000
Npolytropic| V0] 74.625
PWR[KW] 650
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Table 5.8 Overall performance condition of condenser

Condenser performance
Duty[kJ/h] 76,572,129
Qieax[kJ/h] 0.0
Qioss[kJ/h] 0.0
UA[kJ/C-h] 25,387,730
Min.A[C] 2.263
LMTD[C] 3.016
Tip[ C] 34.26
Teop[ C] 32.00
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Ae vl 7HE7]

]
A= o] Xt} olu HZ O FFo AQHve A2 A Hd A A~EY
8 &9 " S (Net power efficiency)ol]l FFES T4 Hr.
A HEZo] £33 108.7m/hell 24.3KWelaL, 4 W¥7Zhg HELeo
- 8

,945m'/hell 329.5kWo|t). AbA|gl B2 o] 53 Table 5.99F )

Table 5.9 Overall performance condition of pump

Pump Performance

H[m] 99.76

F[m'/h] 108.7
Pumpl

Q[kJ/h] 87,453

PWR[KW] 24.29

H[m] 10.16

F[m'/h] 8,945
Pump?2

Q[kJ/h] 1,186,032

PWRJ[KW] 329.5
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Table 5.10 Process stream condition of cooling water ORC generating system(R717)

Name 1 2 3 4
V.F. 0 0 1 0.978269
T [C] 34 34.2388 47 34.2626
P [kPa] 1,310.981 1,889.503 1,879.503 1,320.981
Frass [Kg/h] 67,045.07 67,045.07 67,045.07 67,045.07
Fiiq [m'/h] 108.6841 108.6841 108.6841 108.6841
Q [kJ/h] -41,697,061 -41,609,608 37,215,067 34,875,067
hme [kJ/kgmole] -10,591.6 -10,569.4 9,453.1 8,858.71
himass [KJ/Kg] -621.926 -620.621 555.0753 520.1735
Smol [kJ/kgmole-C] 69.25184 69.26296 131.8772 132.5218
Smass | KJ/kg-C] 4.06639 4.067043 7.743683 7.781528
Name 11 12 21 23
V.F. 0 0 0 0
T [C] 55 46.29912 30 32
P [kPa] 200 190 110 200
Frass [Kg/h] 2,095,771 2,095,771 8,926,995 8,926,995
Fiiq [m'/h] 2,100 2,100 8,945.01 8,945.01
Q [kJ/h] -32,930,924,736 -33,009,749,412 -141,234,520,304 -141,156,762,143
hmo [kJ/kgmole] -283,072 -283,750 -285,018 -284,861
hmass [KJ/kg] -15,713 -15,750.6 -15,821.1 -15,812.3
Smol [kJ/kgmole-C] 61.15813 59.06612 54.99601 55.50564
Smass | KJ/kg-C] 3.394826 3.2787 3.052773 3.081062
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5.3.1 o € 7| (Preheater)

Al vl A ol E7](Preheater)l] %= sl =X 50T, 4H

|

O 250kPa, S 2,100m/hE 3F AL, o Q7] (Preheater) EH-E 71HE H =
25 A(3)Y =ke 47CE AYskln. ol stell A dulgkr] o
A g

346,981 kJ/C-ho] H T} ZGAl a4 A= Table 5113 2t

wWeEE 8-S 2,599,382 ki/h7F Hil, AAGAFUA)E

Table 5.11 Overall performance condition of preheater

Preheater performance
Duty[kJ/h] 2,599,382
Qieax[kJ/h] 0.0
Qioss[kJ/h] 0.0
UA[kJ/C-h] 346,981
Min.A[ C] 3.000
LMTD[C] 7.491
Tip[ C] 50.0
Top[ C] 47.0
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5.3.2 A & 7] (Reheater)

o & 7] (Preheater)o] 4 Gl AH 47T HAE ABHAL HuloA A

ot dS stal U As Al ot tAl ZHEEA Hed ol
o] duzr|7} A E7](Reheater)] TF. EJHIoA] & Fol W F(6)9]
ZEE 64.7C7HE O] dE A HEEHE AERAEG)e +Ee 52T

O.l.:
-~
rlr
2
offt
Jo
2
1o

Aotk olwel &%7]e] Hol7 ST 556C7HA O
o]

oA A o] &F7]o FdE = Mo FFE fHashA Hol Al ~H
o] &85 FolA Hr}h olgd xAstA oA d udy =
A-E&F2 1,039,794kI/h7F B3, EALAT(UA)E 106,764k)/ C-ho] T

T~

XA A A3}= Table 5.129F £t

Table 5.12 Overall performance condition of Reheater

Reheater performance
Duty[kJ/h] 1,039,794
Qieax[kJ/h] 0.0
Quoss[kJ/h] 0.0
UA[kJ/C-h] 106,764
Min.A[ C] 8.591
LMTD[C] 9.739
Tip[ C] 55.6
Top[ C] 47.0
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5.3.3 7} € 7] (Heater)

o & 7] (Preheater)2} A & 7](Reheater)o| 4] 52C= 719 ¥ 2&FA+ W)
717k2=el ot ZFA 7] (Heater)oll A 7FEE A Hrk. w7722 5
AHEGD) =9 32 220C, 755,900kg/h A7 &tal 719 7] Sk
NA Y FEFAe 252 150kgTol AX(V.F)S 1.0(100%)2 A< &
Atk ol#d  xHStelA dugr]elA  d  udHE IEHFS
57,929,534kJ/h7} ¥ a1, SAGAIS (UA)E 927,609k)/C-ho] H o} AbA] 3
Al A3} Table 5.133 2t}

Table 5.13 Overall performance condition of heater

Heater performance
Duty[kJ/h] 57,929,534
Qieax[kJ/h] 0.0
Qioss[kJ/h] 0.0
UA[kJ/C-h] 927,609
Min.A[ C] 70.000
LMTD[C] 62.45
Tip[ C] 220.0
Teo[C1 150.0
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5.3.4 E ¥l (Turbine)
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Table 5.14 Overall Performance condition of turbine

Turbine performance

Hadiabatic[m] 9,696
Hpolytropic[m] 10,038
Hfadiabatic[kJ /kg] 95.08
H'porytropic[ kJ/ke] 98.44
MNadiabatic[ 70] 75.000
Npolytropic[ 70] 72.439
PWR[KN] 2,400
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5.3.5 -&% 7] (Condenser)
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Table 5.15 Overall performance condition of condenser

Condenser performance
Duty[kJ/h] 52,015,74
Qteax[kJ/h] 0.0
Qioss| kJ/h] 0.0
UA[kJ/C-h] 5,092,531
Min.A[C] 3.977
LMTD[C] 10.21
T C] 34.00
Top[ C] 30.02
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5.3.6 3 (Pump)

power efficiency)dll 93-S A Hr}

s A Hx ol §52 87.67m'/holl 35.23KWe] Az,

2 6,119m'/hel] 563.4kWolt}h. AAgt Hx ol HFS H

S = 2~
gols 4= gl

ae

Table 5.16 Overall performance condition of Pump

Pump performance

H[m] 80.05

F[m'/h] 87.67
Pumpl

Q[kJ/h] 126,825

PWR[kW] 35.23

H[m] 254

F[m'/h] 6,119
Pump?2

Q[kJ/h] 2,028,186

PWR[KW] 563.4
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537 T2ZA2 |4 A

A5 AlE TFEAR stal Adube]l Wzha|~glo 2 RY =5 = a9t
Heldxl AXew FEH HiEH= H7|7tAE ddoR = A E7|s
ALD717F A= B Aol 29 i ARE aofstd e ZTh

&5 = sy %9 F&o] 50T, F3S 2,100m'/ho] oL, Hi 7] 7k~

o} G 220T, §FE 755,900kg/hE Aot Bzt a5 &
jl

AE A= TFEAR FASY L, HEHE 42 ddoz =

o 2

7](Heaterl) &7 59 &%=& 47C= 3lal, A ¥ 7|(Reheater)S 533+

|\

L& 52T=E AAstgl) olggr A 7oA 712 7] (Heater2) =7
o £EE 150C=E A9 sl v A-s+A 121,160(kg/h)(87.67m'/h) 2]
ol A 2.400kW(2.4MN) 2] EJHl E2 (Power)= 42 5 AATE ol &
F719 285+ W49 FZFL 6,119m'/holl 563.4kWe] HX FHo] A

olu Rankine Alo]E AlA®le] da&, &= 45150 w2t dS3 7

o] AxtEle] X,

out = hs — hg=T1.31kJ/ kg (5.25)
W, =h, —h, =1.047kJ/kg (5.26)
Q,, Qpreheater = hy — hy, = 21.45kJ/ kg (5.27)
@, Qreheater = h, — hy = 8.582kJ/kg (5.28)
@), Qheater = hy — h, = 508.2kJ/ kg (5.29)

- 150 -



o714 HAA Al2="le JdHEE IS o €7 (Preheater)2} A E 7|

(Reheater), 7}'2 7|(Heater)®] o] H 2=,
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Table 5.17 Flow sheet

of preheated& reheated ORC system (1/2)

Name 1 2 3 4
V.F. 0 0 0 0
T [C] 34 3431911 47 52
P [kPa] 16.86441 1,070.674 1,060.674 1,050.674
Frmol [kegmole/h] 1,211.118 1,211.118 1,211.118 1,211.118
Fass [kg/h] 121,160.6 121,160.6 121,160.6 121,160.6
Fiiq [m'/h] 87.67049 87.67049 87.67049 87.67049
Q [kJ/h] -1,058,647,468 -1,058,520,643 -1,055,921,260 -1,054,881,466
himass [KJ/Kg] -8,737.55 -8,736.51 -8,715.05 -8,706.47
Smass | KJ/kg-C] 0.487099 0.487859 0.556254 0.582877

Name 5 6 7 10
V.F. 1 1 1 0
T [C] 150 64.70145 55.59083 30
P [kPa] 1,040.674 36.86441 26.86441 100
Frmot [kgmole/h] 1,211.118 1,211.118 1,211.118 338,952.3
Fass [Kg/h] 1,21160.6 1,21160.6 1,21160.6 6,106,260
Fiiq [m'/h] 87.67049 87.67049 87.67049 6,118.583
Q [kJ/h] -996,951,931.8 -1,005,591,932 -1,006,631,726 -96,607,563,319
himass [KJ/Kg] -8,228.35 -8,299.66 -8,308.24 -15,821.1
Smass |KJ/kg-C] 1.77131 1.843908 1.844214 3.052782
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Table 5.17 Flow sheet

of preheated & reheated ORC system (2/2)

Name 11 12 21 22
V.F. 0 0 0 0
T [C] 30.02289 32 50 49.71507
P [kPa] 350 340 250 240
Frmol [kemole/h] 338,952.3 338,952.3 116,334.1 116,334.1
Fass [kg/h] 6,106,260 6,106,260 2,095,771 2,095,771
Fiiq [m'/h] 6,118.583 6,118.583 2,100 2,100
Q [kJ/h] -96,605,535,133 -96,553,519,391 -32,976,129,136 -32,978,728,519
himass [KJ/Kg] -15,820.7 -15,812.2 -15,734.6 -15,735.8
Smass | KJ/kg-C] 3.052903 3.080948 3.328406 3.324603
Name 31 32 - -
V.F. 1 1 - -
T [C] 220 145.091 - -
P [kPa] 230 220 - -
Frmot [kgmole/h] 26,110.53 26,110.5 - -
Fass [Kg/h] 755,900 755,900 - -
Fiiq [m'/h] 859.3933 859.393 - -
Q [kJ/h] 148,674,900 90,745,366 - -
himass [KJ/Kg] 196.6859 120.049 - -
Smass |KJ/kg-C] 4.354132 4.19838 - -
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5.4 goly A E I HF

gAAzANA AR Azt AR FFAH £7 THsAA A2

2 5] 9I3te] tholuly] AEIHS AAF] A2ee] £ A

Material Ballance

dp )

. =Fp—Fp, (5.32)

o]

o 7] A,

F, = flow rate of the feed entering the bank
= density of the feed entering the bank

F, = flow rate of the product exiting the tank

p, = density of the feed entering the bank

V= Volume of the fluid in the bank
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Component Balance

at v
= FC,— F,C,+ RV (5.33)

o] 7] A,
J = component

C;; = concentration of j in the inlet stream

C}, = concentration of j in the outlet stream

R; = reaction of rate of the generation of component j
Energy Balance

ac; (utk+9¢)l = Fp(u,+k +¢,) = Fp,(u, +k,+9¢,) (5.34)

+ Q+ @ — (w+ E,P,—FP)

o1 71A,
u = Internal energy (energy per unit mass)

k = kinetic energy (energy per unit mass)

¢ = potential energy (energy per unit mass)

V = volume of the fluid

w = shaft work done by system (energy per unit mass)

P = vessel pressure (energy per unit mass)
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