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1. Abstract

In this paper we will analyze the process of liquefaction of carbon dioxide starting
from the CCS method — carbon capturing and carbon sequestration — that is gaining
traction for its environmental benefits and we will subsequently analyze in greater
detail the process of liquefaction and refrigeration necessary for carbon
transportation to its storage units. We will proceed to a thermodynamic analysis of
the liquefaction and refrigeration cycles and determine its usefulness for the CCS

method.

2. Introduction

2-1. The greenhouse gases problem

In the last century following the post-industrial period, we can observe a noticeable
upward trend in greenhouse gases emissions all over the world that makes
scientists worry about the possible ripercussions on the biosphere. The release in
the atmosphere of such gases is the number one leading cause of climate change

and it all centers around especially carbon dioxide, or CO2, emissions.
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Figure 1. CO2 emission trends in the last century[1]

In Figure 1 graph, we can observe how the atmospheric levels of CO2 have been
steadily increasing ever since the 19™ century after the beginning of the
industrialization period up until today — and the close ties this has with temperature
anomalies that have been observed and are a cause of concern nowadays.
Especially in the last twenty years the emission of greenhouse gases has been
growing almost exponentially. In the last few decades we can observe a rise in
temperature of about 0.7 degrees Celsius plus the 0.4 increase registered
immediately after the industrial period — accounting for a total of 1.1 degree Celsius

increase in temperature [1].

This calls for greenhouse gases legislations all over the world in an effort to stop
this ever growing trend, and part of this is the CCS method — or carbon capture

and sequestration. This process is able to capture and store carbon dioxide emitted



from industrial processes before it reaches the atmosphere and nowadays can
count on a 90% success rate, meaning 90% of all carbon emitted is captured and

stored for successive use.

2-2. CCS method

Carbon dioxide can be captured in different ways based on the industrial process
that creates it as waste product: it can be post-combustion for processes that
involve the burning of, for example, fossil fuels; or pre-combustion if before burning
the fossil fuels we turn it into a mixture of carbon dioxide and hydrogen[2]. This
CCS methods are applicable to newly built plants or can also be integrated into
already existing ones. If the captured CO2 is not used to produce commercially
marketable goods such as plastics, then it needs to be liquified to be successively

transported and stored into suitable gas reservoirs.

C0, storage
CO, capture CO, transport . 2 .
2cap z P in offshore reservoir
€0, Pipelines
Capture from — T
the emission Compression o com—
site Well
Injection
C0, Ships ]

Figure 2. CCS process steps illustrated[2]

From the emission site we have CO2 capture and compression: CO2 can be either
compressed using a gas compressor to the desired pressure or if liquified at lower
pressure, a refrigeration system can be employed and successively be pumped to

the desired pressure again.



Transportation can happen for both gaseous and liquid state, but assuming for
liquified carbon dioxide, commercial-scale transportation is carried out both using

pipelines and also by ships, if great distances need to be covered.

Storage is instead chosen between oil or gas reservoirs or coal beds that are not
mineable. The carbon stored in any of these reservoirs can continue to lay
indefinitely as leakage probability is minimal — this means that carbon dioxide that
is captured and stored can remain in a reservoir for over 10000 years before being
used [3].

2-3. Carbon dioxide liquefaction advantages

The process that we intend to focus on is the liquefaction process as it it the key
procedure that allows carbon dioxide to be transported and allows benefits such
as a good cost-effectiveness rate over long distances and great flexibility to offer
the best transportation conditions in terms of temperature and pressure of said

gas.
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Figure 3. CO2 shipping costs compared to distance[3]

As we can observe in Figure 3, as the distance increases the price of the
transportation of CO2 becomes significantly higher in the case of pipelines use.
After the 1000km mark both offshore and onshore pipeline transportations become
significantly more expensive than shipping costs, with the lower cost falling short
of 60%$/t of CO2. Shipping costs on great distances fall instead nearing 40$/t of gas

transported.

With the consistent drop in costs of shipping it is inevitable that a CO2 liquefaction
approach would be favorable — as it can also be used in pipeline moving to avoid
two-phase flow regimes as they travel at different velocities and to reduce great

volumes of gas that would make ship transportation unfavorable.



2-4. CO2 liquefaction analysis

In simple, generic terms, gases can usually be liquefied by either applying work
against internal or external forces, or by compressing the gas at temperatures that
are below its own critical temperature. To simplify the process we can observe a
generic phase diagram that illustrates how the solid, liquid and gaseous state of

an element interact with each other and coexist based on pressure and temperature
parameters.
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Figure 4. Generic phase diagram of a substance[4]

A generic phase diagram like Figure 4 how at a low temperature and low pressure
we usually find a vapor state that changes when when pressure is applied
(especially in the case of maintaining a low temperature), bringing the gas to a
liquid state. The trip/e point defines the pressure and temperature at which all three

phases coexist, and the critical point defines the same pressure, temperature and
density for gaseous and liquid phases.



These graphs can also be used to show the thermodynamically limiting conditions

of mixtures and the boundaries that follow.

These phase diagram differs for each gas analyzed and gives insight in the actual

temperature and pressure values required for each gas to exist in each of the three

phases present. In the case of carbon dioxide the phase diagram is the following.
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Figure 5. Phase diagram for CO2[5]

In Figure 5, we can see that at normal pressure and temperature (1 atm, 20 degrees

Celsius) the only phase in which CO2 exists is the gaseous one. To observe a shift

in the phase of carbon dioxide from gas to liquid we need to first reach its triple

point — as explained in image [4] — which sees a temperature of -56.6 degrees

Celsius and a pressure of 5.11 atm. This means that to liquefy carbon dioxide we

first need to lower the temperature significantly and then, increase the pressure.

This is typically obtained by the use of a compressor at low temperatures.



3. Theory

3-1. Refrigeration Cycle

< 3

Condenser

Y
Throttle
Compressor
valve

1 2

> Evaporator

Figure 8. Vapor-compression refrigeration cycle[8]

Figure 8 2 A5l 7|7t El= HHY 57| YH-HZ-HH Cycle 2| #&0|C}
Feed stream 2 evaporator 2 7F2%[0] @ Qc & S50t evaporation L. O]
[, == &2 constant SICE  Saturated vapor &E{C[ stream2 +
compressor O A 7t2f, 7}ZE|Of superheated vapor #&fEfi(stream3)7t EICt O
132 reversible O[2} ZHISHH isentropic Stil, irreversible O|2t 7HE5HH
entropy & S7I2tCt Condenser =2 F®E stream3 = 2EF constant StHA|
[XISHHAM JHLED Qh & YESIH, saturated liquid 2| stream4 7t O EICEH
Stream4 = Throttle valve 2 & &|=0|, O|If Joule-Tomson expansion O 0L}
isenthalpic StA| 2 =7} SOFZEICE Saturated liquid 2F saturated vapor 2| mixture 7t

MM 0] CtA| evaporator 2 S %= cycle T+ZO0|C}.

3-2. Liquefaction Process

gas 2| 2&7t W27t two-phase Of ZESIA E|H Hzt7l O|FOTICE Wote=
oHlMoZ C}S 371X| Z2E E3) 0|20{ZICt

1. By heat exchange at constant pressure
2. By an expansion process from which work is obtained

3. By a throttling process
10
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4. Results and Discussion

4-1. NH3 2| 'HOj2X 9| |8

The reason for the use of ammonia in refrigeration processes is because of its many
advantages. Firstly, ammonia is a very commonly used refrigerant as it is natural
and has almost zero impact on the environment. Usually in industrial processes it
is used under the form of anhydrous ammonia as it is almost completely pure and

contains virtually no water.

Evaporator
Coils D E Condenser
— —
C
ompressor A
Expansion Valve
c B

- High pressure liquid & vapor High Pressure
- High pressure liquid Receiver
-Low pressure liquid

- Low pressure vapor

- High pressure vapor

moome

Figure 9. Generic refrigeration system employing NH3[4]

In the evaporator, the successive coils make sure that the liquid NH3 flows and
quickly evaporates due to the low temperatures and low pressures, and by
evaporating, absorbing heat from the surroundings. The compressor removes the
refrigerant NH3 from the evaporator at a steady rate and drives it into the
condenser, where the vapor is condensed again to liquid and input in the receiver
at high pressures. The expansion valve regulates the amount of liquid NH3 that
enters the evaporator and therefore adjusts the efficiency of the refrigeration
process as a whole.

Ammonia also has several industrial advantages, such as: significantly lower
installing and operating costs due to its high effectiveness and it's also sold at a
lower price as it is simply a mixture of hydrogen and nitrogen, two very common

gases. On top, ammonia has a quite distinctive smell so it is easy to determine an

12



eventual leak in the system and fix it [4]. It's heat transfer capacity puts it at a
double efficiency compared to HFC, HCFC, HCS (hydrofluorocarbons) based
refrigerants and it condenses at pressures that are relatively low.

Ammonia’s most important property is it's latent enthalpy of vaporization — or the
amount of energy that is required for a substance to change from liquid state to
gaseous state. The latent heat is particularly high and allows NH3 to absorb great

quantities of heat in order to vaporize before entering the compressor.

TABLE 1 Characterstics of Typical Refrigerants

Hens of vuporzation

Boling pone at batling point
Name ' Buh, 1 atm
Sulfur dacide 140 1723
Methy] chloride 10.6 1778
Ethyl chlonde 566 1770
Ammonia -28.0 654.7
Carbon dioxad -110.5 11640
Freezol (1sobutane) 10.0 1745
Freon 11 748 783
Freon 12 -21.7 7304
Froon 13 1146 63.85
Freon 21 {80 104.15
Freon 22 —41.4 100,45
Freon 113 117.6 63.12
Freon 114 18.4 58.54
Freon 115 -37.7 54.20
Freon 502 -1 7645

Figure 10. characteristics of typical refrigerants chart[5]

In the chart we can clearly observe how NH3 heat of vaporization is 554.7 (insert
unit/lb) at 1 atm of pressure and it is almost 5 times higher than any other

refrigerants listed in the chart.
This refrigeration method is not observed in small processes due to the toxic nature

of NH3 but its cost efficiency makes it extremely useful for big-scale industrial

processes [6]

13
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Figure 11. Linde's CO2 liquefaction plant diagram[11]

Figure 11 & Linde AtOfAl xHE#St Q= Cco2 EH = st ZHMES
diagram O|Ct. Water & ZE&%t CO2 stream 2 pre-cooling 2 AKX water 7}
=2 EICt 22| CO2 £ compressor O|Al ZHAEICH CO2 gas = scrubber Of| A
alcohol I} Z2 water-soluble components 7t M7 EZICt. Drying & Sdll 2
water 7t MAZ/2 carbonyl sulfide 2 Z2 components £ X Ast7| /s
filters 2 adsorbers & EICt. O|=, AWotapPds AXICE
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4-2-2. CO2 liquefaction inlet, outlet = 4% i

Parameter

CO; input stream conditions 15 °C, 100 bar

CO; output stream conditions -50 °C, pressure depending on
impurity concentrations

Ambient temperature 20°C

Cooling water temperature 15°C

Temperature approach cooling water SK

heat exchanger

Temperature approach internal heat IK

exchanger

Compressor efficiency 0.85 polytropical, 0.97

mechanical

Figure 12. Boundary conditions used for the simulation of a CO2 liquefaction[12]

\ '/ Liquefied
CO

Feed |sW
COp

Figure 13. Plant diagram of a CO2 liquefaction[17]

Case 2 1 2 3 4 5 6 7 8 9
Temperature (°C) 35 35 35 35 -28 -36.7 35 7.80 -15.2
Pressure (bara) 1.8 3.6 73 15 15 0.83 13.4 5.6 23

Flow (ton/h) 114 114 114 114 114 322 39.2 35.0 322

Figure 14. Mass balance for Figure 13's plant diagram of a CO2 liquefaction[17]
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4-2-3. 378 C|xtel

Heat Exchanger

L) storage

cooling water

seperator

compressor

Turbine
coollhg water

Figure 15. Principle of CO2 liquefaction based on external refrigeration[14]

HOHl= NH3 7t AFEE[QICH CO2 = cooling 'HOHRt2| external heat exchange &
SOl liquefaction EIC. YR separator O|A water S2| components 7t
condensed &0 22|E|11 CO2 gas = compressor 0| A compression EICt. Cooling
W8S AN water S0| HBHE[0] dryer S22 AXREY FE[EL2 pure CO2 7t
H=Ch CO2 = d0f NH3 2t uzts 8o F2 258 A =0 Wzt
olmf, 'Hoi NH3 = XMZ0|| evaporate E[11, compressed, cooled, expanded &&=

UELH Ol B2 cycle 2 HEICH[14]
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Figure 16. 2-stage cascade cycle 2| 7| 2T=X[8]

O] 712X Ql cycle Of, ‘HOjo| WZt cycle O] 2 stage cascade cycle O|2t &5t
CIXFQISHZACE 2-stage cascade cycle 2 At 2 3F Ho| HZF cycle
gHtdo=z oF 30°C "Il W0l 7hssiti Eld el 2 SFOA
CO2 9t NH3 o 3t Ho| WSO Z CO2 liquefaction & TS
FHO X0|E FOk JtsSHX|BH Hof XiA|7F co2 of MEE =+
A 5t CIXtQISt Xt SHRACE M2t compressor &5 =

X 2 EACSl d2 abgE HXl= AO| Bttt EHESHIL

3 x| CO2 stream 'd2t-
CO2 o NH3 o umgt 1t
Zr.

= )
[L o
Mg Zotste 2E Z3HEE TASSHH Figure 17 It

—>
Liquefied
CO2

Foed |
coy ¥ N Y 4 Y

Figure 17. Diagram for this project

Aspen HYSYS standard ammonia (base case) refrigeration process 2| ZHEZ

SO cycle o 2t HEiQl 2o AHS EYOIRULE
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Parameter Value

Inlet gas temperature 20 °C

Inlet gas pressure 200 kPa

Inlet gas flow 125 ton/h
Inlet gas water content 2.38 % (mass)
Compressor outlet pressure 800 kPa
Ammonia evaporation temperature -55°C
Ammonia condensing temperature 15°C

CO; product temperature -50 °C

CO, product pressure 700 kPa

Figure 18. Values of Aspen HYSYS standard ammonia refrigeration process[14]

NH3 2 stage cascade cycle Ol A{2| work, heat & T6t= 1Pd2 LS 2Lt
2t Compressor 2| €=H| r=35 2t HANSII 1bar->3.5bar->12.25bar £
Ot=EICIT JPESIQIC) 0|2 ZAISHSHH Figure 19 IF ZCH

[

1

L]

stream 7 | Cendenser st T, stream 6
12.25 bar
Ny

T6=T7 S5=S6(ideal)

r
l:;a; H7=H8 Cycle 2 -— W2

T5=T8

" P5=P8: stream 5
stream 8 Fpif y r 3.5 bar

AN - stream 2
T2=T3 3.5 bar

stream 3

r
G"E}H3=H4 Cycie | -— W
T1=T4
P1=P4 S1£52(ideal)

TWF‘I'*T
stream 4 | puaporator ot 7 stream 1

i 1 bar

I
19|

Figure 19. Diagram of NH3 refrigeration in this project
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4-2-3-1. Cyclel

-Stream1

A%t HEQL Z0| Pl1=1bar O| saturated vapor &EHO|CH E Zt2 Sl
interpolation 3t0] T1, H1, ST #t2 Fot® ChS1 ZCt

T1=-33.72°C

H1=H1v=1399.88kJ/kg

$1=51v=5.8502kJ/kg-K

-Stream?2

AN HAPG}E Zdap 20| p2=3.5bar 0|11 Compressor = isentropic 1P’J0|E2
S2,5=51=5.8502kJ/kg-K O|L}.
Compressor & 7%l Stream2 + superheated vapor &EjO[EZ Ammonia 2|
superheated vapor table[18]E &3l T2=49.22°C, H2,s=1567.75kl/kg & =Lt
Wcompressor(isen)=H2,s-H1 2 LIEILJOIX|EZ L{0|M ot H Z2f= CHRSHY
A AHSEH Weomp(isen)= 167.87kJ O| L.

Compressor 2| @& nc=0.85 £ HHSIALEE O|F 1HSIH real work =
T5tH

Wcomp=H2-H1=nc-Wcomp(isen)=(0.85)(167.87)=142.69kJ

H2=1542.57kJ/kg O|C}.

-Stream3

Condenser O M| = isothermal St condensed EICt &, T2=T3=49.22°CO|LC}.
1 [fe| H3=H3,1=418kJ/kg O|C}.

Qh1=H3-H2=-1124.57k) 2 YO{ZIC},

-Stream4

19



Throttle valve & 7%l stream 2 isenthalpic, & H3=H4=418kJ/kg O|{ stream1 1}

& 27 22 saturated liquid and saturated vapor mixture &fE{O|C},

Qc1=H1-H4=1399.88-418=981.88kJ O| 2 O{ZILC},

Qc

w

Cycle1 Ol A 2| Coefficient of Performance w; =

- 2] = sssolct

4-2-3-2. Cycle 2

-Stream 5

MEst ADb Z0| P5=35bar O| saturated vapor AEHOICt O] EC{Z
saturated properties table 0| A T5, H5, S5 2f& &2 ™ Ch2ut ZCt

T5=-5.4°C

H5=H5v=1438.32kJ/kg

S5=S5v=5.4105kJ/kg-K

-Stream 6
M HEME At 20| P6=12.25bar O] 1 Compressor £ isentropic 1F’J0|E2
S6,5=55=5.4105kJ/kg-K O|LC}.

=

Compressor & %l Streamb6 & superheated vapor AEfO|2Z Ammonia 2|
superheated vapor table[18]E &5l T6=84.27°C, H6,5s=1616.85k)/kg & &=Lt

Wcompressor(isen)=H6,s-H5 = LIEILHOIX|EZ2 2{0|AM ot H Z2f= CHRSHY
A ASHH Weomp(isen)= 178.53kJ O|C,

Compressor 2| 88 nc=0.85 £ HFsIA2SZ 0|E 12{5t0| real work &
5t

Wcomp=H6-H5=nc-Wcomp(isen)=(0.85)(178.53)=151.75kJ

H6=1590.07kJ/kg O|C}.
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-Stream 7

Condenser O] Al = isothermal St condensed EICt &, T7=T6=84.27°CO|C}.
1 o] H7=H7,1=605.05kJ/kg O|Ct.

Qh2=H7-H6=-985.02k) 2 A O{ZIC},

-Stream 8
Throttle valve & 7%l stream 2 isenthalpicc, & H7=H8=605.05kJ/kg O|H
stream5 1f Y 2E7} 22 saturated liquid and saturated vapor mixture
S ENO[CE,

Qc2=H5-H8=1438.32-605.05=833.27kJ O] Y O{ZIC},

Qc

w

Cycle2 02| Coefficient of Performance w, =

— 833.27| — 5490|E|‘
151.75

2 stage cascade cycle O|M= cycle 1 2| condenser 0| A BfZEl HO| cycle 2 2
evaporator 2 FRECL O M, Fuztof UM &4 QT 7PdgCh =,
Qh1=-Qc2 O|C}. 2o ALY flow rate & I2{SHA| %2 unit mass
assumption O|RLE=Z  m,Q, = —niyQ., 2 relation = & cyclel 2
condenser 2} cycle2 2| evaporator 2| flow rate H|E To}H

my

my

O|C}.
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2-3-3. CO2-NH3 heat exchanger
P

o T
Guet 182 adiabatic SHCH 7Y BHCE.

, HH 1EE AHE CO2 stream 2 100bar, 15°C2 @ 2t7|0f FUEICE O],

o
S Gust M2 stream?| 250 X|Qb YX|0|HX|= BHSHX| f=Cta 7ot

Ct 5S¢ WHZHo| steady state SHO|H, W= 02 7tE$ICL Q& liquid AEHC

ammonia®2l gas &EfS| CO2 7t O|FOX|= Yu etz 2|0|tC}.

A<fl(H+%u2+Zg>>=Q+W

O COo29| AL Holziz 2ot ME AED]
=1
=

>liquid2 & Ef B ot 2| H A

NH3E 1bar ZZO0|A liquid-vapor &E#H3}7t LojLtE 2E& -

SH0IM heat exchanger®l 8 &&= NH3E 1bar, -33.72°C2
o| X}o|7} QOoLt Aol HWO|E 23l £

liquid2t ZFESICE M2t NH3E S%Ed
246tal T

AHiiquia—vapor = 1370.46k//kg

=
dote Adern HotEs geh 4rolo

H3tgkat CO27t gas-

33.56°CO|LCt. &

Mzl 2221 0.16°C

adiabaticStA CO2°| 20| HX 7bar2 HFISID, F0| Guzg E5|
4 A

WF

-50°C7IH K| EH3SHHA
Qs CO2= ideal gas2h 7HE3St, Motr|= aPF0AM= NIS
real gas2} 7P SHRILCE
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Mot zlCt 7oAt A= IFF0A A Ltel

2ElE NH3= st HH HEfQ
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7bar0| M CO29| liquid-vapor ’é“:ﬂif 2EE -49369°CE, ALt HO|E o H
gt £ -50°C7HK|e] 2= Rsto| AMEI= nefStX| REZlC

AHyapor-tiquia = —338.679k] /kg

CO22F NH3°| €zt 19| Energy balance equation2 CHS1t 20| L}EFLHZICE

388.54k] nkg  1370.46k] kg

kg s kg s
n
m
HE 7IMe Z=H0 =E5IE HetElCin PSR

%, NH3 @2z aPdoAMe| wEH|t Fuet uPdo|AMel FEHIE 12{5HH
Zuzt7|of FUE= CO2 o FES 1000kg/s 2t SHCHH NH3 H2Z cycle 2
o S 35300kg/s, cycle2 O] S 47655kg/s 2 ZAFEICE,

4-2. Discussion

CO2 Liquefaction Plant OlA HHZ HEE[D U= 02 cycde 52 FL5HY
o2 CIXIQISHE & Z2HE Q| = AH AZo| HEstI|0= Ctax Fe(7t
oIC}.

e SECIAtel &ol Z2XFEES Ch2at 20| =ESHRILCE

1. SEAPEel XLl deF 3 Hyoz A 4780 277 URULCH
Ammonia 2t CO2 2| ot Ho| Euetzg & 15°C2l CO2 & -50°CE
AN S SEE 10 WOHZE ALE ammonia 2| 2EE& %[F CO2
stream =X H|ot =FNA| HZA|Z] ALESIRLCHL A2 Qg Felst
A2t 00| TR AN HESH|= Fe[7F AL L stream 2

AT
=
=kot &Y 2L BXAAYE SF0| &AL

o
m
rr
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HIM O 2 X 0 ZSMEA ™ML D Q= FH|E9Q| Coeffiecient of
performance(w)= Z[CH 4~5 FE0f| StSICE 2Lt 2 SEOAM ALtE

NH3 refrigeration process' wt 6.88 2t 549 2 2 Zt0| LICE O] Hx

+=ZF9 wE 7I1E F Us THE ENEK fenz HY SHLeE=R
Hegd = gith
3. Altte] HolE o 38ALME & H FE0 ideal gas & 713310 real

gas 2t ideal gas 9| properties difference 2 QISH0] A Atgts AMz|g £

4. Conclusion
2 ZT2HEO|M= CO2 9 liquefaction process &
L&l= linde cycle & 02 & ClAQld O REXUES “13}04 3 #o
02 YU=1H-1}F 2 stage cascade cycle 2| NH3 'HZF 1tH
ozt HEsS =zl Jtyel sdE 2dESIRLh Y¥xuwdEs AE o2 =
100bar, 15°CZ heat exchanger 0| A liquid-vapor &&=} T O| -33.72°C2| liquid
NH3 dojetel Eusto 2 7bar, -50°CTHA| 2t WSO WBoEIDE NH3 = 2
stage cascade cycle 2 Sl HUZEE HYEACH 2 cycle 2| compressor 2
Y=t 35 2 HFE0] 1bar->3.5bar->12.25bar 2
dElE 285t 2 2EHo| Ste= 2k, AdEO, AE=O S ammonia
properties table 2 Sl 7510 O|F HIE2E NH3 refrigeration cycle 0 A{2]
EUGY, LS Qc=Qc1=981.88kJ, W1=14269k), Qh=Qh2=-985.02k],
W2=151.75k) 2 TStRLCE ESH coefficient of performances 6.88, 549 2 TSH M L.
U&HO| Energy balance equation A&tE &30 FK Wzt AO|Zo| RS
a0 FEl= CO2 stream: 1000kg/s, NH3 '‘dZt cyclel: 35300kg/s, cycle2:
47655kg/s = ZAYSIRACE 4-2 9| Discussion OA AZPH HEESZ AHAZ
HESH7l= o377l mZo = ETAZ|7] M= &4 stream 2 =44}
phase Off CHo dotEl nEsS AHE HaIb JUCL

J?*._

()
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Figure 20. NH3 2| PH diagram

-ammonia 2| 'dZF ALO| 20 M 2| property A4t
1) cyclei

-Stream11

Saturated Properties

Specific Specific Enthalpy Specific Entropy

Temperature Pressure |
Volume  caturated | saturated  saturated  saturated

= “Pse - Vi- liquid vapor liquid vapor
b
Q) (ban) (m3/kg) - hg- - hg - - sf- - 5g-
(ki/kg) | (Ki/kg) | (kJ/kgK) | (kJ/kgK)
-35 0.9322 1.216 22.3 1397.9 0.095 5.872
-30 1.196 0.9633 447 1405.6 0.188 5.785
[16]
P1=P4=1bar
—30 — (—35)

(x —1.196) — 30 = 18.95x — 52.67

Y = 1196 —0.9322
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T1=(18.95)(1)-52.67=-33.72°C
1405.6 — 1397.9

Y =71196-09322 (x — 1.196) + 1405.6 = 29.19x + 1370.69
H1=H1v=(29.19)(1)+1370.69=1399.88kl)/kg
5.785 — 5.872
Y =17196 — 0932z & — 1:196) + 5.785 = —0.3298x + 6.18

S1=S1v=(-0.3298)(1)+6.18=5.8502kJ/kg-K

-Stream 2
P2=3.5bar
S2=S1=5.8502kJ/kg-K

p = 0.35 MPa (T ¢s = -5.36°C)

v h s
40 0.42350 1546.3 5.7828
50 0.43865 1569.5 5.8557

y = 5.8522 — :.07828 (x — 5.8557) + 50 = 137.17x — 753.25
T2=(137.17)(5.8502)-753.25=49.22°C

1569.5 — 1546.3

Y = 58557 —5.7828

H2,5=(318.24)(5.8502)-294.02=1567.75kJ/kg

T

(x —5.8557) + 1569.5 = 318.24x — 294.02

-Stream 3

Saturated Properties

. Specific Enthal Specific Entroi

Specific P Py P Py
Temperature Pressure Vol
OlUME  caturated saturated  saturated saturated

= “Pst tVi- liquid vapor liquid vapor
C bar,
€9 B0 i) -he- | - hg- - sf- -5y~
(ki/kg) | (kifkg) | (ki/kgK) | (kl/kgK)
48 19.29 0.0670 4119 1474.7 1.484 4793
50 20.33 0.0635 4219 1474.7 1.515 4773
T3=T2=49.22°C
421.9 — 411.9

y=—cg g *~50) +421.9 = 5x + 1719

H3=H3,1=(5)(49.22)+171.9=418kJ/kg
Qh1=H3-H2=-1124.57kJ
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-Stream 4
H4=H3=418kJ/kg

T4=T1=-33.72
P4=P1="1bar
-Stream 5

Saturated Properties

S ific Enthal S ific Ent
specific pecific Enthalpy pecific Entropy
Temperature Pressure
- to- - pe - Volume g tyrated saturated saturated saturated
= Vis liquid vapor liquid vapor
C (bar)
<) (m3/kg) - h¢- - hg - - 5¢- - Sg -
(ki/kg) | (ki/kg) | (k/kgK) | (kJ/kgK)
-6 3413 0.3599 153.6 14376 0.613 5419
-4 3.691 0.3344 162.8 1439.9 0.647 5.392
H5=H5,v=1437.6kJ/kg
P5=3.5bar
~4-(-6)

Y =3go1—3213 ¥ ~ 3:691) — 4 = 7.194x —30.55

T5=(7.194)(3.5)-30.55=-5.4°C
1439.9 — 1437.6

Y =S¢o1 3413 (¢~ 369D +1439.9 = 8.27x + 1409.38
H5=H5v=(8.27)(3.5)+1409.38=1438.32kJ/kg
5.392 — 5.419
y = (x — 3.691) + 5.392 = —0.097x + 5.75

3.691 — 3.413
S5=S5v=(-0.097)(3.5)+6.18=5.4105kJ/kg-K

-Stream 6
S6=S5=5.4105kJ/kg-K
P6=12.25bar
p = 1.20 MPa (T ¢3t = 30.94°C) p = 1.40 MPa (T 3 = 36.26°C)
v h s v h s

80 0.13387 1606.8 53916 0.11324 1598.8 5.2994
100 0.14347 1658.0 55325 0.12172 16514 54443

i) P=12bar
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_ 100 — 80
~ (5.5325 — 5.3916)

Ti=(141.94)(5.4105)-685.28=82.69°C

_ 165816068 o i6ss - 363.38¢ - 35240
Y =755325 53916 > R '

H i =(363.38)(5.4105)-352.40=1613.67kJ/kg

y (x —5.5325) + 100 = 141.94x — 685.28

ii) P=14bar
_ 100 — 80
~ (5.4443 — 5.2994)

Tii=(138.03)(5.4105)-651.48=95.33°C
1651.4 — 1598.8

(5.4443 — 5.2994)
Hii=(363.01)(5.4105)-324.94=1639.12k)/kg

y (x —5.4443) + 100 = 138.03x — 651.48

y = (x —5.4443) + 1651.4 = 363.01x — 324.94

Sum) P=12.25bar
_ 95.33 — 82.69
Y= T a—12
T6=(6.32)(12.25)+6.85=84.27°C
1639.12 — 1613.67
y = T (x — 14) + 1639.12 = 12.725x + 1460.97

H6=(12.725)(12.25)+1460.97=1616.85kJ/kg

(x —14) + 95.33 = 6.32x + 6.85

-Stream 7
nthaly pec. Entropy
kJ/kg kJ/kg-K
( at at.
vapor apor
T h¢ hg Sf Sg
80 580.69 14546 1.9712 4.4458
85 609.21 14478 2.0488 4.3901

_609.21 — 580.69
Y =T 85-80
H7=H7,1=(5.704)(84.27)+124.37=605.05kJ/kg

(x — 85) + 609.21 = 5.704x + 124.37

-ammonia WZt cycle O] FEH| ALt

|m1Qh,1| = |m2Qc,2|
m, 131683 _ 1106
m, 1187.6
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-CO2 A3} APHOof| Mo AEm] AL
CO2 A3z 1)

Temperature | Pressure | Enthalpy
Phase
(€) (bar) (kJ/kg)
-49.369 7.0000 94.191| liquid
-49.369 7.0000 432.87| vapor

AHpaporstiquia = 94.191 — 432.87 = —338.679k] /kg

NH3 A3 1Y)

Temperature | Pressure | Enthalpy
Phase
(€) (bar) (kJ/kg)
-33.577 1.0000 193.24| liquid
-33.577 1.0000 1563.7| vapor

AHiquidovapor = 1563.7 — 193.24 = 1370.46k] /kg

@z I Energy balance)
nkg (8.314] mol 1000g
s \mol-K 44.01g 1kg

1k] 223.15K
e 3.578 +3.020 - 1073T — 0.186 - 105T 2 dT — 338.679
1000] 288.15K
_ nkg
B S
0.1889k] ., 01861057
— o [3.578T + 1510 1073 T2 4 ——— — 338,679
g 288.15
_ 388.54k] kg 1370.46k] 1itkg
B kg s kg s
7
- = 353
m
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IR 3 Xt | Y=-d4 Z2MA2 FE5HAL RREE CO2 & dHE Sl
purifying 5t O|20f 'HOjete| Euets Sl Woldste Z2MAE FESHAL
property O|Z2 NIST 7|8t table I} PR EOS 2 AM23l= Z O},

Lej|AloF: ZCt HOf flow = HHEA LGt simple vapor compression
process 2 £f27}.

AHH: ZAFSHEL| $HHO| process 2 30 &= HEo W20 Jtsst AHO|
dut™olHzl. 2= CO2 & Htsiof st=0 %[F product o =0 E&
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L o[A|OF: NH3 dOi A2l EtFet OlF EZ|

2022-05-20 (=) 17:00

ool EaA AHAF OFR2|, HE
L Aok EsH =74 ZAF YU ppt FA MK

33



