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Low temperature heat sink is required to condense the supercritical CO3 (sCO2) owing to its low critical tem-
perature, this limits the sCO2 power system application. In this paper, a self-condensing sCO, recompression
system with vortex tube is proposed, which achieves the CO5 condensation without the low temperature heat
sink and recompression near the critical point in order to improve the system energy and exergy efficiencies. The
system performance is investigated from the first and second laws of thermodynamics point of view, and

parametric study is conducted to clarify the influences of key design and operation parameters, including the
mass flow rate split ratio, the minimum and maximum pressures and temperatures. In a base case scenario with
100 kW power output, the system energy and exergy efficiencies reach 35.50 % and 58.21 % respectively. In the
optimum operating condition, the system has the ability to provide 129.80 kW power output with the maximum
energy efficiency of 41.90 % and exergy efficiency of 60.89 %.

1. Introduction

Over the last decades, electricity’s share of the world’s final energy
consumption has increased gradually and reached 20 % currently. With
electrification activities for net zero emission in 2050, it is projected that
electricity will account for 50 % of the final energy use [1]. Thermal
energy conversion cycles, such as concentrated solar power (CSP) and
nuclear energy, will be the key contributors to achieving the net zero
emission goal [2], the development of efficient and flexible thermal
energy conversion technology is one of the promising solutions to meet
the growing electricity demand.

Using CO- in the power generation system attracts many interests
due to its characteristics, such as environmental friendliness, wide
availability, safety, and thermal stability. The CO5 low critical point
(30.9 °C and 7.38 MPa) enables the utilization of its supercritical
properties for power generation [3,4]. Compression near the CO5 critical
point not only allows for compact design in turbomachinery but also
leads to low power consumption. The flexibility of direct and indirect
CO4 heating makes it applicable to the wide range of heat sources, such
as the CSP [5], 4th generation nuclear power plant [6], coal fired power
plant [7], and bottoming cycle for waste heat recovery with gas turbine
[8].

There is intensive ongoing research on different supercritical CO;
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(sCO2) configurations. Alfani et al. [8] carried out a optimization study
by considering five different configurations including simple recupera-
tive and recompressed recuperative cycle configurations. They found
that simple recuperative cycle with a bypass loop is the optimum
configuration with the maximum energy efficiency of 27.5 %. Li et al.
[9] investigated design and off-design characteristics of a partial heating
recuperative cycle, and conducted multi-objective optimization. They
claimed that the cycle provides net power output of 8.67 MW with an
exergy efficiency of 54.76 %. Chen et al. [10] also studied design and off-
design performance of six different sCO cycles powered by the CSP with
thermal storage. They discovered that simple recuperative and recom-
pression cycles are more suitable for highly varying weather conditions.
Gao et al. [11] proposed a graph theory based configuration optimiza-
tion framework and applied in the meta-configurations under the cate-
gories of no split, one split, and two splits in the cycle [12]. Their results
show that with a 780 K heat source and a 295 K heat sink, energy effi-
ciencies of these three categories reach up to 44.6 %, 48.1 % and 49.4 %,
respectively. Due to the low critical temperature of CO, applicability of
transcritical CO5 Rankine cycle (TRC) is restricted by low temperature
condenser that can condense CO5 lower than 25 °C [13]. Angelino [14]
designed partial and full condensation TRCs, and suggested that with the
low temperature heat sinks, the condensation cycles have competitive
efficiencies compared to the Rankine and Brayton cycles. Apart from the
air and water, the refrigerant is also proposed to be used as the working
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Nomenclature

COP coefficient of performance
ex specific exergy (kJ/kg)

Ex exergy (kW)

h specific enthalpy(kJ/kg)
m mass flow rate (kg/s)

Q heat transfer rate (kW)

s specific entropy(kJ/kg K)
S entropy (kW/K)

sCO4 supercritical Carbon Dioxide
SR split ratio

P Pressure (Mpa)

rpm revolution per minute

T temperature (°C or K)

TRC transcritical

Greek Letters

A difference
N exergy efficiency
MNen energy efficiency

Subscripts and indices

1,2,3.. states

ac air cooler
comp compressor
e exit state
elec comp electrical compressor
gen generation
gh gas heater
i inlet state
irrev irreversible
Nnozz nozzle

turb turbine

fluid in the TRC heat sink to solve condensation problem [15,16]. Yang
et al. [17] integrated a LiBr/H,0O absorption refrigeration cycle into a
transcritical CO, power system to tackle condensation problem, and
found that the integrated system reaches energy efficiency of 7.50 %.
Muhammed et al. [18] investigated a vapour compression integrated
sCO, power cycle, and claimed that 10.67 % improvement in net power
output is achieved by keeping the heat sink temperature at 50 °C. Luo
et al. [19] also addressed the condensation issue by proposing a novel
transcritical partial condensation system with recuperation, and found
that the system energy efficiency is 27.41 % at the condensing tem-
perature of 14.97 °C. Pan et al. [20,21] developed a self-condensing TRC
concept by using an expansion valve to reduce pressure for solving
condensation problem, and discovered that the maximum efficiency is
34.63 %. Ejector is also utilized for CO self-condensation. Liu et al. [22]
proposed a self-condensing TRC with an ejector refrigeration, and
claimed that the system has the ability to produce 129.92 kW power and
254.96 kW cooling output simultaneously with an energy efficiency of
24.40 %. Similar self-condensation is achieved by vortex tube. Zhao
et al. [23] used a vortex tube to replace the condenser in a compressed
CO4 energy storage system for independent operation, their system
reaches 61.83 % exergy efficiency.

Using vortex tube as an expansion device in refrigeration system is
getting lots of attention recently. Liu et al. [24] developed a transcritical
CO;, refrigeration cycle with vortex tube, and found that up to 10 % COP
improvement can be achievable with vortex tube. Qyyum et al. [25]
proposed a vortex tube integrated turbo-expander system for natural gas
liquefaction, and claimed that using vortex tube for liquefaction reduces
the system power consumption up to 68.5 %. Therewithal, application of
vortex tube in power generation system also gains momentum in the
literature. Cambronel et al. [26] proposed a sCO, Brayton cycle for
waste heat recovery from the exhaust gas of internal combustion engine.
They used a vortex tube to boost the upcoming exhaust gas and
discovered that utilizing a vortex tube increases the cycle energy and
exergy efficiencies of 1.85 % and 1.67 % respectively. Wang et al. [27]
proposed a transcritical Rankine cycle with vortex tube, and claimed
that the cycle exergy efficiency reaches 6.15 % when the turbine inlet
temperature is 160 °C.

The above literature review shows that the supercritical and tran-
scritical CO, condensation issues should be solved to achieve the high
efficiency. Although the condensation can be achieved by a low tem-
perature heat sink [28] or a expander [20], this paper presents a new
concept to achieve the condensation without the heat sink and
expander, that is self-condensation. A vortex tube is introduced in the
recompression power cycle for self-condensation purposes. This novel
vortex tube recompression takes place in the vicinity of critical point for

compact size and high power output. Thus the advantages of both su-
percritical and transcritical COy cycles are utilized. Thermodynamic
analyses from the first and second law perspectives are carried out for
the proposed design, parametric study is conducted in order to clarify
effects of the minimum and maximum power block temperatures and
pressures, and the mass flow rate split ratio on the system performance.
Genetic algorithm is implemented for maximizing the system exergy
efficiency. The output of this study provides the guides for the system
design and optimization.

2. System description

The schematic diagram of the proposed self-condensing sCO;
recompression system with vortex tube is given in Fig. 1, and the cor-
responding T-s diagram of the system is presented in Fig. 2. The system
mainly consists of two blocks: power and vortex tube. The power block
includes a gas heater, a turbine, a high temperature recuperator (HTR)
and a low temperature recuperator (LTR), a cooler and the main
compressor, the vortex tube block consist of a vortex tube, a pump and
an electrical compressor. The high temperature and pressure stream
from the gas heater (state 1) expands in the turbine and heats the up-
coming streams from the HTR (states 18&19) and LTR (states 15&16).
Subsequently, the stream from the LTR (state 4) mixes with the up-
coming gas from the electrical compressor (state 14) and then is cooled
in the cooler. Afterward, the stream from the cooler is split into two
parts, one part (state 7) is diverted into the power block, i.e. main
compressor to increase its pressure from near the critical pressure. The
other part (state 8) is diverted into the vortex tube block, and it is further
split into three portions in the vortex tube: saturated liquid (state 10),
saturated vapour (state 11) and superheated vapour (state 12). The two
vapour streams are mixed at first (state 13) and compressed (state 14) in
the electrical compressor, then the high pressure stream mixes again
with the upcoming stream from the LTR. As for the saturated liquid, it is
pumped to reach the high pressure and heated in the LTR, then it is
mixed with the stream from the main compressor (state 17) and heated
again in the HTR, and further heated in the gas heater to reach high
temperature and pressure to complete the cycle.

Main advantage of the system is achieving self-condensation in a
vortex tube instead of a low temperature heat sink. By utilizing the
vortex tube, the recompression takes place near the critical point to
achieve a compact design and high performance.

3. Thermodynamic model

The system performance is investigated according to the first and
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Fig. 1. Self-condensing sCO, recompression system with vortex tube.
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Fig. 2. T-s diagram of self-condensing sCO, recompression system with vor-
tex tube.

second laws of thermodynamics, which give us both qualitative and
quantitative information about system operating characters [29,30].
The following fundamental governing equations are employed in this
study.

D = e M
DO0=D W= rihe— Y rih; @
DSi— D S+ S =0 3)

where m' denotes the mass flow rate of the fluid, Q and W are the rates of
heat input and power output respectively, h is the specific enthalpy and
Sgen is the entropy generation within the system boundary associated
with internal irreversibilities [29].

For the exergy assessment, the balance equation can be written as.

Z ExQ —W= Z mex, — Z mex; + ey 4)

Ex is the exergy rate and I is the irreversibility rate. The exergy of

heat transfer at temperature T can be expressed as [31]:

g =Y (1-100 ®)

The fluid specific exergy is.

ex = (h—ho) —To(s — so) 6)

where 0 subscript stands for the dead state of corresponding thermo-
dynamic property.

The following assumptions are used to simplify the system mathe-
matical models because the system has a complicated structure.

The system operates under the steady state.

e Pressure drops in pipes and heat losses to the environment are
neglected.

The liquid and cold vapour leaving the vortex tube are at saturated
states.

The constant turbine, compressor and pump isentropic efficiencies
are adopted.

3.1. Vortex tube model
The schematic of a vortex tube is shown in Fig. 3, it consists of a
nozzle, a vortex chamber, a hot and a cold vapour exits and a liquid exit.

The inlet high pressure working fluid expands in the nozzle, and then

\bn ex Tube Inlet

(State 8)
Nozzle
(State 9)
—
Cold Vapour Outlet Hot Vapour Outlet
(State 11) < (State 12)
Vortex Chamber
anuld Outlet
(State 10)

Fig. 3. Schematic diagram of the vortex tube.
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tangentially flows in the vortex chamber where the flow velocity can
reach 10° rpm [23]. The flow in the vortex tube is divided into two
categories: peripheral and core flows. The peripheral flow increases its
temperature gradually and leaves in hot end while the core flow leaves
in the cold exit, which is called the Ranque-Hilsch effect [23,32]. When
the fluid enters a two-phase region in the chamber, its condensate part is
thrown to the tube wall due to the large centrifugal force. Thus, the inlet
high pressure working fluid is divided into three portions: liquid (state
10), cold vapour (state 11) and hot vapour (state 12).

In this study, Mauer model [33] is utilized to achieve self-
condensation of CO,, which is suitable for the sCO, entering the vor-
tex tube [32].

The enthalpy at the nozzle outlet can be calculated from:

hy = hg —1,,.(hs — ho;) )

where 7, is the isentropic efficiency of the nozzle.
Based on the nozzle outlet pressure, the quality of state 9 can be
determined, and can be described as:

x9 = x(ho, Po) 8

According to the state 9 quality, the liquid mass flow rate leaving the
vortex tube can be calculated as:

n'110 = (1 7)(9)}1’19 (9)
The cold mass fraction leaving the vortex tube is defined as:
my 10)

Y=
myy +

The mass balance for hot and cold vapours leaving the vortex tube is
written as follows:

Xolg = nity + My an
Lastly, energy balance for the vortex tube is expressed as:

ho = (1 — xo)hio + Xoyhyy +xo(1 — y)hy2 (12)

3.2. Turbomachinery models

The compressor and pump isentropic efficiencies can be written as.

(haw: - hin)
; — s ) (13)
rlctmp/pump (hum _ hin)
Specific compression work and power consumption for the main
compressor are calculated as follows:

Weomp = SR(hw - h7) 14)
Wmmp = m6 Weomp (15)

where SR is the mass flow rate split ratio diverted to the main
compressor. In order to simplify the mass balances and calculate specific
work terms, all mass flow rates are normalized according to the total
mass flow rate at the state 6. So, the SR can be expressed as:

SR = (16)

g
The remaining portion (1-SR) of the CO; is diverted to the vortex
tube, and the liquid part is diverted to the pump. Specific work and
power consumption of the pump can be calculated from:

Woinp = (1 = SR)(1 — x9)(hy5 — hyo) a7)

Wpump = mﬁwpump (18)

The cold and hot vapours are mixed and then diverted to the elec-
trical compressor. Specific work and power consumption of the elec-
trical compressor can be written as:

Energy Conversion and Management 269 (2022) 116110

Welc.comp = (1 - SR)(XQ)(hM - hl3) (19)

Weie.comp = MWelc.comp (20)
The turbine isentropic efficiency can be calculated by:

n _ (hu'n - ht.om) (21)
b (hljn - ht.ouhs)
where subscript t denotes the turbine and s represents the isentropic
process.
Power output of the turbine can be written as:

W = 1ty (hy — ) (22)

Net power output of the system can be expressed as:

Wnef = erb - Wcomp - WE]L‘,(‘GIYIP - menp (23)
3.3. Heat exchanger model

In order to avoid the first and second law violations in heat
exchanger, a comprehensive model is used. Each heat transfer equip-
ment is divided into the specified number of segments, the minimum
temperature differences, heat transfer rates and entropy generations of
each segment are calculated.

Energy balances for the HTR and LTR are given in Eqgs. (24) and (25)
respectively.

(hZ - h'ﬁ) = (hl‘) - h]X) (24)

(hy — hy) = (1 = SR)(1 — xo)(h16 — P1s) (25)

Heat input from the gas heater and heat removed from the air cooler
can be expressed as:

O = 1ty (hy — hyy) (26)

O, = tis(hs — hg) 27)

where subscript gh represents the gas heater and ac stands for the air
cooler.

3.4. Exergy analyses and performance indicators

Exergy analysis yields the important information about the system
inefficiencies and tells us how much of the potential work is consumed
by it [34]. Exergy balance of each component in the system is given in
Table 1.

The system energy efficiency is defined as:

Table 1
Exergy balance for each component in the system.

Component Exergy Balance

Turbine Tury, = Exy —Exy 7Wrurb
Tnr= (Exp —Ex3) + (Ex1s — Exo)

Iir= (Ex3 —Ex4) + (Ex1s — Ex16)

Hight Temperature Recuperator
Low Temperature

Recuperator
Air Cooler Toe= (Exq —Exs) + (Exoo — Exa;)
I = EX7 + Wcomp *EX17
Pump Lump = Ex10 + Wyump —Ex15
Vortex Tube I = Exg —Ex19 —Ex11 —Ex12
Electrical Compressor Lic.comp = Ex13 + Wete comp —EX14
Mixing (before HTR) Inixingher = Exi6 + Exi7 —Exig
Mixing (before Air cooler)

Main Compressor

Inixingac = Ex14 + Ex4 —Exs

Gas Heater Iy = ExQ + Exy9 —Ex;
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W el
Hop = — (28)
Qi

The system exergy efficiency also can be expressed as follows:

Wier

=" 29
E.)Cl — E)Clg ( )

My

3.5. Optimization

Genetic algorithm is implemented in order to maximize the system
performance. The genetic algorithm is nature inspired heuristic opti-
mization method where objective function is evaluated throughout
population and fitness of each individual, the individuals with the best
fitness values generate offspring of new generations. Crossover and
mutations are also introduced in each generation to kept population
diverse, and the optimization is terminated when the set criteria are
achieved [35,36].

In this study, the minimum and maximum power block pressures and
temperatures, and split ratio are the variables. To account for both en-
ergetic and exergetic constraints, the system exergy efficiency is chosen
as the objective function [37]. The formulated optimization problem
and variable limitations are given below.
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Max, {1, } (30)

where x is the vector of

X = {PmirlaPmax7 Tmm‘7 Tmin7 SR} (31)
Subject to

8MPa < P,,;, < 8.5MPa (32)

16 MPa < P,. < 20 MPa (33)

400°C < Tpar < 800°C 34

31'C < Ty < 32.5°C (35)

0.1 <SR<0.7 (36)

4. Calculation procedure and model validation

Comprehensive simulation model that accepts the system operation
parameters, such as the minimum and maximum pressures and tem-
peratures, minimum temperature difference (ATp;,) in heat exchanger,
split ratio and net power output, is created in MATLAB environment. For

Start
System Inputs:
ATmin’ 7-max’ max’Pmin’
SR, Wnet
Guess :
intermediate T
Vortex Inputs: and m
F 9 r)noz Y

l l

Thermodynamic Model
<4—» Mass Balances, First and <—» Heat Exchanger Models
Second Law Constraints

l

Constraints
satisfy?

l

Outputs:

Vortex Model

No

All State Variables
Energy Efficiency
Exergy Efficiency

Fig. 4. Flowchart of calculation procedure for the proposed system.
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thermodynamic properties of CO5, open source thermophysical property
package CoolProp is used [38].The extensive component models are
generated for heat transfer equipment in order to ensure operation
without violation of the first and second laws, and Mauer model [33] is
utilized for the vortex tube. Iterative calculation procedure is carried out
until the first and second law constraints are satisfied. The general
calculation procedure is given in Fig. 4. For the optimization, the control
parameters for genetic algorithm are specified as population size of 50,
the maximum number of generations of 300 and crossover fraction of
0.8 [39].

In order to verify the developed turbomachinery and heat exchanger
models, a stand-alone sCO2 recuperative cycle is modelled and the
simulation results are compared with those in the literature [40] as
represented in Table 2. The highest data divergence between this study
and the cited recuperative cycle is 2.78 % for the compressor specific
work.

As for the vortex tube model, a transcritical vortex tube refrigeration
cycle is modelled and the results are compared with the data presented
in the literature [41]. The verification results under different vortex tube
inlet temperatures are given in Table 3. The maximum performance
deviation between the transcritical vortex tube refrigeration cycle and
the literature is 0.21 %.

These comparisons demonstrate the accuracies of the developed
models in this study; therefore, the developed models can be used to
predict the system performance under various operating conditions.

5. Results and discussion

The performance of the proposed self-condensing sCO» recom-
pression system is investigated in this section. Parametric analyses are
conducted to explore the effects of key design and operating parameters,
including the minimum power block temperature and pressure,
maximum power block temperature and pressure, and the mass flow
rate split ratio, on the system energy and exergy efficiencies.

5.1. Base case scenario performance

In the base case scenario, the net power output of 100 kW is targeted,
while the turbine inlet temperature, minimum and maximum power
block pressures and split ratio are set as 600 °C, 8Mpa, 20Mpa and 0.3
respectively. All parameters in the base case scenario are presented in
Table 4.

The stream and performance data in the base case scenario are given
in Tables 5 and 6. The turbine produces 124.64 kW power output while
the main and electrical compressors, and pump consume 8.43 kW,
0.417 kW and 15.79 kW power respectively, so the system net power
output is 100 kW to meet the target. The system energy and exergy ef-
ficiencies are 35.50 % and 58.21 % respectively.

For the sake of comparison, the performance of a traditional sCOy
recuperation cycle is given in Table 6. Under the same operating con-
ditions as given in Table 4 and the same net power of 100 kW, the energy
and exergy efficiencies of the self-condensing recompression system are
35,50 % and 58.21 % respectively while the traditional sCO,

Table 2
Verification results for recuperative cycle.

Recuperative Cycle

Parameter Reference Model Absolute
[40] Difference

Turbine specific work (kJ/ 125.87 124.6 1.01 %
kg)

Compressor specific work 20.88 20.3 2.78 %
(kJ/kg)

Specific heat input (kJ/kg) 280.39 277.47 1.04 %

Energy Efficiency 0.3744 0.3758  0.37 %
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Table 3
Verification results for vortex tube.

Transcritical Vortex Tube Refrigeration Cycle
(cold vapour fraction: 0.5, Discharge Pressure: 9 MPa)

Parameter copP Absolute
Vortex Tube Inlet Reference Model Difference
Temperature (°C) [41]
25 3.6804 3.6869 0.17 %
30 3.3143 3.3103 0.12 %
35 2.8223 2.8283  0.21%

Table 4

Parameters used in this study [32,40,42].
Parameter Value
Recuperator Minimum Temperature Difference ATy, (°C) 5
Maximum Power Block Pressure Py, (Mpa) 20
Minimum Power Block Pressure P,;, (Mpa) 8.0
Maximum Power Block Temperature Tp,x (°C) 600
Minimum Power Block Temperature Ty, (°C) 32.0
Vortex Tube Outlet Pressure (Mpa) 6.8
Turbine Isentropic Efficiency ner» (%) 80
Main Compressor Isentropic Efficiency ncomp (%) 70
Electrical Compressor Isentropic Efficiency neic,comp (%) 80
Pump Isentropic Efficiency npump (%) 80
Dead State Pressure (kPa) 101.325
Dead State Pressure (°C) 25

Table 5

Stream data for the self-condensing sCO; recompression system.
State m P T h s ex Ex

(kg/s) (Mpa) (49} (kJ/kg) (kJ/ (kJ/ (kW)
kg.K) kg

1 1.091 20 600.00 1097.39 2.81 568.39 620.24
2 1.091 8.0 498.61 983.17 2.85 442.96 483.37
3 1.091 8.0 63.43 464.55 1.85 223.48 243.87
4 1.091 8.0 58.76 455.70 1.82 222.53 242.83
5 1.163 8.0 57.28 452.73 1.81 222.23 258.38
6 1.163 8.0 32.00 296.42 1.31 215.21 250.21
7 0.349 8.0 32.00 296.42 1.31 215.21 75.06
8 0.814 8.0 32.00 296.42 1.31 215.21 175.15
9 0.814 6.8 27.41 294.92 1.31 213.33 173.62
10 0.742 6.8 27.41 286.32 1.29 213.26 158.33
11 0.036 6.8 27.41 384.37 1.61 214.05 7.64
12 0.036 6.8 33.57 418.66 1.72 214.60 7.66
13 0.071 6.8 29.52 401.52 1.67 214.24 15.30
14 0.071 8.0 40.96 407.37 1.67 218.98 15.64
15 0.742 20 53.12 307.59 1.30 231.61 171.96
16 0.742 20 58.43 320.60 1.33 232.83 172.86
17 0.349 20 58.43 320.60 1.33 232.83 81.21
18 1.091 20 58.43 320.60 1.33 232.83 254.07
19 1.091 20 390.76 839.22 2.48 410.95 448.44
20 36.05 0.2 25 424.20 3.68 58.16 2097.45
21 36.05 0.2 30 429.24 3.70 58.21 2098.96

recuperation system efficiencies are 34.88 % and 57.20 %. Although the
turbine power output of traditional sCO recuperation system is slightly
higher than that of the proposed system, the power consumption in the
traditional sCO5 recuperation system is higher than that in the proposed
system. As a result, the proposed self-condensing sCO2 recompression
system has higher energy and exergy efficiencies.

Irreversibilities in the components and temperature distributions in
the HTR, LTR and air cooler are given in Fig. 5, Fig. 6 a), b) and c¢),
respectively. The highest irreversibility contributor is the HTR with a
value of 45.12 kW, this is due to the high heat duty in the HTR. The
followed large contributors are the gas heater, turbine and air cooler.
Compared with the other heat transfer equipment, the LTR has lower
irreversibility with a value of 0.1381 kW due to the low heat duty. The
electrical compressor is the lowest contributor with a value of 0.079 kW
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Table 6
Performance results for the self-condensing sCO, recompression system and
traditional recuperation sCO, system in base case scenario.

Self-condensing sCO, Traditional sCO,
Recompression system Recuperation system

Parameter Value Value
Wearb (kW) 124.64 126.84
Weomp (kW) 8.43 26.84
Weomp (kKJ/kg) 7.25 21.16
Welec,comp 0.417 _

(kW)
Welee,comp (kJ/  0.358 _

kg)
Whump (KW) 15.79 -
Wpump(kJ/kg)  13.58 -
Woer (kW) 100 100
Qg (kW) 281.72 286.69
Nen (%) 35.50 34.88
i (%) 58.21 57.20
50 — . . . . . . . . . .
45
40
35
30+
25+
21
151
10

5 -

|

Imix.ac Imix.hkr Ipump Ilurb IvI

Iac Ielc.complhealer Ihlr II(r mc

Fig. 5. Irreversibilities associated with each component.
owing to the relatively low mass flow rate and pressure ratio.

5.2. Parametric studies

Parametric studies are conducted to identify the effects of operation
and design parameters on the system thermodynamic performance. All
other parameters in the system are kept constant as stated in base case
scenario except one indicated as the variable.

5.2.1. Effects of the minimum power block pressure

The variations of the turbine power production, compressor and
pump consumption with the minimum power block pressure are shown
in Fig. 7, correspondingly the system energy and exergy efficiencies are
presented in Fig. 8. As the minimum pressure rises from 8.0Mpa to
8.5Mpa, the power consumption of main compressor decreases from
8.43 kW to 7.76 kW due to the reduction in its compression ratio, while
the power consumption of the electrical compressor also decreases from
0.41 kW to 0.14 kW owing to both decreases in its mass flow rate and
compression ratio. Due to those reasons, the system energy efficiency
decreases from 35.50 % to 34.77 % and exergy efficiency reduces from
58.21 % to 56.77 %. The minimum pressure is also the vortex inlet
pressure, so it influences the vortex tube performance as well. As the
minimum pressure increases, more liquid working fluid is produced in
the vortex tube, which is diverted to the turbine to increase the power
output. But at the same time, the turbine pressure ratio is reduced to

Energy Conversion and Management 269 (2022) 116110

decrease the turbine power output. This trade off leads to the maximum
turbine power output of 125.08 kW at the minimum pressure of 8.18
Mpa.

5.2.2. Effects of the maximum power block pressure

The variations of power production from the turbine and power
consumption by main and electrical compressors and pump with the
maximum power block pressure are shown in Fig. 9, the system energy
and exergy efficiencies are given in Fig. 10. As the maximum pressure
rises from 16Mpa to 20Mpa, the power output from the turbine increases
from 95.89 kW to 124.64 kW due to high expansion ratio, while the
power consumption by the pump and main compressor also increases
from 5.73 kW and 11.21 kW to 8.43 kW and 15.79 kW respectively due
to the high compression ratio. The electrical compressor is not affected
by the maximum power block pressure and its power consumption re-
mains constant with a value of 0.417 kW. As a result of those, the system
energy efficiency increases from 31.97 % to 35.50 % and exergy effi-
ciency rises from 51.85 % to 58.21 %.

5.2.3. Effects of the minimum power block temperature

The effects of the minimum power block temperature on the turbine
power output, and compressor and pump power consumption are shown
in Fig. 11, correspondingly the system energy and exergy efficiencies are
given in Fig. 12. As the minimum temperature changes from 31.0 °C to
32.5 °C, the turbine work output decreases significantly from 130.98 kW
to 120.80 kW, this is due to the fact that as the temperature increases,
less liquid is produced in the vortex tube, which is diverted into the
turbine. Accordingly, the main and electrical compressor work slightly
increase from 8.18 kW to 8.59 kW and 0.13 kW to 0.59 kW, respectively.
Therefore, the system energy and exergy efficiencies decrease from 35.5
% and 58.21 % to 35.41 % and 58.06 %, respectively.

5.2.4. Effects of the maximum power block temperature

The influences of the maximum power block temperature on the
turbine power output, compressor and pump power consumption are
indicated in Fig. 13, the system energy and exergy efficiencies are given
in Fig. 14. As the maximum temperature rises from 300 °C to 800 °C, the
power consumption of the pump, electrical and main compressors
remain constant at 15.79 kW, 0.4179 kW and 8.43 kW respectively but
the turbine power output increases from 74.53 kW to 155.39 kW due to
the exergy growth of the inlet state. Correspondingly, the system energy
efficiency increases from 21.54 % to 41.84 % and exergy efficiency
enhance from 55.36 % to 60.80 %.

5.2.5. Effects of the mass flow rate split ratio

The effects of the split ratio, which is the ratio of the mass flow rate
diverted to the power block to the total mass flow rate of the system, on
the system power generation and consumption are given in Fig. 15, the
system energy and exergy efficiencies for different split ratios are shown
in Figs. 16 and 17, respectively. As the split ratio increases, there is more
working fluid diverted to the main compressor, this leads to its high
power consumption. As the split ratio rises from 0.1 to 0.7, the turbine
power output increases from 122.88 kW to 130.46 kW owing to more
working fluid through the turbine, the main compressor power con-
sumption increases from 2.81 kW to 22.48 kW, while the pump and
electrical compressor power consumption decrease from 20.30 kW and
0.53 kW to 4.51 kW and 0.11 kW due to the less working fluid diverted
to the vortex tube. When the split ratio is 0.203, the system energy and
exergy efficiencies reach the highest values of 35.56 % and 58.32 %
respectively.

5.2.6. Combined effects

Similar to the conventional recompression cycle, the split ratio is one
of the key operation parameters in the system. In order to investigate
combined effects of the split ratio and power block operating parame-
ters, four case studies are conducted. In the first and second cases, the
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combined effects of the split ratio with the minimum and maximum
power block pressures are investigated. In the third and fourth cases, the
combined effects of the split ratio with the minimum and maximum
power block temperatures are explored. The variations of the exergy
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Fig. 8. Variations of energy and exergy efficiencies with the minimum power
block pressure.

efficiency with the split ratio, minimum and maximum pressures, min-
imum and maximum temperatures are presented in Figs. 17, 18, 19 and
20 respectively. At first, for the combined influence of the minimum
power block pressure and split ratio, as the minimum pressure rises from
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131 T 25 8.0Mpa to 8.5Mpa and the split ratio increases from 0.1 to 0.7, the power

consumption by the main compressor increases from 2.81 kW to 18.12

1301 kW, the system exergy efficiency decreases from 58.22 % to 56.59 %.

129 [ 20 The turbine power output increases with the split ratio as more fluid

................. enters the turbine, but decreases with the minimum pressure because

el — the turbine expansion ratio is reduced. This contradicting relation be-

I :%w 15 é tween the minimum pressure and split ratio leads to the highest exergy

- i £ efficiency of 58.32 % at the split ratio of 0.203 and the minimum
= 126 5 pressure of 8.0 Mpa.

; Similarly, as for the combined effect of the maximum power block

125 pressure and split ratio, when the maximum pressure and split ratio

124 increase from 16Mpa to 20Mpa and from 0.1 to 0.7, the turbine power

output increases from 94.10 kW to 129.3 kW due to the increases in

123 expansion pressure ratio and flow rate. At the same time, the main

_______________ compressor work increases significantly from 1.91 kW to 19.67 kW, the

122° 02 01..3 s o5 o8 o2 system exergy efficiency varies from 51.73 % to 57.61 %. The system

SR(-) highest exergy efficiency of 58.32 % is achieved at the split ratio of

0.197 and the maximum pressure of 20Mpa in this case.

As the minimum power block temperature and split ratio increase
from 31 °C to 32.6 °C and from 0.1 to 0.7, the power produced by the
turbine slightly decreases from 129.73 kW to 127.65 kW owing to less
amount of liquid is produced by the vortex tube, the main compressor

Fig. 15. Variations of turbine power output, compressor and pump power
consumption with split ratio.

e work increases from 2.72 kW to 20.04 kW due to the increases in
35.56 compressor mass flow rate and inlet temperature. As the minimum
355 temperature increases, less amount of liquid is produced by the vortex
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’ 58.33 % when the split ratio is 0.197 and the minimum temperature is
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each generation are shown in Fig. 21. Optimization process is termi-
nated in 117th generation because the average change in the objective
function is too small, the maximum exergy efficiency is found when the
minimum power block pressure is 8.01Mpa, the maximum pressure is
20Mpa, the minimum power block temperature is 32 °C, the maximum
temperature is 800 °C, and the split ratio is 0.201. The system maximum
net power output is reached with a value of 129.76 kW, correspondingly
the system maximum energy and exergy efficiencies are 41.9 % and
60.89 % respectively. All performance parameters of the optimal oper-
ation state are given in Table 7.

6. Conclusions

A novel self-condensing sCO, recompression system with vortex tube
is presented in this paper. The system performance is investigated from

the first and second laws of thermodynamics point of view, and para-
metric analyses are carried out in order to clarify influences of key
design and operation parameters on the system performance. Following
conclusions can be drawn based on results of this study:

e In a base case scenario with 100 kW power output, the energy and
exergy efficiencies of the self-condensing sCO, recompression system
reach 35.5 % and 58.21 % respectively, which are higher than those
of the traditional sCO, recuperation system.

e The recuperator is the largest contributor to the system irreversibility
with a value of 45.12 kW due to the high heat duty, while the elec-
trical compressor is the smallest contributor with a value of 0.079 kW
owing to the low pressure ratio and mass flow rate.

e The minimum power block pressure affects the vortex tube and
turbine performance in the opposite way. As the minimum pressure
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increases from 8.0Mpa to 8.5Mpa, liquid generated rate in the vortex

tube increases from 0.7424 kg/s to 0.8087 kg/s, but the turbine

-0.585 | expansion ratio decreases from 2.5 to 2.35, the system energy and
*_ Meanfitness exergy efficiencies decrease from 35.50 % and 58.21 % to 34.77 %

and 56.77 %, respectively.

-0.59 | e The minimum power block temperature has the influences on the

turbine and compressor performance. As the minimum temperature

Best: -0.6089 Mean: -0.608873

c

-% rises from 31 °C to 32.5 °C, the turbine power output drops from
u's: -0.595 130.98 kW to 120.8 kW, the main and electrical compressor work
0 increase slightly from 8.18 kW to 8.59 kW and 0.13 kW to 0.59 kW,
'§ respectively.

'g 06, e The mass flow rate split ratio has a significant effect on the system

performance. As the split ratio rises from 0.1 to 0.7, the main
compressor work increases from 2.81 kW to 22.48 kW, the pump
power consumption decreases from 20.30 kW to 4.51 kW. The sys-
tem achieves the highest energy and exergy efficiencies of 35.56 %
and 58.32 % respectively as the split ratio is 0.197.

e The system energy and exergy efficiencies reach the maximum
values of 41.9 % and 60.89 % respectively when the minimum power
block pressure is 8.01Mpa, the maximum power block pressure is

Fig. 21. Iterative process of exergy efficiency. 20Mpa, the minimum power block temperature is 32 °C, the

maximum power block temperature is 800 °C and the split ratio is
0.201.
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Table 7

Optimal ti ters f 1f-condensi CO. i tem. - . o
P’ operation parameters for seH-condensing s-H2 recompression system The proposed system can be a promising solution for achieving self-

Operation Variable Value  Performance Value condensation and high efficiency without low temperature heat sink.
Parameter The system can be powered by various heat sources, such as industrial
Minimum Power Block Pressure 8.01 Wearb (kW) 153.95 waste heat and solar energy. For the future work, the potential cogen-
Prmin (Mpa) ) eration configuration will be investigated from energy and economical
Maximum Power Block Pressure 20 Weomp (KW) 5.64
aspects.
Prmax (Mpa)
Maximum Power Block 799 Weomp (kJ/kg) 4.85
Temperature Tmax (°C) ) CRediT authorship contribution statement
Minimum Power Block 32.0 Welec,comp (KW) 0.4770
Temperature Tpin (°C) . . .
Split Ratio 0201 Wateecomp (kJ/kg) 0.410 . Tugbe.rk Hakan Cetlin. Co_nceptuahzatlon, Methodology, So.ftw.are,
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Qg (kW) 309.8
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