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S-CO, Power

Cycle Systems in the world
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KIER S-CO2 Test loops

s TODAY = IUITTrrrTTeTreee N

10 kWe-class Sub-kWe-class Tens of kWe-class kWe-class Hundreds of kWe-class
(2013-2014) (2014-2016) (2015-2017) (2016-2017) (2015-2019)
PUmose Feasibility Power generation Robust Turbo-generator 500°C operation 50?101,5 \'/:Vull:g?e Ii(zzgifr?
P 200°C/130bar 200°C/130bar 200°C/130bar 500°C/130bar o bp
500°C/130bar
670 We
Test(.-:‘d L power generation 11 kWe 287 We
Status Modified to the tens of . . . In progress
Modified to the kWe test power generation power generation
kWe test loop loop
Simple Un-Recuperated Un-recuperated Un-recuperated Recuperated
GELES Closed Brayton Transcritical Transcritical Transcrtical DUl EIEp e
1 Turbo-Alternator-Com 2 Turbine

Turbomachinery

pressor

1 Turbo-generator

Positive displacement

1 Turbo-generator

: Positive displacement

1 Turbo-generator

Positive displacement

1 Compressor

Compressor type Centrifugal, Shrouded Pump Pump Pump Centrifugal
. . Radial w/ Axial impulse w/ Radial w/ :
[libElRe Rl SETeze Partial admission nozzle Partial admission nozzle  Partial admission nozzle: UZD
. - Angular contact ball Tilting-pad Angular contact ball
SEENE CepiellEuie: (Oil lubrication) (Oil lubrication) (Oil lubrication) L
. . Carbon Ring type : :
Seal Labyrinth Labyrinth Mechanical Seal Labyrinth E DGS
=i 70,000 200,000 45,000 120000 TBD
Heater LNG fired Immersion LNG fired Immersion : LNG fired
Thermal Oil Boiler electric heater Thermal Oil Boiler electric heater flue-gas Heater
Recuperator none none none PCHE 2 PCHE



Tens of kWe Test Loop
& Axial Turbo-generator



Full Cycle for Waste Heat Recovery

Hundreds of kWe Full Test Loop ~
GU0-C.2015-209) by
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Technical Issues in S-CO, Turbomachinery

lab-scale

(under MWE) @ E riuiu .MS

Windage
Loss

h pTalily rﬂlmh T/P

'Gas Foil
Bearing
Failure

[High Thrust]

KIER Strategy

Scale-up is OK!

[S Wright, SNL, 2011]

Trust Gas Foil
Bearing Failure

[K. Radil et al., ARL-MR-0749, NASA, 2010]
[T. Conboy et al., Journal of Engineering for Gas Turbinesand Power, Val. 134, 2012]
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KIER S-CO, Axial Impulse Turbo-Generator

S-CO, Axial Impulse Turbo-Generator Details are shown in ‘GT2017-64349

= Turbine wheel diameter : 80 mm

= 12 nozzles, 34 blades

= 17% Partial admission

= Design speed: 45,000 RPM
Tilting-Pad Tilting-Pad

Thrust Bearing  Journal Bearing T_!

&

Nozzle

Partial Admission

Carbon Ring
Generator Mechanical Seal
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Test loop (200°C off-design, Transcritical)
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T=300 °C o Ol buction pump r/ Vacuum  Vacuum
T O > H @ Cooling water S 1o Cffbf e
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Test loop (200°C off-design, Transcritical)
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Test loop (200°C off-design, Transcritical)

Load Bank Thermal Qil
Boiler
Zoeli »// Oil Cooler Cooler PCHE
Mass flow
meter
Leakage
Safety Fence Cooler
Heater PCHE
CO2 supply Turbine
pump Bypass
Line
Turbine
Bypass
Valve
Main CO2 Axial Impulse Axial Impulse
Pump Turbine Turbine
Liquid CO2 Gas CO2 for Control & DAQ Leakage

tank Seal Barrier Compressor

13



DAS & Control

Bearing Temp. Main CO2 Loop CO2 Leakage
Monitoring Monitoring Monitoring

14



Leakage Management

Turbine System

CFD analysis of leakage flow Leakage Make—-up System
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Leakage Management
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Preliminary test

“Rotating Speed” vs Power Consumption “Turbine Chamber Pressure” vs Power Consumption

bine Outlet Pressure: 55 bar p‘
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Preliminary Power Generation

Cycle /Turbine Inlet Continuous Avg.
103 bar 100 bar Power Gen, | Turbine Power
&212°C & 205 °C 45 min 10 kWe
Cycle Max.

— Turbine Inlet

Electric
Power

July, 2017

10kWe |

(FiH| =4 = oS
Power meter

18



Preliminary Power Generation

- TEST RESULTS @ TENS OF KWE TEST LOOP July, 2017

——P.cycle.max (bar) —T.cycle.max (C) ——P.turb.in (bar) =——T.turb.in (C) ——Electric Power (x100W)

200

150

100

PRESSURE (BAR), TEMPERATURE (°C),
ELECTRIC POWER (X100W)

Pump speed control

50
Turbine valves open
Load control
= ] "
Cycle Operation 500 1000 1500 2000 2500 3000
by Bypass valve

TIME (S)
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Preliminary Power Generation

July, 2017
L 1006 / 74 bar 4 Turbine Inlet Temperature (°C) 203.4
ar,
| 66 bar | Turbine Inlet Pressure (bar) 98.1
| | Turbine Outlet Temperature (°C) 180.1
Turbine Outlet Pressure (bar) 67.7
— Pump Inlet Temperature (°C) 24.3
o 2L |
— Inlet P :
o I 0,,=606.8 kW W ,5=25.0 KW | Pump Inlet Pressure (bar) 65.9
8 Newrp=51 % Pump Ouitlet Temperature (°C) 31.7
= B 7 Pump Outlet Pressure (bar) 99.1
@®©
) 2 1 Mass flow rate (kg/s) 1.69
o L i L eakage mass flow rate (g/s) 34.46
% 100, N Expansion ratio 1.45
= | W 105 kW i Turbine Power (kW)* 25.0
net™=>" Turbine efficiency (%) 51
B _ Nnet=1.73% . .
W pump=14.5 KW Pump Power (kW) 145
Npump=01 % Pump efficiency (%) 51
I | | 1 Net Power (KW)* 105
o000l | | | | L L1 N Lol L1 ] .
0.50 15 20 25 3.0 Heat in (kW)* 606.8
Entropy (kJ/kgK) Net efficiency (%) 1.73

*Power was calculated by enthalpy difference
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500°C kWe Test Loop
& Radial Turbo-generator



Turbo-generator for 500°C TIT

= Design power: 4.5 kW (w/o mechanical loss)
= Design rotational speed: 120,000 RPM

» Design axial force: 2 N

= 1/10 Partial admission nozzle

Scallop

A

| Permanent Magnet |

Angular Contact
Ball Bearing

E22853035883858
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Angular Contact
Ball Bearing

Labyrinth
Seal




Test loop (500°C, Transcritical)
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Test loop (500°C, Transcritical)

] ' Op iest raa Cyde Loop Test Facility (17) Manufactured Settling Chamber

24



Test loop (500°C, Transcritical)

Panel Inventory Separator
Main CO2
Chiller Pump
Recuperator Reservoir
Settling
Chamber CO2fill
Liquid
Inventory HUC ptrp
Turbine Reservoir
Heater Mam_Dram
Line
V 4 N\
4 Test Procedure )

Co, Pump Turbine .

Valve Emergen Heati i

et geney Leak test Charging Bypass Bypass ng E"r'i'ei':;
test mass test test test test

\. J
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Test loop (500°C, Transcritical)

——————

26



Preliminary Power Generation

d Turbine

Cycle Max. \ Inlet Turbine
127 bar 112 bar Power
& 477 °C & 401 °C 287 We November, 2017
/ Cycle Max.
?
CO2 loop Turbine Inlet
Cooling loop

Bearing
Temp. Pump Control

Turbine Power

Manla

Heater & Valves Power meter

Control & Monitoring System
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Preliminary Power Generation

November, 2017

.
.
----
.
.

Turbine Bypass
Valve close

TurbineInlet __—»
Valve open

: . \

Cycle Operation Turbine Outlet
by Bypass valve valves open
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Temperature (°C)

W pump=1.00 KW
npump:7o %

Wturb:5'06 kW
nturb:81 %

Qin=49.12 KW

45

Entropy (kJ/kgK)

Preliminary Power Generation

November, 2017

W 10 =4.05 KW
Nnet=8.2%
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| Temp.(Q) | Pressure(bar) |

1. Pump.Inlet
2. Pump.Outlet
3. Recup.Cold.Inlet
4. Recup.Cold.Outlet
5. Heater.Inlet
6. Heater.Outlet
7. Turbine.Inlet
8. Turbine.Outlet
9. Recup.Hot.In
10. Recup.Hot.Out
11. Cooler.Inlet
12. Cooler.Outlet
Mass flow rate
Turbine Leakage
Pump Work
Pump Efficiency
Turbine Work
Turbine Efficiency
Expansion Ratio
Heat In
Heat Out
Recuperator

Recuperator
Approach Temp.
Recuperator CO2
pressure drop
Net Power

Net Efficiency

6.2 64.9
12.4 128.2
12.7 126.9
9.3 126.8
95.8 1245

4512 1245
398.75 1105
349.9 67.3
309 67.2
27 67
25.4 65.5
17.1 65.3
110.19 g/s
7.66 g/s (7%)

1.00 KW
70 %

5.06 kW
81%

1.64
49.12 kW
13.61 KW
38.53 kW (Hot CO2)

15°C

0.1 bar (Cold CO2)
0.2 bar (Hot CO2)
4.05 kW

82%






Summary
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Future Works (In-direct)

Under Construction

Flue gas
1.97 kg/s

T=500 °C

A

n=80%

T=392°C

P=13500 kpa lurbine A p_i3'505 o, Turbine B

n=80%

: Wi a=124 kW W, =93 kW
Q=648 kKW | 14 % - -
T=442 °C T=338 °C
P=7,700 kPa¥. P=7,700 kPa¥
¥y
411 Recup A
T=103°C |17}
. P=7,700 kP4 T=73°C
P_T1§2526‘0 EPa B | P=13,500 kPa \
’ T=338'C \
& P=7,700 kPa 1
Recup B
- 7 1.74 kg/s
o AU Time Q52
P=13,500 kPa i -1 —
s-CO2 3.7 kg/s :
- D%ﬂ: g |
1.96 kg/s T=73°C 4 gf |
P=13,500 kPa ; :
/{/ |
le . Y
Coolin
Compressor v 8
tower
n=65% T=35°C
P=7,700 kPa
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Future Works (Direct)

2 Development of a combustor for direct SCO2 (Allam cycle)
@ KIER started small project in 2018

© Development of a basic combustion test loop
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The KIER, a global energy innovator, does its best in pursuing its mission to invent world-class energy technologies based on open
innovation, life-cycle research quality assurance, participatory and open communication. Therefore the KIER will become the best
energy technology R&D institute in the world, contributing to the creation of wealth and improvement of quality of life for the people.





