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Objective
¢ Developa “10kw SCO2 Turbine Power System”
(2016/ 01/ 01 2018/ 12/ 31) ° including :
¢ 1. Indirect Heat Source SCO?2 System
for Waste Heat, Geothermal Source... ;
& 2. Direct Heating SCO2 System
Oxyfuel Combustor Design & Preliminary test
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Joined with some heavy industries and Universities



Industry Consortium

China Steel
& Onsite available waste heat

o Agree to provide heat source to test
¢ Matching fund of 7.5%

CSIST
¢ Provide Turbomachinery assistance

MIRDC

¢ SCO2 Fluid Properties and System Monitoring



Waste Heat in Taiwan

¢ High temperature waste heat recovery from
cogeneration and boiler

& < 250°C waste heat recovery using ORC (u=10-15%)

¢ Current heat recovery suffers from cost , footprint ,

efficiency




Main Tasks

a. Design and Analysis of the SCO?2 System
Thermal Cycle ;

b. Design and Fabricate of the Turbine & Compressor
Subsystem;

c. Alternator (ISG) Design and Assembly;

d. 10 Kw SCO2 Power System Integration & Test
e. Oxyfuel Combustor Simulation, Design and Fabricate
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10 Kw SCO2Z System Specifications

a. Turbine Inlet Temp. 300 C, Pressure 14.1 Mpa.
Turbine Outlet Temp. ~ 250 C, Pressure ~ 8.5 Mpa.
Compressor Inlet Temp. 32 C, Pressure” 7.8 Mpa.
Compressor outlet Temp. ™ 50 C, pressure” 14.5 Mpa.
Heat Exechanger Temp. difference(AT =50 C™ 150C),

Pressure Loss each Step (AP~ 0.1Mpa)

b. Compressor Outer Radius ~ 4.0 cm,

Turbine Outer Radius 4.0 cm.

c. System SCCO2 flow rate ™ 3.0 Kg/sec.

e. Turbine Shaft RPM ™~ 30,000 rpm.

f. Heat Source Temp. 350 C



10 kw SCO2 System Spec. & Design



Power System Development Approach
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(1 kw—10kw — 250kw — Mw)

Small Prototype R&D :

I Kw power output from Waste Heat
Using Brayton power cycle

CFD Analysis of Compressor and Turbine
Performance in SCCO2 Flowfield

Design and Fabricate a Portable System

Test and Assess the following technologies
required

SCO2



TAC Component



Designed Compressor & Turbine



CFD Simulation of
Compressor & Turbine Flowfield

& Governing Equation:

& Mathematical Model Adopt Time-Dependent
Reynold’s Navier-Stokes Equations ;

¢ Using discrete finite-volume Method coupled with
Compressible Implicit Approaching Scheme -
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Turbine Surface Pressure Distribution



Compressor-Turbine System Flowfield Simulation



25Kgw/min 50 Kgw/min 100 Kgw/min

27,000 rpm






Turbine-Alternator-Compressor Section






Test Data showing Temperature, Current and Voltage




Results & Suggestions

As turbine inlet temperature T 150 C, and pressure difference
AP between turbine inlet & outlet reaches AP >30Kg/cm2,

the system can start running.

The maximum Voltage outputis V™ 125 v, Current I~ 5 amp,
Rotation speed R~ 10,000 rpm.

The test condition is not stable and can not offer sustained
power output yet.

Estimated improvement includes: heat exchanger, heat source,
compressor--turbine flow & system piping...



10 Kw System Aspen Plus Analysis & Flow chart



Aspen Plus Simulation

— - = . : = : Turbine efficiency: 85% (assumed)
Pressure . .
(MPa) Compressor efficiency: 78% (assumed)
T(K)

Turbine output 43. 7KW
State ] 5 3 4 p p Net work output 30.9kW
Pressure . . . . : Heat to Power 34.8%
(MPa) ..

efficiency

T(K) 438.03 579.85 530.74 326.95 304.85

Net efficiency 27.6%



Mass flow:1kg/s
Rotation rate:
30000 rpm
Blade number:13

Turbomachinery

Inducer number:12 |




RFR frame

Rotor entrance angle
(~40)
\ortex affect dynamic

movement

Outlet streamline not
axial direction

Dynamic Energy loss




Model pressure

e \ortex cause

pressure drop

Pressure drop caused

by large incident

angle

Model temperature

\Vortex also cause

temperature non-

continuous




Modify the Design parameters

Flow Rate increase to 3.1kg/s ~
Rotation speed to 50000RPM

Mass flow: 3.1kg/s
Angular velocity: 50000 rpm
Blade number:13

Inducer number:12
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RFR frame

Rotor entrance angle
(~20°)

Less vortex zone

Exit streamline
direction need

improved




Model pressure

Less pressure drop
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Model temperature

Less temperature

drop zone



Design model
Inducer Rotor

Interface
inlet outlet

Static pressure

(MPa)

14

Static

temperature (K)

Velocity in Stn

42.8

frame (m/s)

Density (kg/m?) 131.38

Ao ases LA

Total enthalpy chart



Development of a High-speed permanent magnet
electrical machine

Characteristics of the PMSM Specifications

> High power density and high Selection of silicon steel and permanent
efficiency levels magnet for specific operating environment
> High power factor and thus power Silicon steel : 10JNEX900

saving o suitable for high-frequency condition

o ability to provide starting torque > low core loss

o Reduction of volumes > High permeability

> Low rotor losses and low copper > low magnetostriction and stable quality
losses

terial thickness specific resistance | saturation magnetization |coreloss(400 Hz,1T),
materia
(mm (1Q.m) (W/kg)
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o suitable for high temperature

environment
o high residual induction and coercive
force
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Development of a High-speed Permanent Magnet Electrical Machine

Design result

Taking the empirical analysis into
consideration with the simulation of the
ANSYS EM Maxwell software has led to
the development of the model in figure 1.

Fiqure2.rated output torque in the PMSM Fiqure3.induced voltage in the PMSM

Figure 1. Model of the 50000 rpm 10 kw permanent magnet machine

Through simulation, the rated output
torque and induced voltage of figure2.
and figure3. was developed. It shows that
the ripple torque were relatively small and

smaller harmonic components.
The most important geometrical data and

details concerning simulations are
summarize in below.



System Energy Balance Analysis



Heat Exchanger Analysis

Heat exchanger heat loads+
exchanger 1, heat load- QEX I+
Exchanger 3, heat load- Q EX 3+
exchanger 2, heat load- O EX2-

N

Work input and output.

Compressor work inpute

turbine work outpute




SCO2 Brayton Cycle Graphs

Supercritical CO2 Brayton Cycle
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SCO2 Oxyfuel Combustor Analysis



Difterent types of Fuel Injector

Edge Edge Edge
Liquid Particle Agglomeration Particle
Dispersion Ablation  Ablation/Dispersion  Ablation/Interaction

Injection
Orifice

Intact Unstable |
Free Jet Jet Column Jet Breakup

Agglomeration
Breakup

Far Wall

Supersonic Flow Mixing

Length













1. Collect CH,, CO,, H,0, O,,CO, N, and H, Gas Properties
2.Using “Converge” Scheme Simulate CO2 ,CH4 & O2

Combustion

“Reference: J. Delimont, A. McClung, “Simulation of a Direct
Fired Oxy-Fuel Combustor for sCO2 Power Cycles”, SwRI,
2016.



Task 1 Results: Gas property
[CH, and species critical T and P]

CH,
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Governing equation
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Combustion modeling: CEQ

- Simplify combustion modeling base on chemical
equilibrium.

« When chemical time-scales are faster than the
fluid time-scales, CEQ are used for the
combustion modeling.

- The CEQ solver is ensure for any combination of
gas species.

- This solver uses data in “therm.dat’ and
« » o7 o o
mech.dat” to calculate the equilibrium
concentration.

- We use the 30 species in Lu & Law’s methane

skeletal mechanism and thermodynamic data
based on GRI 3.0 for this simulation.

Reference:
Tianfeng Lu and Chung K. Law, "A criterion based on computational singular perturbation for the identification of quasi steady state species:
A reduced mechanism for methane oxidation with NO chemistry," Combustion and Flame, Vol.154 No.4 pp.761-774, 2008.

Reacting Flow Laboratory, National Cheng

4
Kung University 4

9/4/15



Boundary condition

Boundar Setting X
y ID Type Parameter VeIl | g
eloci 10 m/s OXidant(Oz)
Fuel INFLOW o Fuel(CH,) Wall  Outlet

temperature 313
velocity 20
Oxygen INFLOW

temperature 313

velocity 20

CO, INFLOW
temperature 1073

Outlet OU;F; 58 pressure 7.4

Wall WALL temperature

o BRI E313 KEEEE FEECold CO,
cooling HYz2 2%
. “,ﬁ%f'?%&«_%z%:%&ss MW o Co,

9/4/15 45
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Observed Sectors Profile

Plane YZ
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Results: Temperature (K)

o



Results: Velocity Vector (m/s)
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Task 2 Results: Pressure (Pa)
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Task 2 Results: Mole fraction of CH,

_Jelsielolole

Reacting Flow Laboratory, National Cheng
Kung University
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Task 2 Results: Mole fraction of O,
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Task 2 Results: [Mole fraction of CO,, |
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Task 2 Results: Mole fraction of H,O
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Task 2 Results: Mole fraction of CO
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Task 2 Results: Exhausted Gas Compositions

Species

Percentage

4.98%
85.59%
0.15%
8.84%

0.07%
0.28%
0.08%
100%

Exhausted gas temp.: 1959K

55



Future works

¢ TAC(Turbine-Alternator-Compressor)
Designed, Coupled and Fabricated

o ISG will Establish Current Wave Feedback

Control Mechanism, in Sine Wave Form
Distribution

¢ SCO2 Thermal and Fluid System Integrate &
Test -

o SCO2 Oxyfuel Combustor Parameters
Analysis, including, locations and flow rate
of injectors, wall temperature, exhaust gas
composition, etc. Then fabricate and test.
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