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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 SCOZ2 System

Oxyfuel Combustor Design & Preliminary test




Industry Consortium
~ China Steel

& Onstite available waste heat

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

@

& SCO2 Fluid Properties and System Monitoring




Taiwan Waste Heat Potential
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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




Taiwan Geothermal Resources
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Main Tasks

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

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

~_ Alternator (ISG) Design and Assembly;

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




10 Kw SCO2 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. 285 1= Lft 8 & -Bravton Cycle
c. System SCCO?2 flow rate 3.0 Kg/sec. ;
e. Turbine Shaft RPM ~ 30,000 rpm.
- f. Heat Source Temp. 350 C
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- 10 kw SCOZ System Spec. & Design a1,
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POW%PSysteﬁkBevelepmeHFApprea h
(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
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~Designed Compressor & Turbine
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CFD Simulation of
Compressor & Turbine Flowfield

& Governing Equation:

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

& Using discrete finitevolume Method coupled with

~ Compressible Implicit Approaching Scheme >

7, L
JIfudQ + [ xds = 0
ot o .




Turbine Surface Pressure Distribution

(a) air flow (b) scco?2 flow.




- Compressor-Turbine System Flowfield Simulation —

mass-flow-inlet

pressure-outlet
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—Turbinc~Alternator-Compressor Scetion
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Test Data showing Temperature, Current and Voltage




Results & Sugeestions

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 [ 5 amp,
Rotation speed R~ 10,000 rpm.

The test condition is not stable and can not offer sustained

power output yet.
r r )

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




10 Kw System Aspen Plus Analysis & Flow chart
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Aspen Plus Simulation

-----_

Pressure  14.5 14.5 14.2 8.5

(MPa)

T(K) 323 475 580 523 330 305

-----_

Pressure  14.5 14.5 14.2 8.5
(MPa)

T(K) 321.95 438.03 579.85 530.74 326.95 304.85

Turbine efficiency: 85% (assumed)

Compressor efficiency: 78% (assumed)

Turbine output 43.7kW
Net work output 30.9kW
Heat to Power 34.8%

efficiency

Net efficiency 27.6%




~ Mass flow:1kg/s

-~ Rotation rate:

30000 rpm

o | Blade number: 13

— Inducer number:12 |
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Model pressure
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DeSign mOdel . e
Inducer Rotor |
Interface
inlet outlet
Static pressure

(MPa)

Inducer«
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Velocity in Stn
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- Rotation speed to 50000RPM

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

Inducer number:12

0.080 (m)
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Design model
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Integated Starter & Generator Design




Development of a High-speed permanent magnet

~Characteristics of the PMSM Specifications
~="High power density and high
efficiency levels
- High power factor and thus power
saving

s-ability to provide starting torque

s Reduction of volumes

~Josses

= | design parameter | technical value

.
.

electrical machine —— — — — — — — -

Selection of silicon steel and permanent
magnet for specific operating environment
Silicon steel : 10JNEX900

o suitable for high-frequency condition

> low core loss

o High permeability

> low magnetostriction and stable quality

thickness specific resistance | saturation magnetization |coreloss(400 Hz,1T),
(mm) (uQ.m) (M (w/ke)

o1 [ oas |2 | es |
Fe base 2irrrolcus ; 0.025 - . | .

o suitable for high temperature

environment
o high residual induction and coercive

Magnetic Properties




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.

Tang = —3.214(N.m) ; Tyippie = 0.0062(N.m) | Voms = 2375V

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

~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
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2. ABBIEBMESW .

refrigerants
hot and cooling working fluid-

Unite
re{rigemm flow rater

hot water flow ratee

coolingwater flow rates

hot water inlet temperaturee
Cooling water inlet temperatures
hot water inlet PRESSURE?
Cooling water inlet PRESSURE-

isentropic efficiency of compressors
isentropic efficiency of turbines

temperature l¢
temperature 2¢
temperaturese
femperature 4¢
temperature 5¢
femperature 6+

o
pressurels
pressure’le
pressurese
pressurede
pressurede
pressuretde

Design Assumption.
4

carbon dioxides

Water-
St with Ce
1o
5o
5o




' Heat Exchanger Analysis

Heat exchanger heat loads-
exchanger 1, heat load- QEX -

| Exchanger 3, heat load- Q EX 3
exchanger 2, heat load- Q EX2e
+
Work input and output.
Compressor work inpute
turbine work outpute




SCO2 Brayton Cycle Graphs

Supercritical COZ Brayton Cycle

|
!

(C

Supercritical CO2 Brayton Cycle

Temperature

=
[=)]

=
F=&.3 IWIFd

—
I~

[
[xS]

—
o

Pressure (MPA)

201 401 601
Entahlpy (kj/ke)




Heat exchanger Analysis+

exchanger 1l

-—

‘\

T—e —e—cold stream

—e— hot stream

300

exchanger2

—e— hot stream

changer

o

exchanger3

\. —e—cold stream

—e— hot stream




Typical Heat Exchanger type

KAORI
K
B

C type is the CBE, dedicated to R744 (CO2), and compatible with heat
pump and refrigeration system. The model has three types, including
70/100/140 BAR. The compact design plus outstanding thermal transfer
efficiency and low pressure drop charaterize C series. C202 can sustain
140BAR and afford the pressure caused by R744 as thermal media.
This capacity delights the COP value and results in "0 "ODP to protect
the environment where we live, C202 can work well with pre-cooler and
parvasive in various kinds of residential heat pump.

Industries
HVAC, Refrigeration, Heat Pump

General Information

Connection (up to)
Applications
— Evaporator, Condenser, De-superheater/Subcooler, Economizer,
Male Thread Female Thread pre-cooler/Pre-heater

Solder Capacity Range
Depends on working 140.64KW

condition

Specifications

Standard Materials

Cover Plates Stainless Steel
Connections Stainless Steel
Plates Stainless Steel
Braze Material Copper

Standard Data

Max. working temperature °C 200
Max. working pressure (bar) 140
Min. test pressure (bar) 200
Max. flow rate (LPM) 720.00
Max. number of plates (N) 160
Plate Heat Transfer Area (M?) 0.095 m*2 ' 6 ©
Thickness (mm) - H 14.0+2.15'N —

Weight (kg) Ao Tes (size: mm)

{without connection)
N: Number of Plates




SCO2 Oxyfuel Combustor Analysis

Oxy-Fuel Combustion

CO,




_ Different types of Fuel Injector

ATOMIZATION IN COAXIAL-JET INJECTORS
Edge Edge Edge
ﬁﬁ:ﬁi:;u Liquid Particle Agglomeration Particle
Dispersion Ablation  Ablation/Dispersion  Ablation/Interaction

Injection
Orifice

Intact Unstable
Free Jet Jet Column Jet Breakup

/ Agglomeration
[ Breakup

L— Far Wall

Breakup
Distance

Supersonic Flow

Mixing
Length

r




Concept

COMBUSTOR EXAMPLE (F101)
Henderson and Blazowski

¢
i

Turbine
NGV

Compressor




Liquid rocket engine (NASA 1963)

Chamber

Heat
Exanger

kL®

Oxy-Fuel Combustor Modeling

CFD exploration of high-pressure oxy combustion in a swirl
stabilized non-premixed research combustor. What if???

P=300bar
20%02/80%C02
T=2050K
Mdot=72 kg/s
180 MW

3.3M Cells
LES (Dynamic Smagorinsky)
1-step mechanism -

* Compressible LES formulation allows for simulation of
combustion dynamics.



Oxy-Combustion

i Coal Slurry

* Oxygen + reactant

* Direct fired sCO2
combustors have a
third inert stream

* Challenge:

— Mix and combustor
fuel with out high
temperature

Four 90° Four 90°
fuel injection jets 0, injection jets

Pressure vessel

Cold CO, — cooling

Refractory Liner

- Distributed reaction zone
800°C CO, inlet Fuel premixing zone (stabilized by autoignition)

Metal support liner

(jet-in-crossflow)

Centerline




1. Collect CH,, CO,, H,0, 0,,CO, N, and H, Gas Properties

EAFAHE BE S (8MPa), CH,,H,,H,0, CO,,N,, CORIO, R AE, 5 E 52
{E2 Viscosity and Conductivity E#E 1 F1:ZX—HI1Converge[N 22 Gas
property data base BEHEZEEES -

| 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,




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

CH,
00 +——F——7——7——F——F—F—— 022 1
. IJqunpd’se Supercritical phase —-O.Z)"\ TC(K) PC(MPa)
? | O o amagy Josg  CH, 190.56 4.59
000015 L oS
o . —dmakese 1912 O, 304.12 7.38
> 0w (Coverge) —_0.14_2\
gam_ ot -_0.12% H,0 647.10 22.06
£ H, 33.15 1.30
O, 154.58 5.04
CO 132.86 3.50
N, 126.19 3.40




Task 1 Results: Gas property
[CO, and H,O]

co, H,0
0.00025-—
018 Om} T T T T : T T T U T U
- < ‘ {07
7 O.lﬁé 00018 0 | VERERED | 2
@ 0] = & 00016 ; f 0 8waHO 106 £
al | § 0-14§ @© Y ' —
= 012X D\_-/ 0.0014 ‘ — databese ;
éb.m— 2> > 0 | (Converge) 05;
) > £ 00012 | 2
3 | {0105 loa=
O S Q 000101 O "o
20000101 1085 =
ST c 9 00008 0 {035
] 0060 ] (e
O o)
0.00006- 004 1 10203
_ {0 & 101
0.00000+— T " T T T " T T " T " T " T° 0.00 - 00
0 100 200 300 400 500 600 700 800 90010001100

0 20 40 60 80 1000 1200 140
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Computational domain

Four 90° Four 90°
fuel injection jets 0, injection jets

Fluid domain

Metal support liner

Nk

~ | Distributed reaction zone [
(stabilized by autoignition)

800°C CO, inlet Fuel premixing zone
(jet-in-crossflow)

Fuel Oxygen
Injection Injection |
\

0254



Governing equation

- HESFEHE }%v.@mo
. yEsgsE 0% 0 B\ ¢ 4=
i +a—xi(pui¢k—rka—xi —S¢k k=1,.,N

[ RS, BRBABABORE -

* BETENE ap(pﬁ)w-(pv*‘)=-Vp+\7-(%)+p.?f+?

TENER T= u[(m v ) -gv-w]

d
« RETENE ;ﬁ)w-(ﬂpﬂp))=-V-(Z,h,-1,.)+sh
J




Combu

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 “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:

ion modeling: CEQ

="/ Reaction mechanism

Available elements:

OHCNAR

Available species:

H2 H 0 02 OH H20 HO2 H202 C CH CH2 CH2(S) CH3 CH4 CO
C02 HCO CH20 CH20H CH30 CH30H C2H2 C2H3 C2H4 C2HS
C2H6 HCCO CH2CO CH2CHO N2

Number of available elements: 5
Number of available species: 30
Number of available reactions: 184

= Check prupemes

E 1 | i ‘ Q Valldate

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

s Kung University

52




undary condition

¢ Boundar Type Setting Value D Unit
y ID

Parameter

velocity 10 m/s FUEl(CH4) OXidant(Oz)

Fuel INFLOW Wall Outlet

temperature K

22 velocity m/s =,
f Oxygen INFLOW )

temperature

velocity
CO, INFLOW

temperature

| C | OU;I;:LO 7 MT

Wall WALL temperature 313 K

B¥ AR 313 K& )2 FUiE T Cold Co,
coollng AR 2L o

KRN 2R 133 55 MW o




Observed Sectors Profile —

Plane YZ

Z I
Plane XZ

9/4/15




Results: — Temperature (K)

—

¢ T
. e T
z
temperature(K)

300 1100 1900 2700 3500




Results: Velocity Vector (m/s)

i — -
e e
-k = ——
—_—
- e




pressure(Pa)
| — |

7.00e+006 7.25e+006 7.50e+006 7.75e+006 8.00e+006




~ Task 2 Results: Mole fraction of C i)

L.

0.000 0.250 0.500 0.750 1.000

xCH4

¥

#4

Iy

_[elsleleiole

Reacting Flow Laboratory, National Cheng
Kung University




- Task 2 Results: Mole fractionof O,

o

e ———— ]
0.000 0.250 0.500 0.750 1.000




Task 2 Results: [Mole fractionof CO, 1 —

LP«*-’

xCO2

0.000 0.250 0.500 0.750




0.000 0.050 0.100 0.150 0.200




~ —Task 2 Results: Mole fractionof CO——

—————————————
0.000 0.070 0.210 0.280




Species Percentage

4.98%
85.59%

0.15% Exhausted gas temp.: 1959K
8.84%
0.07%
0.28%
0.08%
100%




Future works

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

« ISG will Establish Current Wave Feedback
Control Mechanism, in Sine Wave Form
~ Distribution

~ & SCO2 Thermal and Fluid System Integrate &
~ Test-

¢ 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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Milestones of the Project
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Comments & Suggestions
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or Design
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. 10 kW
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