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Why is a cold turbine difficult?

 Multiphase flow!

* Lack of validation data for loss models in this flow regime [3-5]
* Lackof turbine design experience in the open literature [6-7]

a) Transient two-phase flow.
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b) Separated two-phase flow.
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) Dispersed two-phase flow.
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Various examples of sCO2 heat pumps
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Multiphase Tolerant Turbine (MuTT) Project Overview

Project Objective:
Retire multiphase turbine design risks through an understanding of
multiphase turbine operation, enabling improved turbine performance and

operability range
BP1 - Design BP2 - Procurement & Assembly BP3 - Testing
1. Turbine design 1. Procurement 1. Testing
2. Multiphase CO2 modeling validation data 2. Assembly 2. Data processing
3. Testloop design 3. Commissioning
This presentation will highlight our most Waiting for BP2 approval

significant challenge in the loop design
& initial multiphase data
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For Scaled Turbine Test in BP3

Torquemeter Flywheel Generator
measures speed and torque to designed to limit overspeed leverages existing SWRI design
provide power measurement conditionto < 17,000 rpm with a and equipment
0.5 sec stop valve closing time

T-slot subskid
allow flexibility in mounting location and
alignment with alighment channel to

force alignmentin horizontal plane

MUTT LOOP DESIGN

TMCES 2025
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Turbine Test Loop Arrangement

Existing liquid CO2 pump

Throttle control upstream
of heater for pressure

X Pump

Chiller 2

rating

Flow Meter

:
Multiple coolers — L @
and chillers Recycle

Chiller1

Density measurement
at turbine inlet and exit

P

Turbine
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Scaled Existing water-CO2
prototype test heat exchanger
turbine
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Test Loop Conditions Definition
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Two key challenges arose after initial
sweeps of test conditions:

N

1) confidence in pressure loss modeling

2) the large required thermal duty for heat

Pressure, MPa
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Estimating heat rejection requirement with gross assumptions of

pressure losses... :
Assume: 45 1 |i
1. Neglect pressure loss in the piping
2. Minimal pressure loss through the HX
. 4 + |
3. No subcooling
E : "  kifkg
= I
= U35 1 / 4 0°C
e ﬁ@o Flow Meter % =
; & i
. Pump
Chiller 2 (% ) 3 +
o Recycle A | : _1O°C
,,,,,,,,, : 25 4 Approx 1 MWth
! Hot |
? e - e
Chiller 1 § -
?”” . 2 L e e e e e
- 150 175 200 225 250
e Enthalpy, ki/kg
Turbine
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Estimating heat rejection requirement with gross assumptions of
pressure losses... s 1

45 +

Assume:
1. Neglect pressure loss in the piping
2. Minimal pressure loss through the HX .

5 °C subcooling

]

Pressure, MPa
(W V)
(9]

memeeey ﬁ@o Flow Meter
Pump

/ 110°C

25 | 1.2 MWth

Hot B
Water o
Loop i -15 C
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Estimating heat rejection requirement with gross assumptions of

pressure losses... ; ,
Assume: 45 71
1. Neglect pressure loss in the piping
15% pressure loss through the HX
5 °C subcooling T
s |
= g3.5 ': 0°C
Chiller 2 (% ) 3 &
o i R [ 10°C
,,,,,,,,, H* 25 4 / 1.5 MWth
| ? o - 157
? e ...... 2 ! . . . . I . . . . f . . . L f L L L L
- 150 175 200 225 250
m@ Enthalpy, ki/kg
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Estimating heat rejection requirement with gross assumptions of
pressure losses... s

Assume: 45 7

Multiphase pressure loss in the piping
15% pressure loss through the HX

) 4 +
5 °C subcooling
&
=
[—} 23 > 0°C
L—] I
ho‘Q_o Flow Meter 8
a
Pump

FrT ; [ -10 °C
| : 25 + / 1.6 MWth

Hot L
Water o
Loop i -15 C
»\‘ L
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Assumptions of pressure losses underestimated the required
cooling duty by 0.6 MWth s 1

Assume: 457
Multiphase pressure loss in the piping
15% pressure loss through the HX

5 °C subcooling 1

These are all assumptions easily made during
proposal and rough order of magnitude checks

Pressure, MPa
(V]
(W2
N
o
O

and led to a large miss in test requirements. 3 1 !
| -10°C
Highlighted the need for multiphase CO, 25 T </ >
validation data for not only the turbine design, - -15°C
but also the loop design I
2 L ——
150 175 200 225 250

Enthalpy, ki/kg
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MULTIPHASE NOZZLE TESTING

TMCES 2025 SOUTHWEST RESEARCH INSTITUTE MACHINERY DEPARTMENT

5
&
o
Fee
4 ’—.

13



A converging-diverging nozzle design selected pressure loss and
multiphase CFD validation data

1. Liquid at inlet and expand to 2.
the highest vapor fraction

possible
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Inlet design to accommodate
measurability and
manufacturability
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0.3

3. Throat was made as long as possible,
and the diverging section was made linear
and long enough to prevent flow

separation
\Slﬁ’gacr:ﬂme‘l
7.477e+01
H 20 kg/s Flow separation

! 5.608e+01

o 3.73%9e+01

1.869e+01

0.000e+00
[m s2-1)

0.2 m diverging section
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Detailed nozzle instrumentation included:

ox inlet RTD 3x high-frequency response pressure 2% outlet RTD

— ———

51x static pressure Higher accuracy static
pressure transducers

2x Gamma-ray
densitometers
X-ray or
Gamma-ray
source

Detector
Collimator

Pipe wall 8]

Gamma sources
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Pressure [bar]

Multiphase flow was confirmed through an isenthalpic process
assumption and densitometer data
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Pressure data showed pressure
drops between 4.0-9.6 bar
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Pressure [bar]

Multiphase flow was confirmed through an isenthalpic process
assumption and densitometer data

CO2 Density Distribution Along Nozzle
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The Lockhart-Martinelli multiphase pressure drop model is much more
appropriate than homogenous Darcy-Weisbach

Comparison of Pressure Drop Models

Homogenous Model: Darcy-Weisbach [9]
dx pOV(x)?
D) 2

10{ @ Homogeneous Model
B Lockhart-Martinelli Model

L
y=X APiotar = J(; foo

f = Darcy friction factor

3 N L = pipe length

o D = pipe diameter

g N p = fluid mixture density

5 v = fluid mixture velocity

0 m

g

Q.

T <o Lockhart-Martinelli Model [10]: Two-phase
g = pressure drop multiplier
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STEP, Oxy-combustion, Compander with IGV

OTHER SCO2 TESTING ACCOMPLISHMENTS
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: . A, STEP
STEP sCO, Technology Maturation Achievements %(é DEMO

* Successfully demonstrated gas-fired indirect sCO, plant operation at 500 °C
simple recuperated cycle “max” conditions generating ~4 MW net power while
grid-synchronized

* Allmajor components commercially procured except turbine jointly designed
by GE Vernova and SwRiI:

— Compressors: Baker Hughes

— Heat Exchangers: Parker Heatric, Optimus, Vacuum Process Engineering
— Heater Protection Valve and 500 °C Turbine Trip Valve: SchuF, AVS/HORA
— Plant Controller: GE Mark VI

* Demonstrated repeatability through multiple operations, also safely
demonstrated fast and slow trips

* Project Partners:
U.S. DEPARTMENT OF NATIONAL @' GE VERNOVA
@ ENERGY N Iﬁ%ghélfrgnv GT. ENERGY

* Plant design details available to JIP members

A —
PV S —— N i RICAN
€ 5 ICEDCO Fim- Bl s T eNGie / EiEcTaic * EGAT
Smo Can Southern ey 0 T G  LPOWERT o rThalHappiness
add Company V EEEEEEEEEEEEEEEEEEEEE

sssssssssssssssss
uuuuuuuuuuuuuuuuuuuu

TMCES 2025 SOUTHWEST RESEARCH INSTITUTE MACHINERY DEPARTMENT




Thounk yew

Natalie R. Smith, Ph.D.
Manager, R&D
natalie.smith@swri.org

| R

.zulmu( —

A

TMCES 2025

GT2025-154034
The Design of a Multiphase CO2 Turbine Test Facility
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