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 Supercritical CO2 gas properties SCO2
 Closed Loop Brayton Cycle 
 Seals and Seal design – damper seals, dry gas seals 
 Bearings: Gas and Oil Hydrodynamics
 Rotordynamics 
 Blade Loading and Dynamics 
 Thermal management – Blade cooling, rotor, 

casing, dry gas seals 
 Packaging considerations – KW to 100 MW, high 

speed generator, gearbox experience 
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 Pumps/Compressor/Turbine  Aero 
Designs
 Materials For CO2
 Pressure containment

Outline Cont.
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Supercritical CO2 gas properties 
SCO2 Close Loop Brayton Cycle 
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A fluid is supercritical if the pressure and 
temperature are greater than the critical values

Pcrit = 7.37 MPa (1070 psi)
Tcrit = 31°C (88°F)

Supercritical 
region

Two-phase 
region

CO2

7.37 MPa

31°C

REFPROP (2007), EOS CO2: Span & Wagner (1996)

Increasing 
isobars
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Fluid density sharply decreases near the critical point

CO2
Supercritical region

Increasing 
isobars

REFPROP (2007)
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Super Critical Carbon Dioxide 
Cycles
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Rankine Cycle (Ideal)

• Processes
(1‐2) Isentropic compression
(2‐3) Const. pres. heat addition
(3‐4) Isentropic expansion
(4‐1) Const. pres. heat reject.

• Same processes as 
Brayton; different 
hardware

• Phase changes
• E.g., steam cycle
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Brayton Cycle (Ideal)
• Processes

(1-2) Isentropic compression
(2-3) Const. pres. heat addition
(3-4) Isentropic expansion
(4-1) Const. pres. heat reject.

• Open- or closed-loop
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What is a Supercritical Power Cycle?
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SCO2 Cycles
• Motivation for different configurations

– Best Efficiency
• Most Often Considered
• Cost of Heat Source, Fuel, Solar Mirrors, etc.

– Best $/kW
• Capital Cost Is Most Important
• More Difficult to Optimize

– Best $/kw‐hr
• Intermittent Heat Source
• Variable Duty Heat Source

– Compromising Cycle Efficiency for other reasons
– Materials
– Seals
– Turbomachinery Issues
– Controllability (Ship Propulsion and others)
– Building Scaled Test Machines
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Supercritical CO2 Cycles
Historical Perspective

• Sulzer, 1948, Power Plant
• Feher 1962, 1967, Space Power
• Angelino 1967‐1969, Nuclear Power
• Petr, et al. 1997‐1999, Nuclear Power
• Kato, et al. 2001, Nuclear Power
• U. S. DOE Nuclear, 2000‐present

– MIT
– INEEL
– Argonne National Laboratory
– Sandia National Laboratory

• Echogen, present, Power Plant WHR
• NetPower Oxy‐Fuel
• Sunshot (1 MW scale test loop, 10 MWe turbine) 2013‐2017
• Apollo (3 MW SCO2 compressor) 2018‐2020
• Supercritical Transformational Electric Power (STEP) 2017‐Pres
• Others…

Initial Cycle Schemes Dominated by Nuclear Power
Same Cycles are Beneficial for Solar, Fossil etc.
Bottoming Cycles Tend to Be Unique
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“Compound” Brayton Cycle Examples
“Dual Recompression Brayton” 

Dostal, 2004

Cycle Used for Sandia National Laboratories Scaled Test Loop
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Comparison of SCO2 Cycles with 
Alternatives

Wright, et. al. 2010
Angelino, 1969
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Seals:  Internal and Shaft End



Seals
Labyrinth: 
• Labyrinth seals used at blade tip and interstage 
locations

• Swirl brakes used to minimize swirl entering seal
• CFD used to optimize and evaluate swirl 
brake performance

Dry Gas Seals
• Commercially available at the required pressure 
but limited to low temperature and smaller 
diameter.

• Requires clean, dry, filtered CO2 for seal buffer 
gas

• Superheat required to prevent liquid and dry 
ice formation during expansion across face

CFD analysis of interstage laby seal flow in 
CO2

DGS Face Pressure Distribution from CFD
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Annular Gas Seals in Compressor
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Image source [7-1]



Different Seal Geometries
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Image source [7-2]

Fluid properties affect 
rotordynamics!



Dry Gas Seals
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Image source [7-4]

Rotating seal 
surface…



Bearings
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Gas Foil Bearings
• Thrust or radial bearing
• Working fluid as lubricant

– Do not require separate 
lube system, seals, etc.

• Lower viscosity than 
typical oil lube
– Lower load capacity
– Less damping

• Limited to smaller 
machinery
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Image source [7-5]

Source:  Milone (2011)



Hydrodynamic Oil-Lubricated 
Bearings

• Thrust or radial bearing
• Oil‐lubrication must be 
separated from dry gas 
seals

• Good load capacity
– Used with larger 
machinery 
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Image source [7-6]

Thrust tilting pad

Radial tilting pad

 Types
• Fixed geometry (low performance)
• Tilting pad (high performance)



Rotordynamics 



Rotordynamics
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Region B
Challenges
• High gas density
• High operating speed
• Low critical speed (large L/D)
• Similar design methodology as high 
pressure turbocompressors

Interstage laby seals
• Texas A&M XLTRC code
• Real gas CO2 properties

Balance piston seal
• Texas A&M code
• Perfect gas properties

Result
• Due to uncertainty in seal damping, we used a factor of safety 10x API level II minimum (final 
logdec > 1.0)

Sunshot

Not to scale
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SCO2 Turbine Rotor Features

Stages

Balance
Piston

Thermal Management Region

DGS

DGS
Inlet

Exhaust

Brg

Brg

Generator
Coupling

Compressor
Coupling

• Typical rotor components
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Rotordynamic Modeling
Rotordynamic Modeling

– Similar to other rotors
– Break the series of smaller 

segments at diameter steps
– Components like impellers, 

couplings, thrust disks do not add 
shaft stiffness are modeled as 
added mass

– Stations added at bearings 
centerlines

Second 
Section Gas 
Balance Seal

Division 
Wall Seal

2nd Section

1st Section

Gas Flow 
Path

Typical High Pressure Centrifugal Compressor

Sample 10-Stage Compressor Model

Shaft1
79

75
70

6560555045
40

3530252015
105

haft1
1

Reference: Moore, J.J., Soulas, T.S., 2003, “Damper Seal 
Comparison in a High-Pressure Re-Injection Centrifugal 
Compressor During Full-Load, Full-Pressure Factory Testing 
Using Direct Rotordynamic Stability Measurement,” 
Proceedings of the DETC ’03 ASME 2003 Design Engineering 
Technical Conference, Chicago, IL, Sept. 2-6, 2003
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Rotordynamic Modeling

Ceff - Y-Direction
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Damper Seal Damping Test Data vs. Predictions

Reference: Camatti, M., Vannini, G., Fulton, J.W., Hopenwasser, F., 2003, “Instability of a High Pressure Compressor Equipped with 
Honeycomb Seals,” Proc. of the Thirty-Second Turbomachinery Symposium, Turbomachinery Laboratory, Department of Mechanical 
Engineering, Texas A&M University, College Station, Texas.

• Damper seals like honeycomb seals provide substantial damping
• Damping increases with increasing pressure differential

http://www.dresser-rand.com/insight/v9no1/art_6.asp
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API 617 Requirements

• Stability Plot
– Plots log dec vs. applied KXY

– Ratio of zero crossing (Qo) 
to QA defines stability 
margin

A

o

Q
QSM  Qo
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API 617 Requirements Applied
• Severity of the Application 

defined by location on 
“Fulton” chart

• CSR = Critical speed ratio       
which is the ratio of 
running speed and first 
critical speed

• Horizontal axis is average 
gas density 
– Average of suction and 

discharge density
• The greater the CSR and 

density, the more severe 
the application
– Region A – Less severe
– Region B – More severe
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API 617 Requirements
• If any of the following is not met, then a Level 2 analysis is required

– SM < 2.0
– δA < 0.1
– 2.0 < SM < 10 if in Region B

• Level 2 Analysis includes the effect of:
– All labyrinth/damper seals
– Balance piston seals
– Impeller/blade row (some believe that only labyrinths are important)
– Shrink fits
– Shaft material hysteresis

• Resulting log dec must be greater than 0.1
• Meeting API requirements does not guarantee a stable rotor
• Author’s suggested requirements using Level 2 analysis:

– δA > 0.3
– SM > 3.0
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• Similar operating pressure
• Shows damper seal effectiveness
• Log Dec increases as discharge pressure increases
• A smooth seal was tested to simulate a “plugged-up” seal
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Blade Dynamics



 High gas density and machine power density 
results in large blade loading
– Gas forces need to be considered in addition to 

centrifugal loads
– Blade-to-disk attachment requires special 

consideration
 High gas density also amplifies unsteady wake 

interaction forces on blades
– Critical to avoid resonance
– Non-harmonic excitation from gas separation 

should be avoided

Blade Loading and Dynamics

42



Modal  Test Validation

• Modal testing used to 
validate design

• Effect of gas density 
and temperature 
dependent material 
properties must be 
considered



Thermal Management



 Temperature between hot inlet (up to 700C) and dry gas 
seal (~100C) requires smooth temperature gradient to 
avoid excessive thermal stresses
– In both casing and shaft
– Radial temperature gradients should be avoided
– Heat sink provided by seal buffer gas

 Large thermal gradient coupled to pressure containment 
including transients is challenging

 May result in life limited designs due to LCF and creep

Thermal Management
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Packaging Considerations



Turbomachinery Concepts
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 Concepts explored include high-speed, low-
speed, and geared layouts.

Option Generator Compressor Turbine RPM

High-speed, 
Optimal 

A. IC
B. PM

A. Single-stage centrifugal
B. Multi-stage pump

A. Radial
B. Axial

Optimized for 
compressor

High-speed, 
expander only

A. IC
B. PM None A. Radial

B. Axial
Optimized for 

expander

High speed, 
Geared 

A. IC
B. PM

C. 3,600 rpm

A. Single-stage centrifugal
B. Multi-stage pump

A. Radial
B. Axial

Both expander 
and compressor 

run at optimal 
speed

3,600 rpm –
integrated 3,600 rpm Multi-stage pump or 

compressor
Multi-stage Axial at 

3,600 rpm 3,600 rpm

3,600 rpm –
expander only 3,600 rpm None Multi-stage Axial at 

3,600 rpm 3,600 rpm

Courtesy of GE



Turbomachinery Concepts

48Subject to restrictions on first page

Single Shaft
Geared

Expander 
only

Analysis completed
Courtesy of GE



 Low-speed Synchronous
– Low cost
– Commercially available
– Need to be combined with gearbox

 High-speed
– May drive turbomachinery directly or use small 

gearbox if needed
– Limited to 20,000 rpm
– Lighter than low-speed option
– More expensive

Generator Design
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 3 MW CO2 compression under construction
 May be used to perform aerodynamic testing of 10 

MW SCO2 turbine prototype
 High pressure portion of the loop will be used for full 

pressure-temperature testing of turbine

CO2 Compression Loop at SwRI
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Sunshot: SCO2 Test Loop at SwRI
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SwRI B278

Heater

sCO2 Pump

Compressor

Cooler



• ~14MW shaft power
• >700C inlet temp
• >85% aero efficiency
• Multi‐stage axial
 Dry gas seals

 Fluid‐film bearings
 Scalable to 100+ MW utility scale 

turbine

SwRI/GE 10 MWe SCO2 Turbine



Sunshot Test Loop Components

Recuperator

IN740H 
Piping HeaterDry Gas

Seal Panel

Lube Oil Drain

Lube 
Oil 
Supply

IN625 
Piping
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Speed (rpm) Turbine Inlet 
Temp. °C (°F)

Turbine Inlet 
Pressure bar 

(psi)

Turbine Exit 
Pressure bar 

(psi)
1st Design Point 21,000 550°C (1022°F) ~200 bar (3000 

psi)
80 bar  (1160 

psi)
2nd Design Point 27,000 715°C (1319°F) ~250 bar (3625 

psi)
80 bar (1160 psi)



Sunshot Turbine Summary

• Turbine performance met mechanical and performance objectives. 
– Achieved design temperature of 715C, design speed of 27000 rpm, and 

near design pressure of 250 bar.
– Highest temperature SCO2 turbine in the literature.
– Thermal seal maintained acceptable dry gas seal operating 

temperature with near linear profile.
– Vibration well less than 0.5 mils with no signs of instability
– Low critical speed response (good bearing damping and balance)
– Good thrust balance and low thrust bearing temperature
– Low radial bearing temperatures following clearance modification
– Many shutdown transients tolerated

• Some leakage experienced out case joints due to loss of bolt preload
• Being addressed with single piece case design with STEP

– Modified dry gas seal panel maintained warm seal gas preventing dry 
ice formation
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Example SCO2 Compressor
• De s i g n  a   s CO 2 c omp re s s o r   f o r  u s e   i n   a  

c l o s e d   l o o p  Re comp re s s i o n  B ray t o n  C y c l e  
( R CBC )   t o  a c h i e v e   t h e rma l  e f f i c i e n c i e s   >  
5 0%  w i t h  bo t h  MA IN a nd  BYPAS S
c omp re s s o r

• Comp re s s o r  mus t  h and l e   s u c t i o n  
t empe ra t u re s   f r om  6 8     t o  1 2 2 oC  a nd  
p re s s u r e s   f r om  1 , 0 9 0   t o  1 , 5 4 0  p s i a   t o  
ma i n t a i n  ne a r   s t e a d y  mas s ‐ f l ow   t o   t u r b i n e

• H i g h ‐p re s s u re ,  h i g h ‐den s i t y,   l a r g e   sw i n g s  
i n   vo l ume   f l ow,  h i g h ‐ s p e ed ,  p a c ka g i n g



Example SCO2 Compressor



Example SCO2 Compressor

1 . H igh   speed   coup l i ng   [M in  Sha f t  L im i t ]
2 . T i l t i ng  pad   j ou rna l  bea r ing s   [Max  Sha f t  L im i t ]
3 . End  Sea l   (D r y  Gas  Sea l s )
4 . Ba l ance  P i s ton   [ Th rust  +  Damp ing ]
5 . Ma in  Compres so r   [M in  Hub  D iamete r ]
6 . Bypas s  Compres so r
7 . Th rus t  Runner



Operating Conditions
• Power :  6 ,570  hp
• D i s cha rge  Pres su re :  4 ,850  ps i a
• Max  Temperatu re :  400oF
• Max  Speed :  28 ,350   rpm   (match   tu rb ine )  

[ 5%  over  Nomina l ]
• 2X   sw ing   i n  vo lume   f l ow
• Suc t i on  Dens i t i e s   f rom  29   to  51   l bm/ f t 3



Mechanical Design
• Wh i l e   a e ro   f l ow  pa t h s  a r e  

sma l l e r,   s u ppo r t  equ i pmen t  
( b e a r i n g s ,   s e a l s ,   s h a f t  end s )  
mus t   s u ppo r t  h i g h ‐powe r,  
h i g h ‐p re s s u re ,  a nd  h i g h ‐ l o a d s

• De s i g n   s t a r t s  w i t h   s h a f t s   t o  
l o o k  a t  max  d i ame te r  b a s e d  
on   s u r f a c e   s p e ed   a nd  min  
d i ame te r  b a s e d  on   t o rq u e

𝑇 63,025
𝑃
𝑤 63,025

6570
27000 15,336

𝑇 = Torque, in‐lb
 𝑃 = Power, hp
𝑤 = Speed, rpm

𝜏  
𝑇𝑟
𝐽

15336 𝑥 1.125
2.52 6,857 𝑝𝑠𝑖

𝜏 = Shear Stress, psi
𝑟 = radius, in

 𝐽= Polar moment of inertia, in4

𝐽  
𝜋𝑟

2 2.52 𝑖𝑛

[3]



Mechanical Design
• Des ign  L imit  Cons iderat ions

• S u r f a c e   s p e ed   l im i t s   a t   J o u r n a l  Be a r i n g s
• Coup l i n g   s p e ed   l im i t s
• Pe a k   t i p   s p e ed s   a t   impe l l e r s   b a s e d  on  be a k   s t r e s s e s   i n  hub  o r  

b l a d e s
• To r s i o n a l   l im i t s   a t   s h a f t  end s   f r om   t o rq u e  a nd   t o r s i o n a l  mode s
• Be a r i n g s   S p a n   v s  Hub  D i ame te r



Mechanical Design

𝜎
3 𝑣

8 𝜌𝜔 𝑟 2𝑅
1 3𝑣
3 𝑣 𝑟

𝜎 is peak stress at the smallest diameter, psi
𝑣 is Poisson's ratio

𝜌 is material density, lbm/in3
𝜔 is rotating speed, rps
𝑟 is the inner diameter, in
𝑅 is the outer diameter, in

R

r

• La rge r  d iamete rs   More  head ,  more  
ro ta t i ng  we ight ,  h ighe r  hub   s t re s s

• Sma l l e r   I nne r  D iamete rs   reduced   t i e  
bo l t  d iamete r,  more   ro ta t i ng  we ight ,  
reduced   s t re s ses

• So l i d  sha f t s  have   the   l owest   s t re s ses  but  
requ i red  mono l i th i c   sha f t s  or  more  
comp l i ca ted   j o i n t s



Mechanical Design

a/b
Simply Supported Fixed Support
k1 k2 k1 k2

1.25 0.592 0.184 0.105 0.002
1.50 0.976 0.414 0.259 0.014
2.00 1.440 0.664 0.480 0.058
3.00 1.880 0.824 0.657 0.130
4.00 2.080 0.830 0.710 0.162
5.00 2.190 0.813 0.730 0.175

𝜎
𝑘 𝑃𝑎
ℎ

𝜎  is the peak stress in the diaphragm, psi
𝑤 is the max displacement at the ID of the 

diaphragm, in
𝑎 is the outer radius, in

𝑤
𝑘 𝑃𝑎
𝐸ℎ

𝑏 is the inner radius, in
𝑃 is the pressure, psi
ℎ is thickness, in

𝐸 is modulus of elasticity, psi

• Cons ide r  s ta to r  component s   impac t  
on   ro to r   l ayou t ,  espec i a l l y   fo r  h igh  
pres su re  mach ines

• Look  at  d iaphragm   s t re s ses  and  
def l e c t i on

• Peak  def l e c t i on   l im i ted  by  max  
open ing  at  ex i t  d i f f u se r

[4]



Mechanical Design

A s  P re s s u r e   I n c r e a s e s   f r om   S t a r t  Up
Hou s i n g s  and  Head s  De f l e c t  Away   f r om  H i g h  P re s s u r e  – Open i n g  o f  
D i f f u s e r
Hou s i n g  De f l e c t i o n  Pu l l s  Ro to r   a t  Th r u s t  Bea r i n g
Impe l l e r  Move   t o   t h e  R i g h t



Mechanical Design
• Des i gn  cons ide ra t i ons   fo r  d iaphragms

• I f  de s i g n i n g   f o r  MAX  D i s p l a c emen t   /   S t r e s s
• L a r g e r  OD   I n c r e a s e d   T h i c k n e s s L o n g e r  

B e a r i n g   S p a n   Re d u c e d   Ro t o r  Mod e s
• H i g h e r   P r e s s u r e   I n c r e a s e d   T h i c k n e s s   e t c .

• Fe a t u r e s   t h a t  w i l l   imp a c t  OD
• E n d   S e a l  D i am e t e r
• I m p e l l e r  D i ame t e r
• D i f f u s e r   L e n g t h
• E x i t   P l e n um   f l o w   a r e a
• A s s emb l y   f e a t u r e s   ( b u n d l e   b o l t s ,   f a c e   s e a l s )
• P i l o t   f i t s



Mechanical Design
• Mater i a l  Se lec t i on  and  S i z i ng
• La rge r  Bund le  OD  and   l ower  Des i gn  

s t re s ses   Longe r  Roto r  Span

OD Material (Allowable Stress)

in 20 ksi 30 ksi 40 ksi 50 ksi

10 11.13 9.15 7.98 7.21

12 14.92 12.27 10.69 9.77

14 18.54 15.25 13.29 12.27

16 22.06 18.15 15.81 14.72

18 25.54 21.01 18.36 17.16

20 29.01 23.87 21.00 19.63

22 32.49 26.73 23.67 22.13

24 35.89 29.53 26.33 24.63

26 39.06 32.14 28.85 26.99

28 41.67 34.29 30.96 28.96

30 43.15 35.50 32.09 29.98



Mechanical Design

Section
Pressure Temperature Density Mass Flow Max Vel. Min Dia.

Mpa psi C F lbm/in^3 kg/s lbm/s ft/s in

Main
Inlet 8.55 1,240 35 95 0.0224 70.3 155.0 80 3.03

Exit 24.13 3,500 78 172 0.0247 70.3 155.0 80 2.88

Bypass
Inlet 8.69 1,260 88 190 0.0061 34.2 75.4 80 4.04

Exit 23.99 3,479 194 381 0.0116 34.2 75.4 80 2.94

Main
Inlet 8.55 1,240 35 95 0.0224 70.3 155.0 150 2.21

Exit 24.13 3,500 78 172 0.0247 70.3 155.0 150 2.11

Bypass
Inlet 8.69 1,260 88 190 0.0061 34.2 75.4 150 2.95

Exit 23.99 3,479 194 381 0.0116 34.2 75.4 150 2.15

• F l ow  p a t h   S i z i n g
• L owe r   v e l o c i t y   l im i t s   l a r g e r   f l ow   a r e a s  

I n c r e a s e  bund l e  d i ame te r   ( o r   c a s e   c omp l e x i t y )  
 r e d u c e d  p re s s u r e   l o s s e s

• H i g h e r   v e l o c i t y   l im i t s   sma l l e r   f l ow   a r e a s  
Redu c ed  bund l e  d i ame te r   e ro s i o n   c o n c e r n s  
&   i n c r e a s e d  p re s s u r e   l o s s



Mechanical Design
• How   to  manage   l a rge   sw ings   i n   suc t i on  dens i t y?
• Case  Treatment   ( Pa s s i ve )

• I n t e r n a l   r e c i r c u l a t i o n   t o  ma i n t a i n  d i s c h a r g e   f l ow
• Ch i l l i ng   /  Heat ing   (Ac t i ve  wi th   I n c reased  Power )

• Redu c e  o r   I n c r e a s e   f l u i d  den s i t y   t o  mat c h  de s i g n
• Var i ab le   I n l e t  Gu ide  Vanes   (Ac t i ve   /  Cont ro l  Log i c )

• I n c r e a s i n g   i n l e t   sw i r l   t o   r e d u c e   vo l ume   f l ow
• Rad i a l  o r  A x i a l   ( t y p i c a l   f o r  o ve r hun g )

[5] [6]
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Final Embodiment – SwRI/GE 
Apollo Compressor

• Integrated main and bypass compressor in back-to-
back arrangement

• Built-up rotor construction
• Variable IGVs
• Tested to full load, speed, and pressure

• Highest density compressor in literature (720 kg/m3)



Supercritical CO2 Cycles
Pumps/Compressors/Turbines

Aero Design
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Turbomachinery Elements for Super 
Critical CO2

• Pumps
– Low Speed Pumps
– High Speed Pumps (Turbine Driven)

• Main Compressor
– Much Like a Pump
– May Operate Over Wide Inlet Density Range During 
Startup

• Re‐Compressor
– Standard Compressor Real Gas Compressor

• Expander
– Radial
– Axial
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Turbomachinery Attributes for Super 
Critical CO2

• Extremely Compact and Power Dense
• Relatively Low Peripheral Speeds
• High Blade Loading
• High Shaft Speeds for 
• Difficult to Balance or Accommodate Thrust
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Turbomachinery Elements‐Main Compressor

Main Compressor/Pump‐Saturated Liquid or Vapor Inlet
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Apollo  SCO2 Main  Compressor  Performance

• Re d   a n d  G r e e n  
t r i a n g l e   h i g h l i g h t  
l o w  p r e s s u r e  w i t h  
i d e a l   g a s   l i k e  
b e h a v i o r

• S q u a r e s   i n d i c a t e  
h i g h   p r e s s u r e   s p e e d  
l i n e

• I m p a c t   f r om   I G V  
p o s i t i o n   a n d   f l u i d  
d e n s i t y  o f  
c omp r e s s o r  h e a d  
a n d   f l o w

IGV

Temperature

Real Gas



Supercritical CO2 Cycles
Materials
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Supercritical CO2 Cycles
Material Selection

• CO2 Metal Compatibility/Corrosion
– Low Temperature ‐40C to 150C

• Medium Chrome Steels
– Medium Temperature 150C to 300C

– High Temperature 300C+
• CO2 Seal Material Compatibility

– Elastomeric
– Rotating Shaft Seals
– High Temperature Seals
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CO2 Corrosion

• Oil Business
– Pipeline Corrosion

• Usually due to water or other constituents

• Specific to SCO2 Power
– MIT
– Oakridge NL
– Sandia NL
– University of Wisconsin
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For austenitic steels, defined as having a maximum C content of 0.15% and 
minimum Cr content of 16% with a face centered cubic structure, several 
reactions 
commonly occur in a CO2 and O2 environment given by: 

M + CO2 → MO + CO 

2M + CO2 → MO + C 

M + CO → MO + C 

where M is a metal in the steel. The formation of C can lead to carbide 
formation. 
However, once a protective oxide layer has been established these reactions 
cease. 
The high Cr content in austenitic steels enables the formation of a Cr2O3 layer 
that is 
highly protective (Gibbs, 2008). 

Nickel based alloys, such as Inconel and Hastelloy, form a continuous 
protective oxide layer. Gibbs (2008) states the protective layer is composed of 
50% 
NiO and 50% Cr2O3. Both of these oxides are highly stable. 

Two Types‐Aqueous (Carbonic Acid) and Dry
For the Chemists/Materials Scientists‐

From, “Milestone Report”
METAL CORROSION IN A SUPERCRITICAL CARBON DIOXIDE – LIQUID 

SODIUM POWER CYCLE
Moore, Conboy 2012
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CO2 Corrosion
Gibbs, MIT 2010

• Gibbs, MIT 2010, for 
Nuclear Reactor Use

• 610C and 20 MPa, 
3000 hour test

• F91, HcM12A, 316SS, 
310SS, AL‐6XN, 
Haynes 230, Alloy 
625, PE‐16, PM2000

• Highest Chromium 
and Nickel Content 
are Best

Oxide Formation Increases
Material Spalls (Corrosion and Erosion)
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CO2 Materials
Static and Dynamic Seals and Electric Machines

• Static Seals, Elastomeric Seals Can Absorb High Pressure CO2.  Rapid Depressurization Can Then 
Destroy the Seals
– XNBR, HNBR, Available Bulk Purchase Only
– EPDM, Widely Available, less suitable
– Kalrez

• Rotating Shaft Seals
– Teflon, PEEK, Graphite for Labyrinth Seals
– Graphite and Carbide Liftoff Gas Seals

• High Temperature Static Seals
– Silver Plated Inconel “C” Seals

• Electric Machines (rapid decompression testing)
– Most Common Insulation Materials withstand SCO2 Operation
– MW35C wire insulation tested 
– Epoxy Type Varnish Works Best
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CO2 Materials Selection, Seals
• Static Seals, Elastomeric Seals Can Absorb High Pressure CO2.  Rapid Depressurization Can Then 

Destroy the Seals
– XNBR, HNBR, Available Bulk Purchase Only
– EPDM, Widely Available, less suitable
– Kalrez

• Rotating Shaft Seals
– Teflon, PEEK, Graphite for Labyrinth Seals
– Graphite and Carbide Liftoff Gas Seals

• High Temperature Static Seals
– Silver Plated Inconel “C” Seals

• Electric Machines (rapid decompression testing)
– Most Common Insulation Materials withstand SCO2 Operation
– MW35C wire insulation tested 
– Epoxy Type Varnish Works Best
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Supercritical CO2 Cycles
Pressure Containment
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Supercritical CO2 Pressure Containment
Pressure Safety Specifications for Power Plant and Rotating Machinery

• ASME Section 8, Div 1,2,3

• API 610, “Centrifugal Pumps for Petroleum, Petrochemical, and Natural Gas 
Industries” (References to ASME Section 8)

• API 617, “Axial and Centrifugal Compressors and Expander‐compressors for 
Petroleum, Chemical and Gas Industry Service”                                                    
(Elements Regarding to Pressure Safety, Does not Cover Hot Gas Expanders Over 
300C, References  to ASME Section 8)

• EN 13445 “Unfired Pressure Vessels” and Pressure Equipment Directive 97/23/EC

107



ASME Section 8 Summary 
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ASME SECTION VIII‐For Rotating Machinery

• Useful for Defining Safety Margins
• 1.5X on Yield Strength, 3.5X on 

Ultimate Tensile Strength
• Useful for Defining Hydrostatic Test 

Requirements
• 1.3X MAWP (Temperature 

Rated)
• Useful for Material Selection and 

Temperature/Stress De‐rating

• Not Cognizant of Complicated 
Geometry Found in 
Turbomachinery (Can use Div 2 for 
FEA)

• Transient Thermal Stresses
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Radial Turbine Housing – Operating Stress Example

• Use FEA for operating temperature
• Use appropriate film coefficients

• Use FEA for operating stresses
• Pressures
• Nozzle Loads

• Define limits using material allowable 
stresses

• ASME Allowable Stresses or Other
• Iterate the Design to Satisfy Requirements

Courtesy of Barber‐Nichols
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Radial Turbine Housing – Transient Thermal Profile 

t = 400 s t = 1200 s (20 min)

t = 800 s t = 9 hours

Time (s)

Te
m

p 
(F

)

TMIN

TMAX

SS Profile

Temp (F)

20 min ramp

70

910

600 F

100 F

300 F
100 F

900 F

200 F

900 F

300 F

Thermally Induced Stresses Can Limit Startup Time
Courtesy of Barber‐Nichols



Single Stage Axial Turbine Example

Combined Thermal, Pressure, Pipe Loading 112

Courtesy of Barber‐Nichols



Summary
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Both supercritical power cycles and the use of    
S-CO2 are not new concepts

S-CO2 is desirable for power cycles because of its near-critical fluid 
properties
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S-CO2 power cycles can be applied to many heat 
sources and have a small footprint 

The near ambient critical temperature of CO2 allows it to be matched with a 
variety of thermal heat sources 

The combination of favorable property variation and high fluid density of S-
CO2 allows small footprint of machinery

PR = 1.4
Air
S-CO2

Air
S-CO2

PR = 2.0

Sunshot is helping to achieve these goals.



 SCO2 cycle can provide over 50% Thermal Efficiency
 SCO2 Turbomachinery require additional considerations
 Real gas properties important for aero prediction and 

rotordynamics
 Gas density high – rotordynamics and blade dynamics
 High heat transfer – thermal management and pressure 

containment
 Material compatibility – high temperature and seals
 Requires design that can accommodate high thermal 

gradients with high pressure containment
 High power density results in challenges in packaging and 

driven equipment matching.

Summary


