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Introduction

• Advanced power-generation systems permit higher turbine inlet temperatures 

than current systems

– Nuclear – Gen IV (500-900°C)

– Fossil – Oxy-fuel (1100°C)

– Solar – Gen3 CSP (≥700°C)

• Suitable energy conversion systems needed

• sCO2 EC systems have been selected as a prime candidate to pair with 

advanced power-generation systems

• Improvements in piping and other supporting components are needed to support 

sCO2 EC systems, especially if higher temperatures and pressures are desired
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Presentation Overview
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Motivation for Piping Advancement

• Improved cycle performance at high temperatures

– Efficiencies of greater than 50% in sCO2 can only be achieved at turbine inlet 

temperatures above 700°C

– Efficiencies of greater than 55% may be achieved for inlet temperatures of 800°C 

and higher 

• Behavior of alloys under sCO2 conditions and cost/availability

– Increased creep  

– Increased corrosion

The 7th International Supercritical CO2 Power Cycles   ● February 21 – 24, 2022   ● San Antonio, TX, USA
4



Technology Overview

• “Multilayer” Architecture

– Monolith Silicon Carbide (SiC)

– Ceramic Matrix Composite (CMC) SiOCf/SiOC

• Filament wound, Polymer Infiltration & 

Pyrolysis (PIP)

• Results in a structure that is 

– Hermetic

– Tough
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Technology Advancement

• Two main areas

– Finite Element Model of Multilayer Tube –
Materials Research and Design (MR&D)

• Pipe Size (OD/ID)

• Monolith Thickness

• Composite Layer Thickness

• Composite Fiber Architecture

– Number of Layers

– Wind Angle

– Tension

– Additional High Temperature (900°C) CO2

Corrosion Testing – Sandia National 
Laboratories (SNL)

• Hexoloy SE

• Hexoloy SA
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Finite Element Model – Material Characterization
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• Micromechanical Predictions

– Materials

– Fiber Volume Fraction

– Fiber Interface

– Fiber Winding Angle

– Stress State of Monolithic Pipe

• Measured Properties

– Fiber

– CMC Matrix

Layup
Measured 

Modulus

Predicted 

Modulus

Measured 

Strength

Predicted 

Strength

0/90 11.6 MSI 13.6 MSI 19.3 ksi 101.5 ksi

+45/-45 11.1 MSI 13.1 MSI 9.8 ksi 35.2 ksi



Finite Element Model – Preliminary Tubular Tests
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• Hoop Stress

– Force over area exert circumferentially in 

both directions on every particle in the 

cylinder wall

• Monolithic Tubes & Multilayer Tubes



Finite Element Model – Additional Tubular Tests
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• Multilayer Tubes of Various Configurations
– “Standard” Parameters

– Hoop Fiber Architecture

– Combined Fiber Architecture

– Altered Wind Patterns

– Increased Fiber Tension

– Increased Monolith Wall Thickness

• Monolithic and Composite Only Tubes

• FEA Simulations
– Updated SiC and CMC elastic properties from prior 

simulations

– 10 FEA simulations performed



Finite Element Model – Results and Conclusions
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• Tested Results vs. Model 

– Model slightly overpredicted multilayer and composite

• Adding CMC to Monolith offers a slight reduction in SiC hoop stress, or equivalently, a slight 

increase in expected failure pressure

• ID and OD are the primary parameters that control expected failure pressure

• Fiber architecture*, wind pattern, and fiber tension have little effect on the expected failure 

pressure

* Fiber architecture has a significant effect on CMC strength



Corrosion Testing - Overview
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• Tests performed at Sandia National Laboratories (SNL) 

• Two SiC types both of which are used for multilayer tubes were tested

– Hexoloy SE© 

– Hexoloy SA©

• Exposed to industrial-purity CO2 at 900°C for durations up to 3000 hours

• Characterization using precision scale and SEM/EDS



Corrosion Testing – Results
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• Hexoloy SE and SA exhibited weight loss, 
bottoming out around 1000 hours, and rising 
up and leveling off at 1500 hours

• Surface chemistry change

– Visual Difference

– Hexoloy SA oxygen concentration increase from 
1.4 atom percent (unexposed) to 36 atom percent 
at 1500 hours of exposure

– Formation of surface oxide, SiO2 (silica) - EDS

– Hexoloy SE samples experienced the same oxide 
growth. Thickness of 2.5-3.0 micrometers at 3000 
hours of exposure



Corrosion Testing – Results (Cont.)
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• Results mimic those of UW performed using 

RG and IG CO2 at lower temperatures

– Hypothesized that this weight change is caused by 

the impurities in either the SiC or CO2 reacting 

leading to a weight loss followed by the formation 

of the SiO2 layer and weight increase

• Nickel-based alloys in CO2 experience 

weight gain

• SiC has been shown to have excellent 

chemical compatibility in high temperature 

CO2 environments



Summary
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• Finite Element Model was able to reliably (11%) 

estimate expected failure pressure and hoop 

stress of multilayer tubes

– Optimize the component parts of the material system

• Corrosion tests continue to support the chemical 

combability of SiC in high temperature CO2

• Multilayer tubes provide increased creep and 

corrosion tolerance compared to alloys

• Continued work in areas such as joining, code 

case development, surface coatings



Questions
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Jacob Neiderer – jneiderer@ctp-usa.com

Jeff Halfinger – jhalfinger@ctp-usa.com



Finite Element Model – Modeling
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Finite Element Model – Failure Characteristics
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