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RESUMEN 

En esta parte se halla un breve resumen es español del trabajo realizado, para 

facilitar su lectura, y poder corroborar lo escrito en el resumen con el texto 

principal, el resumen estará constituido por los mismos capítulos que el texto 

principal, de esta manera si el lector desea profundizar más en alguna parte del 

proyecto, puede acceder a la parte correspondiente sin la necesidad de buscarla 

en todo el texto. 

Introducción y objetivos 

Debido a los continuos aumentos en la demanda de energía y las emisiones de 

gases de efecto invernadero, desarrollar/encontrar nuevas fuentes de energía 

limpia y aumentar la eficiencia de la generación de energía utilizando las 

tecnologías actuales es fundamental para satisfacer la mayor demanda de 

energía y reducir las emisiones de gases de efecto invernadero. Los ciclos de 

CO2 supercrítico podrían proporcionar energía con alta eficiencia, al tiempo que 

reducen la cantidad de CO2 liberado a la atmósfera mediante la captura de 

carbono. 

Un ciclo de CO2 supercrítico es un ciclo que utiliza CO2 como fluido de trabajo 

en estado supercrítico, lo que significa que el CO2 está por encima del punto 

crítico. El CO2 supercrítico (en adelante denominado sCO2) tiene los beneficios 

de una alta densidad combinada con una viscosidad y difusión similares a las del 

CO2 en estado gaseoso. Los ciclos de sCO2 tienen altas eficiencias como 

resultado de requerir menos trabajo de compresión para alcanzar la presión 

máxima del ciclo, y costos de capital reducidos, debido a la alta densidad del 

fluido de trabajo y, por lo tanto, usar turbomáquinas más pequeñas. 

Hay dos tipos de ciclos de sCO2: bucle cerrado de combustión indirecta y bucle 

semicerrado de combustión directa. La principal diferencia es que en el ciclo de 

combustión indirecta, el fluido de trabajo se calienta mediante un intercambiador 

de calor y, por lo tanto, la combustión ocurre en otro lugar, mientras que con el 

ciclo de combustión directa hay una etapa de combustión y temperaturas de 



 

fluido más altas que dan como resultado mayores eficiencias, pero también 

impurezas en el ciclo. 

Dado que los ciclos de sCO2 de combustión directa son tecnologías novedosas 

y las condiciones de su funcionamiento son bastante severas (alta presión y 

temperatura), es necesario realizar más estudios sobre materiales adecuados 

para turbinas de sCO2, especialmente en un entorno de sCO2.  

El objetivo de esta tesis es diseñar instalaciones de prueba para ciclos de 

potencia de sCO2, específicamente para probar las propiedades de fluencia y 

fatiga de materiales candidatos para su uso en turbinas de combustión directa, 

ya que se encuentran en condiciones extremas de temperatura y presión además 

de estar sometidas a cargas cíclicas y constantes. 

Los objetivos son: 

1. Realizar una revisión de la literatura sobre instalaciones para ensayos de 

fluencia y fatiga en condiciones de alta temperatura y presión. 

2. Diseño de un recipiente a presión para CO2 supercrítico de combustión 

directa. 

3. Diseñar un banco de pruebas de fluencia para CO2 supercrítico de 

combustión directa. 

4. Diseñar un banco de pruebas de fatiga para CO2 supercrítico de 

combustión directa. 

5. Evaluar la viabilidad de los diseños. 

 

Estudio de la literatura 

Dado que este proyecto consiste en diseñar equipos de ensayo de fluencia y 

fatiga para altas temperaturas y presiones, también requerirá el análisis de 

recipientes a presión en los que las muestras estarán contenidas a las presiones 

y temperaturas requeridas. Por lo tanto, la revisión de la literatura se dividirá en 

3 subsecciones principales: recipientes a presión, pruebas de fluencia y pruebas 

de fatiga. 



 

Las condiciones máximas de operación en turbinas de sCO2 de combustión 

directa encontradas en la literatura fueron 1200 ºC y 30 MPa. Sin embargo, las 

palas estarían protegidas por revestimientos de barrera térmica (TBC) y 

enfriadas, por lo que los materiales de las palas tendrían que soportar 

temperaturas de alrededor de 900 ºC y 30 MPa. Pocos materiales pueden operar 

en condiciones tan extremas durante largos períodos de tiempo, por lo tanto, 

realizar pruebas en las mismas condiciones de operación permitiría seleccionar 

mejores materiales para las turbinas de sCO2. 

La función principal de los recipientes a presión es almacenar fluidos a presiones 

diferentes a la presión ambiental. Su diseño generalmente se lleva a cabo 

siguiendo el Código de Recipientes a Presión y Calderas de la Sociedad 

Estadounidense de Ingenieros Mecánicos (ASME). 

La fluencia es la deformación plástica permanente de un material durante un 

período de tiempo sometido a una carga constante y, por lo general, a altas 

temperaturas. La prueba de fluencia es el proceso para obtener las propiedades 

de fluencia de los materiales con el fin de comprender cómo funcionarían a 

diferentes niveles de tensión constante y temperaturas durante largos períodos 

de tiempo. 

La fatiga es el inicio y propagación de grietas en un material debido a cargas 

cíclicas mientras se encuentra por debajo del límite elástico del material. El 

proceso comienza con la formación de grietas que luego crecen, hasta que la 

grieta genera un factor de intensidad de tensión lo suficientemente alto como 

para romper el material. 

Las pruebas de fatiga se pueden utilizar para determinar las curvas SN, que son 

curvas que indican el número de ciclos hasta la fractura del material en función 

de la tensión a la que ha sido sometido, esto ayuda a predecir el comportamiento 

del material bajo diferentes condiciones de carga cíclica. 

El estudio de la literatura no solo ha ayudado a comprender cómo funcionan los 

recipientes de fluencia, fatiga y presión, sino que también ha ayudado a 

encontrar el nivel actual de tecnología. Durante esta revisión de la literatura, se 



 

ha realizado una búsqueda de máquinas para ensayos de fluencia y fatiga que 

trabajen a alta presión y temperatura, y aunque se han encontrado algunos 

documentos que proporcionan información para máquinas de ensayo de fluencia 

o fatiga en condiciones extremas, no se encontró ninguno para las condiciones 

esperadas de una turbina de sCO2 directa, que puede alcanzar hasta 1200 ºC y 

30 MPa. Por tanto, el objetivo de esta tesis es diseñar unas máquinas de ensayo 

de fluencia y fatiga que puedan funcionar a 900 ºC y 30 MPa en un entorno de 

sCO2 para estudiar material viable para su uso en turbinas de sCO2. 

Materiales y métodos 

En esta sección se especifican que se ha realizado durante la tesis para obtener 

los resultados que son explicados en la siguiente sección, en nuestro caso los 

procesos que se han seguido durante la tesis es un diseño del recipiente a 

presión, seguido de un diseño de la maquina de fluencia, y por ultimo el diseño 

de la máquina de fatiga. 

El primer paso para el diseño del recipiente a presión fue estimar la temperatura 

en condiciones normales de funcionamiento. Una vez que se determinó la 

temperatura de operación de la embarcación, se siguió la sección VIII división 2 

2019 de ASME BPVC para realizar una combinación de diseño por regla y 

análisis adicionales para optimizarla. 

La estimación de temperatura se ha realizado utilizando el complemento de 

simulación de flujo en el software Solidworks proporcionado por la Universidad 

de Cranfield, mientras que el proceso para obtener la geometría de la carcasa 

del recipiente a presión, la cabeza del recipiente a presión, los soportes, las 

boquillas y las bridas se realizó siguiendo la sección del código ASME. Diseño 

VIII división 2 por normativa 2019, esto dio como resultado una hoja de cálculo 

Excel con 6 casos diferentes para analizar en función del diámetro interno de la 

embarcación seleccionada. 

El objetivo principal de este diseño del recipiente a presión es crear una unidad 

que sea capaz de soportar las condiciones de presión y temperatura y al mismo 



 

tiempo reducir su tamaño tanto como sea posible sin comprometer su 

funcionalidad y esperanza de vida. 

Posteriormente se realizó un análisis de los esfuerzos y la temperatura de la 

geometría obtenida para verificar que el diseño obtenido no superaba los límites 

de esfuerzo o temperatura establecidos en el diseño. 

La máquina de ensayo de fluencia se diseñó como una parte intrínseca del 

recipiente a presión. Se eligió esta decisión para sellar el recipiente a presión 

más fácilmente durante la operación, ya que cualquier fuga podría comprometer 

la prueba. Lo que esto significa es que la empuñadura que sostiene la muestra 

está conectada a la parte superior del recipiente a presión, y ninguna parte de la 

máquina de prueba de fluencia pasa por el recipiente a presión y, por lo tanto, la 

carga deberá realizarse dentro del recipiente a presión. sí mismo. 

El proceso para diseñar la máquina de prueba de fatiga difiere del que se siguió 

tanto en el diseño del recipiente a presión como en el diseño de la máquina de 

prueba de fluencia. El proceso consiste en seleccionar una máquina de ensayos 

de fatiga que ya exista en función de sus cualidades, y modificarla para poder 

operar dentro del recipiente a presión y soportar las condiciones de 

funcionamiento dentro del mismo (900 ºC de temperatura, 30 MPa de presión y 

un entorno de sCO2). 

Resultados 

Las pruebas de fluencia y fatiga son un experimento largo, la fatiga puede durar 

varias semanas y la fluencia puede durar meses o años, por lo tanto, el análisis 

para la estimación de la temperatura del recipiente a presión se ha realizado para 

condiciones de estado estacionario. Se ha considerado la convección libre tanto 

para el exterior como para el interior del recipiente, inicialmente con un 

coeficiente de convección de 10 W/(m2K) para la pared exterior. 

Después de realizar estos análisis, parece que la temperatura máxima en la 

pared independientemente del coeficiente de convección utilizado en las paredes 

internas es de alrededor de 635 ºC. Debemos considerar que esta temperatura 



 

en el buque podría alcanzarse durante la operación en casos más extremos. Por 

tanto, la temperatura de funcionamiento se ha seleccionado como 650 ºC. 

La razón para seleccionar una temperatura de operación mucho más alta de lo 

que se estimó como el escenario más probable, es para proporcionar un diseño 

más seguro del depósito. 

El material seleccionado debería poder soportar la presión interna a 635 ºC. El 

material utilizado en la simulación es Nicrofer 6025HT (también conocido como 

aleación 602 CA), que es capaz de trabajar hasta 140 MPa en un ambiente de 

650 ºC con una vida útil de 105 horas y por lo tanto es ideal para construir el 

recipiente a presión. También aporta resistencia a la carburación, y una 

resistencia a la oxidación que le permite trabajar hasta 1100 ºC. 

Utilizando el código ASME BPVC 2019, hemos calculado la geometría inicial del 

recipiente a presión. Se realizó un análisis del diseño para verificar que la 

embarcación puede operar en las condiciones de diseño. El diseño obtenido se 

puede ver en la siguiente figura, los diferentes colores solo sirven para identificar 

las diferentes partes en el diseño. 



 

 

Ilustración 1 Modelo 3D del depósito a presión 

Se realizaron análisis de temperatura y tensión en la nueva geometría. El análisis 

de temperatura tuvo como objetivo corroborar que no se sobrepasara la 

temperatura máxima en el material de 650 ºC. Mientras tanto, el análisis de 

tensión se utilizó para comprobar si la tensión máxima durante la operación 

estaba por debajo de la tensión máxima permitida. Ambos análisis también se 

utilizarán para mejorar aún más el diseño, si fuese posible. 



 

 

Ilustración 2 Estimación final de temperatura en el depósito a presión 

 

Ilustración 3 Estimación de esfuerzos en el depósito a presión 



 

La máquina de prueba de fluencia será diseñada para integrarse dentro del 

recipiente a presión y, por lo tanto, la carga deberá realizarse dentro de él. Para 

facilitar la operación dentro del recipiente a presión, se requerirá un diseño 

simple de las mordazas, la muestra y el sistema de carga. La máquina de ensayo 

de fluencia en esta tesis constará de 7 elementos, que se pueden ver en la 

siguiente figura (los diferentes colores en cada imagen solo se utilizan para 

diferenciar más fácilmente cada parte). 

• La parte superior, que está soldada al cabezal superior del recipiente a 

presión, es responsable de soportar los otros componentes de la máquina 

de prueba de fluencia (gris) 

• Las empuñaduras internas (azul) 

• Las empuñaduras externas (naranja) 

• La muestra (roja) 

• El serpentín calefactor que envuelve la muestra aunque no se muestra en 

las figuras 

• El sistema de carga se utiliza para cargar las pesas (amarillo) 

• Los pesos (verde) 



 

 

Ilustración 4 Modelo 3D de la máquina de fluencia y el depósito de presión 

El sistema de carga utilizará pesos muertos para generar la tensión axial en la 

muestra, ya que es una forma simple pero efectiva de cargar una muestra.  

El diseño del agarre se ha llevado a cabo siguiendo la norma ASTM E8/E8M 

2021. El tipo de dispositivo de agarre será para muestras con extremos con 

hombros, la geometría será similar a la uno proporcionado en la norma ASTM 

E8 / E8M 202 

El diseño se ha ajustado para tener en cuenta el pequeño tamaño de la muestra 

y simplificar el montaje del sistema de agarre. El material deberá ser CMSX-4 

plus, las mordazas podrían alcanzar los 900 ºC, ya que estarían en contacto 

directo con la muestra y sufrirían tensiones elevadas. 

En esta tesis el objetivo no era diseñar una máquina de ensayos de fatiga sino 

seleccionar una existente capaz de operar en nuestras condiciones deseadas. 

Si no se puede encontrar una máquina de prueba de fatiga, se discutirán las 



 

modificaciones adecuadas a una máquina de prueba de fatiga existente para 

hacerla viable. 

La máquina de ensayo de fatiga seleccionada deberá ser capaz de generar 740 

N. Otros requisitos incluyen resistencia a altas temperaturas y tensiones (900 ºC 

y 150 MPa de tensión). La máquina de ensayo de fatiga también deberá 

funcionar utilizando materiales piezoeléctricos para generar la tensión. 

No se ha encontrado ninguna máquina de prueba de fatiga piezoeléctrica que se 

ajuste a la forma del recipiente a presión, por lo tanto, se deberá solicitar a una 

empresa una máquina de prueba de fatiga hecha a medida. La compañía 

recomendada es Hegewald & Peschke y la máquina de prueba de fatiga 

seleccionada es una máquina de fatiga de ciclo muy alto (VHCF) que cumple la 

mayoría de las condiciones requeridas para operar en nuestro recipiente a 

presión. 

Sin embargo, como esta máquina de prueba no ha sido diseñada para operar en 

ambientes presurizados a alta temperatura, se requerirán algunas 

modificaciones, como cambios de material o geométricos para adaptarse a 

trabajar junto con el depósito a presión. 

El recipiente a presión diseñado deberá recibir alguna modificación para permitir 

que la máquina de prueba de fatiga ingrese al recipiente y funcione. El primer 

cambio deberá ser una boquilla en la parte superior de la cabeza para permitir 

que la máquina de fatiga atraviese el recipiente. El segundo cambio requerido 

será un soporte para la muestra en la parte inferior del recipiente a presión. 

Discusión de los resultados 

Los resultados obtenidos parecen indicar que el recipiente a presión, la máquina 

de ensayo de fluencia y la máquina de ensayo de fatiga podrían funcionar en las 

condiciones deseadas.  

El recipiente a presión, la máquina de ensayo de fluencia y la máquina de ensayo 

de fatiga se estudiaron por separado, es decir, considerando cada uno de ellos 

por separado. Sin embargo, una máquina de prueba de fluencia no es solo el 



 

sistema de carga, sino también los sensores, el software requerido para realizar 

el análisis, etc. En el caso del recipiente a presión, las tuberías, bombas, 

depósitos de sCO2 y varios otros sistemas necesitarán debe diseñarse antes de 

que sea posible realizar análisis de fluencia o fatiga dentro de él.  

Por lo tanto, si bien los diseños en sí son adecuados para su propósito, hay 

mucho trabajo futuro antes de que una máquina completa de pruebas de fatiga 

o fluencia esté completamente diseñada y lista para la creación de prototipos, 

parte de este trabajo futuro requerido se ha sido presentado en esta tesis, en la 

sección de conclusiones. 

Se ha realizado una estimación de costos para el recipiente a presión, la máquina 

de prueba de fluencia y las modificaciones necesarias para la máquina de prueba 

de fatiga. La estimación de estos costos tendrá un rango de precisión de -

15/+50%, ya que estos diseños son considerados de clase 4 por la AACE 

(Asociación para el avance de la ingeniería de costos) práctica recomendada 

para la estimación de costos de nuevas tecnologías. 

Los costos se han calculado identificando primero el volumen del recipiente, la 

máquina de prueba de fluencia, los cambios necesarios en la máquina de prueba 

de fatiga y calculando el costo del material. El acero T91 se ha considerado 850 

$ por tonelada y para el Nicrofer 6025HT se ha considerado 20000 $ por 

tonelada, no se ha podido obtener el precio del CMSX-4 plus, por lo que se ha 

estimado que es el doble de Nicrofer 6025HT, ya que CMSX-4 plus es una 

superaleación monocristalina con mejores propiedades a altas temperaturas que 

Nicrofer 6025HT. 

La estimación del costo total, que es la suma de los costos de material y los 

costos de fabricación, es 95704 $. Incluye la fabricación del recipiente a presión, 

la máquina de prueba de fluencia y las modificaciones necesarias a la máquina 

de prueba de fatiga. No incluye el costo de la máquina de ensayos de fatiga ya 

que el costo no fue proporcionado por la empresa que la desarrolló. 

 

 



 

Conclusiones y trabajo futuro 

Para resumir: 

• Se ha realizado una revisión de la literatura en recipientes a presión, 

máquinas de prueba de fluencia y máquinas de prueba de fatiga, 

específicamente a altas temperaturas y presiones. 

• Se ha diseñado un recipiente a presión para realizar pruebas de fluencia 

y análisis de pruebas de fatiga de muestras a 900 ºC, en una atmósfera 

de sCO2 a una presión interna de 30 MPa 

• Se ha diseñado una máquina de prueba de fluencia para trabajar junto 

con el recipiente a presión. También se han diseñado / seleccionado tipos 

apropiados de dispositivos de carga y agarre para la máquina de prueba 

de fluencia 

• Se ha seleccionado una máquina de ensayos de fatiga de Hegewald & 

Peschke, y se han sugerido modificaciones para que pueda operar con 

muestras a 900 ºC y más de 150 MPa de esfuerzo total 

• Se han sugerido modificaciones al recipiente a presión para que pueda 

funcionar junto con la máquina de prueba de fatiga, como la adición de un 

soporte para la muestra y el diseño de una boquilla en la cabeza superior 

del recipiente a presión. 

Como se mencionó previamente, aún quedan algunos aspectos del diseño por 

hacer antes de que las máquinas completas de ensayos de fatiga o fluencia para 

900 ºC y 30 MPa estén listas para la creación de prototipos. Algunos de los 

trabajos futuros necesarios son: 

• La bobina de inducción no ha sido diseñada en esta tesis, deberá ser 

capaz de generar 900 ºC en el punto medio de la muestra y soportar una 

presión de 900 C y 30 MPa. 

• La máquina de prueba de fatiga se puede mejorar integrándola con el 

recipiente a presión 

• Se podrían utilizar nuevos materiales para mejorar aún más las 

capacidades del recipiente a presión, así como las máquinas de prueba 

de fluencia y fatiga. 



 

• No se ha encontrado ningún extensómetro que pueda funcionar a 

tensiones y temperaturas tan elevadas; es necesario encontrar/diseñar un 

extensómetro apropiado 

• Se debe diseñar un sistema de tuberías y bombeo para que funcione junto 

con el recipiente a presión. 
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ABSTRACT 

The world’s energy demand is steadily increasing and so are its greenhouse gas 

emissions. Supercritical CO2 power cycles are technologies that could help tackle 

these issues by generating energy more efficiently and also capturing carbon 

dioxide (and storing it after operation), and thus greatly reducing greenhouse gas 

emissions. The main challenges for this technology are the high operating 

pressures, temperatures and fluid conditions required to obtain such high 

efficiencies.  

This thesis aims to address these by designing a test rig to study the mechanical 

properties of candidate materials(in realistic operating environments) for use in 

direct-fired supercritical CO2 turbines. An approach has been adopted which 

combines design by rules (using codes and standards), with design by analysis 

(using finite element analysis and relevant software). Appropriate materials have 

been selected to fully design a suitable pressure vessel, as well as creep and 

fatigue testing machines. 

Initially, a pressure vessel has been designed that is able to hold a sample at 900 

ºC and with an inner pressure of 30 MPa. This pressure vessel design has been 

adapted to include a creep testing machine capable of testing samples at 900 ºC, 

30 MPa pressure and able to generate over 150 MPa of stress on samples. 

Finally the pressure vessel design has been adapted to operate in conjunction 

with a fatigue testing machine. An appropriate fatigue testing machine has been 

selected and modifications identified to allow to operate at 900 ºC and 30 MPa 

pressure. Such novel test facilities would enable the combined mechanical 

properties and corrosion resistance of candidate materials to be investigated in 

realistic exposure conditions before use in direct-fired sCO2 demonstration 

plants. 

 

Keywords:  

Pressure Vessel, Creep testing, Fatigue testing, High temperature/High pressure 

corrosion 
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1 INTRODUCTION 

1.1 Introduction 

Due to the ongoing increases in energy demand and greenhouse emissions, 

developing/finding new clean energy sources and increasing the efficiency of 

energy generation using current technologies is critical to meeting the increased 

energy demand and to reducing greenhouse gas emissions. Supercritical CO2 

cycles could provide energy with high efficiency, while reducing the amount of 

CO2 liberated to the atmosphere though the use of carbon capture (Allam et al., 

2017). 

A supercritical CO2 cycle is a cycle that uses CO2 as the working fluid in 

supercritical state, which means that the CO2 is above the critical point (pressure 

over 7.3773 MPa and temperature over 304.12 K) (Liu, Wang and Huang, 2019); 

the diagram for the CO2 states can be seen in Figure 1-1.  

 

Figure 1-1 Carbon dioxide pressure-temperature phase diagram 

(Liu, Wang and Huang, 2019) 
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Supercritical CO2 (from now on referred to as sCO2) has the benefits of high 

density (close to that of the liquid CO2) combined with a viscosity and diffusion 

similar to that of the CO2 in gas state. sCO2 cycles have high efficiencies as a 

result of requiring less compression work to reach the maximum pressure of the 

cycle, and reduced capital costs, due to the high density of the working fluid and 

so smaller turbomachinery (Weiland et al., 2017).  

There are two types of sCO2 cycles: closed loop indirect-fired and semi-closed 

loop direct-fired. The main difference is that in the indirect fired cycle, the working 

fluid is heated using a heat exchanger, and therefore the combustion happens 

elsewhere, while with the direct-fired cycle there is a combustion stage and higher 

fluid temperatures resulting in higher efficiencies, but also impurities in the cycle 

(Weiland and White, 2019; Zhu, 2017). In Figure 1-2 the efficiencies of different 

energy generation systems can be seen, including sCO2 direct and indirect 

cycles. 

 

Figure 1-2 Thermal efficiencies comparison based on turbine inlet temperature 

(Ahn et al., 2015) 
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As direct-fired sCO2 cycles are novel technologies and the conditions of their 

operation are quite severe (high pressure and temperature), further study on 

materials suitable for sCO2 turbines needs to be conducted, especially in a sCO2 

environment. No literature has been found regarding creep and fatigue testing 

facilities for a pressure of 300 bar and a temperature of 1200 ºC in sCO2 

atmospheres (Weiland and White, 2019). 

1.2 Aims and objectives 

The aim of this thesis is to design test facilities for sCO2 power cycles, specifically 

to test the creep and fatigue properties of candidate materials for use in direct-

fired turbine blades, as they are in extreme conditions of temperature and 

pressure as well as being subjected to both cyclic and constant loading.   

The objectives are to: 

1. Perform a literature review on creep and fatigue test facilities under high 

temperature and pressure conditions 

2. Design a pressure vessel for direct-fired supercritical CO2 

3. Design a creep test rig for direct-fired supercritical CO2 

4. Design a fatigue test rig for direct-fired supercritical CO2 

5. Assess the feasibility of the designs 

This thesis follows the Cranfield SWEE guidelines for new product development.
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2 LITERATURE REVIEW 

As this project consists of designing both creep and fatigue test rigs for high 

temperatures and pressures, it will also require the analysis of pressure vessels 

in which the samples will be contained at the required pressures and 

temperatures. Therefore, the literature review will be divided into 3 main 

subsections: pressure vessels, creep testing and fatigue testing. 

The maximum operating conditions in direct-fired sCO2 turbines found in the 

literature were 1200 ºC and 30 MPa. The blades, however, would be protected 

by thermal barrier coatings (TBCs) and cooled down, therefore the materials on 

the blades would need to withstand temperatures around 900 ºC and 30 MPa 

(Weiland and White, 2019). Few materials are able to operate at such extreme 

conditions for long periods of time (International Energy Agency, 2015), therefore 

testing at the same conditions of operation would allow the selection of better 

materials for sCO2 turbines. 

2.1 Pressure vessel 

The main function of pressure vessels is to store fluids at pressures different from 

ambient pressure. Their design is usually carried out following the American 

Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code 

(ASME, 2017).  

The aim of this part of the literature review is to study pressure vessels that work 

at high temperatures because the high pressure parts of direct-fired supercritical 

CO2 turbines can reach up to 1200 ºC (Weiland and White, 2019). 

2.1.1 Components of a pressure vessel 

The main components of a pressure vessel are (Atrin Sanat, 2018): 

• Shell: which constitutes the main body of the pressure vessel 

• Head: it serves to close the pressure vessel, located at the end of the 

vessel, they are usually curved in order to reduce stress concentration 

factors. 
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• Nozzle: they are the components which go through the shell or head and 

allow the attachment of pipes or other components (such as gauges) to 

provide access to the interior of the pressure vessel. 

• Support: the main function of the support is to bear the loads and weight 

of the pressure vessel. 

There may be additional parts added to the pressure vessel  depending on its 

function (Atrin Sanat, 2018). 

 

Figure 2-1 Common parts of a pressure vessel 

(Atrin Sanat, 2018) 

2.1.2 Codes/standards for the design of pressure vessels 

One of the more commonly used standards for designing pressure vessels is the 

ASME Boiler and Pressure Vessel Code (BPVC) section VIII, which consists of 3 

divisions (Raghavaiah, 2019). The first division is used to design pressure 

vessels by rule, which means that the result is overconservative, it is usually used 

for pressures below 206.8 bar (3000 psig). The second division is mainly used 

for design by analysis, increasing the cost of the design stage, but allowing 

pressure vessels to be designed to withstand higher stresses and be more 
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optimized for their function, it is used for pressures above 41.4 bar (600 psig). 

Division 3 is used for high pressures, above 689.5 bar (10000 psig) (ASME, 2017; 

Raghavaiah, 2019). 

2.1.3 High temperature application of pressure vessels 

ASME BPVC division 2 can be used for high temperature pressure vessels for an 

operation time of 105  hours, as creep effects on the pressure vessels are not 

explicitly considered (Lee and Jeong, 2020). The main issue of the design 

specification in this standard is the lack of design guidelines for a longer vessel 

lifetime, which means that if the pressure vessel is going to be operated at high 

temperatures, then further analysis that is not considered in the guidelines is 

required (Lee and Jeong, 2020).  

2.2 Creep testing 

Creep is permanent plastic deformation of a material over a period of time 

subjected to constant loading, and usually at high temperature. Creep testing is 

the process to obtain the creep properties of materials in order to understand how 

they would work at different levels of constant stress and temperatures for long 

periods of time (Asyraf et al., 2019).  

In Appendix A information regarding the different types of creep testing machines 

and creep stages can be found. 

2.2.1 Codes/standards for creep testing 

There are several standards for analysing creep, the one that will be studied in 

this thesis was written by the American Society for Testing Materials (ASTM). The 

standard is the ASTM E139 2018 standard test methods for conducting creep, 

creep rupture, and stress-rupture tests of metallic materials (ASTM, 2018). 

2.2.2 High pressure creep testing 

Kim, Cha and Jang (2020) have designed a creep test facility able to operate in 

a sCO2 atmosphere at 650 ºC and 20 MPa through the use of an autoclave that 
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contains the heated and pressurized CO2 as well as the sample. A schematic 

diagram of the test set up is shown in Figure 2-2. 

 

Figure 2-2 Schematics of a) the creep test facility and b) the creep sample 

(Kim, Cha and Jang, 2020) 

The external pressure affects the sample by increasing the stress it needs to 

withstand, which would have an impact on its creep life. Figure 2-3 shows that it 

is possible to observe the effect of the pressure on the creep life (Kim, Cha and 

Jang, 2020). No other creep test has been found that operates at similar 

pressures and higher temperatures for testing materials in sCO2 turbine 

conditions. 

 

Figure 2-3 Creep stress-strain curves 

(Kim, Cha and Jang, 2020) 
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2.2.3 Heating of the sample 

The ASTM E139 5.21 2018 specifies that the heating of the sample should be 

done by either an electric resistance or a radiation furnace (ASTM, 2018). 

Induction heating can be considered as electric resistance heating, as it is done 

by eddy currents in a sample to increase its temperature (ASTM, 2018). 

Induction heating consists of having an alternating electrical current flow through 

an electromagnet, which in turn generates a magnetic field through the sample 

(which needs to conduct electricity) that requires heating. By Lenz law, the 

magnetic field generates induced electrical currents (or eddy currents) on the 

sample, which would increase its temperature due to Joule’s law (Haimbaugh, 

2001). This method has better efficiency, as it is localized in the sample, but does 

not heat the sample uniformly (Ekström, 2015). 

Another way of heating the sample would be to use an electric resistance furnace 

to surround the sample and heat it. The benefit would be a more homogenous 

heating of the sample, but it would be more expensive than induction heating due 

to the reduced efficiency of the heating (Öberg, 2020). 

Lastly, if the sample is in a pressurized environment, it would be possible to heat 

up the gas/air in the pressure tank to heat up the sample. This would be similar 

to a furnace, but with the capacity to heat up the gas before entering the pressure 

vessel, which would simplify the process of heating the sample (Kim, Cha and 

Jang, 2020). 

2.3 Fatigue testing 

Fatigue is the initiation and propagation of cracks in a material due to cyclic 

loading while below the yield stress of the material (Francois, Pineau and Zaoui, 

2013). The process begins with the formation of cracks which then grow, until the 

crack generates a stress intensity factor that is sufficiently high to break the 

material (Francois, Pineau and Zaoui, 2013). 

Fatigue testing can be used to determine S-N curves, which are curves that 

indicate the number of cycles to the failure of the material as a function of the 
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stress it has been subjected to, this helps predict the behaviour of the material 

under different cyclic loading conditions (Li et al., 2020). 

In Appendix B information regarding the different types of fatigue testing 

machines can be found. 

2.3.1 Codes and standards of fatigue testing 

The standard that is closer to the conditions that this thesis is aiming to analyse 

is ASTM E2714 2020 which is for creep-fatigue testing, as we will be analysing 

materials for fatigue at high temperature (and suffering from creep). However, it 

does not fully encompass the whole aim of this project, as it does not include the 

possibility of a high pressure environment, and it also limits the testing process 

to use round bar specimens in uniaxial loading, therefore this standard will not be 

completely followed, but rather used as a guide (ASTM, 2020). 

2.3.2 High temperature fatigue testing 

Wang et al (2019) developed a fatigue testing machine to operate at high 

temperatures and analyse the thermomechanical fatigue of turbine blades (TMF). 

This was done through the control of the stress and temperature the blade 

experienced during testing, an example of the cycle of stress and temperature 

can be seen in Figure 2-4. 

The loading was done using a servo-hydraulic system to generate the stresses 

on the sample blade, while the heating was done using an induction coil, and the 

cooling of the blade was simulated using cooling channels in the grips which 

connected to the blade, an image with the induction coil and cooling channels in 

the blade is on Figure 2-5 (Wang et al., 2019). 
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Figure 2-4 Stress and temperature cycle during test of turbine blade 

(Wang et al., 2019) 

 

Figure 2-5 Induction coil and cooling channels on the sample blade 

(Wang et al., 2019) 

Kukla et al (2021) studied high temperature fatigue of turbine blades. They 

analysed the fatigue life of nickel based super alloys at a constant temperature 

of 950 ºC, and at a load amplitude range of 5200 N to 6600 N. To heat up the 

blades sample an induction coil was used, while the stress was generated using 

a commercial fatigue testing machine with the grips adapted for turbine blade 

sample; a schematic of the fatigue testing machine can be seen in Figure 2-6. 
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Figure 2-6 Schematic of fatigue testing machine (MTS 810) arrows indicate the load 
that generates the bending stress on the sample 

(Kukla et al., 2021)  

2.3.3 High pressure fatigue testing 

In sCO2 turbines the pressure can reach up to 30 MPa and as is the case with 

creep testing, external pressure around the sample could have a detrimental 

effect on fatigue life. Therefore when testing materials, if pressure is applied 

during testing, more accurate results will be obtained. 

The main difficulty with high pressure fatigue testing is the need to avoid losses 

of pressure due to the constant movement of an actuator. To do so Bathias (2006) 

used a piezoelectric fatigue system to eliminate movement through the pressure 

vessel wall. Bruchhausen et al (2015) used a similar testing machine to perform 

a fatigue test of Inconel 718 at an external pressure of 30 MPa in a hydrogen 

atmosphere. A schematic for the fatigue testing machine can be seen in Figure 

2-7. 
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Figure 2-7 High pressure fatigue testing machine 

(Bruchhausen et al., 2015) 

2.4 Literature review conclusion 

The literature survey not only has helped to understand how creep, fatigue and 

pressure vessels work, but it has also helped find the current level of technology. 

During this literature survey a search for creep and fatigue testing machines that 

work at high pressure and high temperature has been carried out, and while some 

papers have been found which provide information for creep or fatigue testing 

machines in extreme conditions, none were found for the expected conditions of 

a direct sCO2 turbine, which can reach up to 1200 ºC and 30 MPa (Weiland and 

White, 2019). It is therefore the aim of this thesis to design a creep and fatigue 

testing machines that can operate at 900 ºC and 30 MPa whilst in a sCO2 

environment to study viable material for use in sCO2 turbines. 
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Further analysis for the different gauges and samples that will be required for the 

operation of the pressure vessel as well as the creep and fatigue testing 

machines can be found in Appendix C and Appendix D respectively.  

 

 



 

15 

3 MATERIALS AND METHODS 

This section will explain the steps taken to design a pressure vessel, a creep 

testing machine and a fatigue testing machine. Initially the pressure vessel was 

designed as it will be needed for both testing machines, followed by the creep 

testing machine and lastly the fatigue testing machine. 

3.1 Pressure vessel design process 

The first step was to estimate the temperature of the pressure vessel under 

normal operating conditions. Once the operating temperature of the vessel was 

determined, the ASME BPVC section VIII division 2 2019 was followed to perform 

a combination of design by rule and further analysis to optimize it (this means 

that the vessel will be class 2) (ASME, 2019). Any deviation from this code will 

be noted in this section with clarifications as to why the modification.  

3.1.1 Temperature estimation 

The following assumptions have been made in order to generate an estimation 

of the temperature in the vessel, the dimensions of the sample were selected 

based on the information in Appendix E, and the dimensions of the vessel were 

chosen according to the size of the sample: 

• The sample is at a constant 900 ºC, as mentioned in 2.4 

• The sample is a cylinder of 15 mm of diameter and 64 mm tall, similar to 

the one in Figure D-3 

• The vessel will be a hollow cylinder 200 mm of internal diameter 350 mm 

tall and with a thickness of 40 mm 

• The sample will be concentric with the vessel, the assembly can be seen 

in Figure 3-1, the sCO2 is found in the interior of the vessel, meanwhile the 

exterior is surrounded by atmospheric air 

• The material of the vessel and sample for the initial estimation will be 

considered Nicrofer 6025HT, as it is a material with good high temperature 

properties, and recommended for use in pressure vessel operating at high 

temperatures, conduction has been considered for this material 
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• The fluid outside of the vessel is considered air 

• The temperature of the ambient environment is 20 ºC 

• Radiation will be considered, an emissivity coefficient of 1 will be 

considered for the sample, as that would be the worst case scenario 

• Free convection will be considered for both on the outer wall and the inner 

walls, as the motion in the fluid will only be due to density differences 

The temperature estimation has been done using the flow simulation add-on in 

Solidworks software provided by Cranfield University, the results can be found on 

section 4.1.1. 

 

Figure 3-1 Solidworks assembly used in temperature estimation 
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Once the temperatures around the vessel had been estimated a material for 

constructing the pressure vessel was selected based on temperature 

requirements and results from the ASME BPVC code 2019. 

3.1.2 Design of the pressure vessel 

3.1.2.1 Pressure vessel geometry 

The process to obtain the geometry of the pressure vessel shell, pressure vessel 

head, supports, nozzles and flanges was done following the ASME code section 

VIII division 2 design by rules 2019, this resulted in an excel spreadsheet with 6 

different cases to analyse depending on the internal diameter of the vessel 

selected, a print out from the excel spreadsheet can be found on Appendix E. 

The main aim of the design of the pressure vessel is to create a unit that is able 

to withstand the conditions of pressure and temperature while at the same time 

reducing its size as much as possible without compromising its functionality and 

life expectancy (and therefore reduce the weight and cost of the vessel). 

Due to the design temperature being 650 ºC the material is within creep range 

(VDM metals, 2020), which means several considerations had to be made: the 

maximum allowable stress was considered to be 67% of the creep rupture 

strength of the material for 105 hours, as recommended in the Welding Research 

Council 470 (WRC) (Carucci, Chao and Stelling, 2002).  

Other consideration regarding the geometry taken were:  

• The vessel will be cylindrical, as the loading of the sample will require a 

certain height of the vessel 

• Ellipsoidal Head, to reduce stress concentration in the head 

• 2 types of nozzles, one for the pipes introducing and extracting the CO2 

and other for the appliances such as temperature meters or the induction 

coil 

• Maximum temperature possible in the vessel walls is 650 ºC, as indicated 

in 4.1.1.3 
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• Material selected for shell and heads is Nicrofer 6025HT as indicated in 

4.1.1.4 

• Internal pressure of 30 MPa was considered 

• Flange type was selected to be loose type with hub, which is a type of 

flange defined in ASME BPVC 2019 code 

• Material for the flanges, skirt and bolts was initially considered Nicrofer 

6025HT to facilitate design phase, if future analysis indicates lower 

temperature in the flanges, bolts and/or skirts other materials will be 

recommended 

Afterwards an analysis of the stresses and temperature was performed for the 

geometry obtained to verify that the design obtained did not surpass the limits of 

stress or temperature set on the design. 

3.2 Creep testing machine design process 

The creep testing machine was designed as an intrinsic part of the pressure 

vessel. This decision was selected to seal the pressure vessel more easily during 

operation, as any leakage could compromise the testing. What this means is that 

the grip that supports the sample is connected to the top part of the pressure 

vessel, and no part of the creep testing machine goes through the pressure 

vessel, and, therefore, the loading will need to happen within the pressure vessel 

itself. 

The design of the creep testing machine consists of: 

• Design of loading system 

• Selection of the sample geometry  

• Selection of the grips used to hold the sample 

• Full geometry design in Solidworks 

• Finite element analysis of the geometry  

• Extensometer and thermocouple selection 

Two codes were followed in designing the creep testing machine, the ASTM E139 

2018 code for the loading system, the extensometer and thermocouple (ASTM, 
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2018), and the ASTM E8/E8M 2021 code will mainly be used to design or select 

the grips as well as the sample geometry (ASTM, 2021).  

3.3 Fatigue testing machine design process 

The process to design the fatigue testing machine differs from that followed in 

both the pressure vessel design and creep testing machine design. The process 

consists of selecting a fatigue testing machine that already exist based on their 

qualities, and the to modify it to be able to operate within the pressure vessel and 

to withstand the operating conditions within it (900 ºC of temperature, 30 MPa of 

pressure and an environment of sCO2). 

3.3.1 Selection of the testing machine 

The fatigue testing machine was selected based on several properties or qualities 

of the fatigue testing machine that were required/desired: 

• It needs to be a piezoelectric fatigue testing machine, as it would allow the 

fatigue testing machine to go through the vessel wall without constant 

movement through it (and therefore protecting against loss of pressure) as 

explained in section 2.3.3 

• The fatigue testing machine will need to be able to generate up to 150 MPa 

of stress in the sample as was the case with the creep testing machine, in 

order to be able to test materials with high fatigue resistance 

• The parts within the pressure vessel will need to be able to withstand 900 

ºC and 30 MPa of pressure, and last at least 105 hours of operation 

3.3.2 Modification to the pressure vessel 

The pressure vessel will require an additional nozzle at the top head in order to 

allow the fatigue testing machine to enter the pressurized environment, the 

design of this nozzle will be done following the ASME BPVC section VIII division 

2 2019 code as in 3.1.2. 

Once the nozzle is designed a sealed feedthrough will be selected in order to 

eliminate the pressure loss in the interface between the pressure vessel and the 

fatigue testing machine. 
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4 RESULTS AND DISCUSSION 

4.1 Pressure vessel design 

4.1.1 Temperature estimation of the vessel walls for sample at 900 

ºC 

Creep testing and fatigue testing are long experiment, fatigue can take be up to 

several weeks long and creep might be months or years, therefore the analysis 

for temperature estimation of the pressure vessel has been done for steady state 

conditions. As mentioned in 3.1.1 free convection has been considered for both 

the exterior and the interior of the vessel, initially with a convection coefficient of 

10 W/(m2K) for the exterior wall (Kosky et al., 2021).  

No heat transfer coefficient has been found for sCO2 at these conditions (around 

600 ºC and 30 MPa). However several papers have been analysed and the 

following information has been obtained; the higher the pressure and the higher 

the temperature for sCO2, the lower the heat transfer coefficient of sCO2 (Jiang 

et al., 2009; Lei et al., 2020; Zhao, Jiang and Zhang, 2011). Therefore, a 

convection coefficient of 200 W/(m2K) will be taken, as that value corresponds to 

sCO2 at 8.8 MPa and 55 ºC, and as we are at higher pressure and temperature 

it should exceed the convection coefficient at our conditions, and therefore 

impose harsher conditions on the pressure vessel wall. 

The thermal properties of sCO2 were found in the paper by Manikantachari et al 

(2017) and introduced in the software to better estimate the temperature. 

Radiation and conduction through the vessel have been considered in the 

estimation, the following image was taken in a plane that sectioned the cylinder 

through a diameter Figure 4-1. 
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Figure 4-1 Temperature estimation of the vessel wall with a sample at 900 ºC and 
external convection coefficient of 200 W/(m2K) 

4.1.1.1 Mesh sensitivity analysis 

A mesh sensitivity analysis was performed to see whether the values obtained 

for the temperature in the wall of the vessel depended on the meshing. Seven 

different meshes were used, with increasing number of cells. The results, which 

can be seen in Table 4-1 and in a diagram in Figure 4-2 indicate that they are not 

sensitive to number of cells beyond 147944 cells. 
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Table 4-1 Mesh sensitivity analysis 

Case Number of cells 
Maximum temperature on vessel 

wall ºC 
Temperature fn fluid ºC 

1º 1344 180.34 194.47 

2º 5240 223.97 240.24 

3º 12316 255.48 275.49 

4º 25760 250.29 270.14 

5º 59592 235.61 247.48 

6º 84660 238.6 257.65 

7º 147944 248.2 267.45 

8º 398988 247.26 269.19 

 

Figure 4-2  Mesh sensitivity analysis diagram  

4.1.1.2 Maximum temperature in the pressure vessel walls for a sample at 

900 ºC  

The results obtained indicate that the maximum temperature on the vessel would 

reach around 250 ºC. It, however, depends on the value of the convection 

coefficient selected for the sample and the inner and outer walls of the pressure 

vessel. As the convection coefficient of 200 W/(m2K) was just an estimation, 

further simulations for different convection coefficients were performed, in order 
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to see what the maximum possible temperature on the wall of the pressure vessel 

could be. 

• The second simulation considered a convection coefficient of 1 W/(m2K) 

in the outer wall and a convection coefficient of 200 W/(m2K) in the inner 

wall, to simulate lower convection to the exterior Figure 4-3 

• As no paper has been found that provided or indicated the convection 

coefficient for the sCO2 at our operating conditions the third simulation 

considered a higher convection coefficient in the inner walls. A convection 

value of 100000 W/(m2K)  for the inner walls was used, while keeping the 

external wall convection value at 10 W/(m2K). This was done in order to 

ascertain if a much higher convection value of sCO2 would pose a threat 

to the integrity of the vessel Figure 4-4. 

 

Figure 4-3 Temperature estimation for an external convection coefficient of 1 

W/(m2*K) and 200 W/(m2*K) on the inner walls and with a sample at 900 ºC  
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Figure 4-4 Temperature estimation for an external convection coefficient of 10 

W/(m2*K) and 100000 W/(m2*K) on the inner walls and with a sample at 900 ºC 

4.1.1.3 Temperature of operation 

After performing these analysis, it seems that the maximum temperature on the 

wall regardless of convection coefficient used in the inner walls is around 635 ºC. 

We must consider that this temperature on the vessel could be reached during 

operation in more extreme cases. Therefore, the temperature of operation has 

been selected as 650 ºC.  

The reason to select a much higher temperature of operation than what was 

estimated to be the most likely scenario Figure 4-1, is to provide a safer design 

of the vessel. 

4.1.1.4 Material for the pressure vessel 

The material selected would need to be able to withstand the internal pressure at 

635 ºC. The material used in the simulation is Nicrofer 6025HT (also known as 
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alloy 602 CA), which is able to work up to 140 MPa in a 650 ºC environment with 

a creep life of 105 hours and so is ideal for constructing the pressure vessel. It 

also provides resistance against carburization, and an oxidation resistance that 

allows it to work up to 1100 ºC (VDM metals, 2020).  

Table 4-2 Chemical composition of Nicrofer 6025HT 

 Ni Cr Fe C Mn Si Cu Al Ti Y Zr P S 

Min 

balance 

24 8 0.15    1.8 0.1 0.05 0.01   

Max 26 11 0.25 0.5 0.5 0.1 2.4 0.2 0.12 0.1 0.02 0.01 

(VDM metals, 2020) 

As the temperature of operation is above 625 ºC, the properties used to analyse 

the maximum stress allowable in the design of the vessel are the creep properties 

of the material; these properties can be found on Table 4-3. 
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Table 4-3 Creep properties of Nicrofer 6025HT 

Temperature (ºC) Creep limit (MPa) Creep strength (MPa) 

104 hours 105 hours 104 hours 105 hours 

650 185 120 215 140 

700 132 85 155 100 

750 75 45 90 48 

800 32 16.5 42 20 

850 19 9.7 26 14 

900 13 7.5 18 9.7 

950 8.8 5.4 12.8 6.7 

1000 5.8 3.4 9 4.5 

1050 3.6 1.9 6.2 3.1 

1100 2.2 1 4.4 2.1 

1150 1 0.4 3 1.4 

(VDM metals, 2020) 

The ASME BPVC 2019 code used also indicates to perform an analysis for 

fatigue of the vessel, however as mentioned in 3.1.2.1 the maximum stress 

allowable is 67% of the creep rupture strength for 105 hours, which in our case is 

93.8 MPa (67% of 140 MPa), as the design temperature is 650 ºC. The fatigue 

properties of Nicrofer 6025HT can be seen in Figure 4-5, and while there is no 

information for 650 ºC, the properties at 1000 ºC (higher temperature lower 

fatigue resistance) seem to indicate that the vessel would fail due to creep before 

failing due to fatigue, and as the design has been done for creep rupture strength, 

fatigue should not affect the life expectancy of the vessel. It is however 

recommended as future work to perform a more thorough analysis of fatigue 

properties of Nicrofer 6025HT at 650 ºC. 



 

28 

 

Figure 4-5 S-N diagram for Nicrofer 6025HT, test performed in air 

(Rolled Alloys, 2012) 

The carburization resistance of Nicrofer 6025HT is excellent, according to Rolled 

Alloys (2012) in a CH4/H2 environment, the weight change was 13 mg/m2h, which 

means that considering an inner diameter of 300 mm, a height of the vessel equal 

to 700 mm, and a testing time of 10000 hours, only 128.65 grams would be 

affected due to carburization, this is equivalent to a penetration of 0.2 mm of 

damaged material within the vessel walls, which indicates that this material is 

ideal for working in a sCO2 environment. Taking the same considerations but for 

a 3000 hour test, the material would have a weight change due to oxidation of 

131.94 grams at 1150 ºC in air, this is equivalent to an oxide layer of 0.205 mm. 

 

Figure 4-6 Oxidation of Nicrofer 6025HT (RA 602 CA) at 1150 ºC for 3000 hours 

(Rolled Alloys, 2012) 
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4.1.2 Geometry of the pressure vessel 

Using the ASME BPVC 2019 code, we have calculated the initial geometry of the 

pressure vessel, as indicated in 3.1.2.1. An analysis of the design was done in 

order to verify that the vessel is able to operate at the design conditions. The 

design obtained can be seen in Figure 4-7 to Figure 4-10, the different colours 

only serve to identify the different parts in the design, the distances are provided 

in order to help the reader visualize the actual dimensions of the designs, the unit 

being mm unless stated otherwise. The design calculations can be found in 

Appendix E. 

 

Figure 4-7 Isometric view of the pressure vessel  
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Figure 4-8 Side view of the pressure vessel 

 

Figure 4-9 Top view of the pressure vessel 
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Figure 4-10 Side cut view of the pressure vessel 

The design consists of multiple parts, the total mass of the vessel is around 6212 

kg 

• Top and bottom part of the pressure vessel: The pressure vessel has been 

divided into two halves in order to be able to open the pressure vessel and 

introduce the sample, as well as to manipulate the different appliances that 

will be required during testing (such as temperature, pressure meters, 

induction coil around sample, etc) 

• Two flanges will be used to join and seal the pressure vessel, the method 

of joining the pressure vessel with its flange is through welding, while both 

flanges will be joined through the use of 16 bolts and nuts. A gasket will 

be located between the flanges, although it is not possible to see it in the 

pictures provided 

• Nozzles for CO2 are located each on the top and bottom part of the 

pressure vessel, their main function is to introduce (bottom part) and 

extract (top part) the CO2 during the testing, especially at the beginning 

and end of testing. Each of these nozzles has its own flange that would be 

used to join it to the piping system used to provide the CO2 
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• Nozzles for appliances are located both in the top part of the pressure 

vessel (3 nozzles) and in the bottom part (1 nozzle), these are used to 

allow entry to appliances used during testing (pressure gauge, 

temperature gauge, displacement meter and the induction coil). These will 

not require the use of flanges, as each appliance will enter the pressure 

vessel through a sealed feedthrough as explained in Appendix F 

• A skirt will be used to support the pressure vessel 

• While not indicated in previous images, the top part of the pressure vessel 

will have a ring in order to be able to lift the top part using a crane (Figure 

4-11) 

 

Figure 4-11 Pressure vessel with the ring used for lifting 

4.1.3 Analysis of the pressure vessel 

Temperature and stress analyses were performed on the new geometry. The aim 

of the temperature analysis was to corroborate that the maximum temperature 

obtained in 4.1.1 was not exceeded. Meanwhile the stress analysis was used to 
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check whether the maximum stress during operation was below the maximum 

allowable stress. Both analyses will also be used to further improve the design if 

possible. 

The geometry used to analyse both cases does not have any nozzle, in order to 

simplify the calculation. The conditions in the temperature analysis are those of 

worst case scenario as used in 4.1.1.2. 

 

Figure 4-12 Temperature estimation for the pressure vessel designed by rules 

considering both convection and radiation with a sample at 900 ºC 
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Figure 4-13 Stress estimation for the pressure vessel designed with the loading 

being inner pressure (30 MPa) and gravity 

After observing both the temperature and stress estimation it is possible to 

corroborate that the ASME BPVC section VIII division 2 design by rules provides 

a safe design for pressure vessel; however, it comes with the downside of 

increasing the size and cost of the pressure vessel. And while the type of design 

chosen in this thesis will lean on the safer side, the end result can be optimized.  

The main aim of this optimization is to reduce the cost of the pressure vessel. To 

do so, instead of changing the geometry, we will continue adhering to the design 

by rules maximum allowable stress conditions. However instead of considering 

that the temperature on the support, flanges and bolts is going to be equal to that 

of the inner wall of the pressure vessel, we will use the results from the 

temperature analysis to select more appropriate materials Figure 4-12. 

• The support will be considered to be at a temperature bellow 380 ºC 

• The flanges will be considered to be at 500 ºC 
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• The bolts will be considered to reach a temperature of 350 ºC  

For the new materials selected, a high temperature steel such as grade 91 steel 

(T91) has been chosen, as it provides a creep rupture strength of 150 MPa at 

550 ºC for a 105 hour life (Gianfrancesco et al., 2005).  

The main reason to change from Nicrofer 6025HT to this high chromium steel is 

the difference in prices, the cost of T91 steel can vary depending on the provider, 

however a comparison of the cost of both has been done using the same website: 

Alibaba.com, as it has both the T91 steel and Nicrofer 6025HT in stock. The cost 

for 1 tonne of T91 is around 850 US dollars, meanwhile the cost for 1 tonne of 

Nicrofer 6025HT is around 20000 US dollars. This difference in price is 

substantial and therefore any reduction in the use of Nicrofer 6025HT in this 

design would make it substantially cheaper. 

This however has one major downside, and that is the difference in the coefficient 

of thermal expansion between the 2 materials, as Nicrofer 6025HT has a 

coefficient of thermal expansion around 15.2 x 10-6 /ºC, while T91 steel is 12.3 x 

10-6 /ºC both values are at their respective temperature of operation. A weld of 

similar characteristics was done by Saito et al (2017) in which a rotor was made 

from nickel based alloy welded to Cr steel. The results from the study seem to 

indicate that a dissimilar weld between nickel based alloys and Cr steel was 

viable, although further tests should be planned to fully verify this information. 

The design of the pressure control can be found in Appendix I, and an explanation 

of how the vessel operates in Appendix J. 

4.2 Creep testing machine design 

4.2.1 Sample geometry 

The sample geometry should be taken from the ASTM standards as using a 

conventional sample will simplify obtaining it and guaranteeing its quality. The 

sample will also need to be relatively small in order to reduce the cost of 

manufacturing it, as the materials tested for sCO2 turbines tend to be quite costly, 

as well as for reducing the necessary weight for generating the stress during the 
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testing. A suitable sample has been found STM E8/E8M standard (ASTM, 2021), 

it is a small sized round tension specimen (Figure 4-14). 

 

Figure 4-14 Small sized round specimen selected for use in creep testing 

(ASTM, 2021) 

It has the following geometrical requirements:  

• Gauge length (G) of 10.0 +/- 0.1 mm 

• Diameter (D) of 2.5 +/- 0.1 mm  

• Radius of fillet (R) of 2 mm 

• Minimum length of reduced parallel section (A) 16 mm 

 

Figure 4-15 3D model of the creep test sample 

4.2.2 Design of the loading system 

As mentioned in section 3.2 the creep testing machine will be integrated within 

the pressure vessel, and therefore the loading will need to happen within it. To 

facilitate operation within the pressure vessel, a simple design of the grips, 

sample and loading system will be required, this is due to two reasons:  
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• The first one are the extreme conditions of temperature and pressure 

within the pressure vessel, as they would complicate designing complex 

systems 

• The second reason is that the volume within the pressure vessel is quite 

limited, therefore a smaller loading system will be preferred. 

The main objective of this loading system is to generate up to 150 MPa of total 

stress in the sample. This value has been taken because not even high 

performance nickel based superalloy CMSX-4 plus is able to operate for longer 

than 105 hours at 900 ºC with such high stresses. These values have been 

obtained by using the Larson-Miller curve provided in Figure 4-16 by Wahl and 

Harris (2018).  

The calculation was done for time (t) = 105 hours, a temperature (T) = 900 ºC, 

which gave a Larson-Miller parameter (P) equal to: 

𝑃 = (900 + 273) ∗
20 + log(10 ∗ 105)

1000
= 30.498 

(4-1) 

With a Larson Miller parameter equal to 30.498, it means that the rupture stress 

for CMSX-4 plus at this conditions is slightly above 150 MPa. This material will 

be chosen for not only the loading system, but also for the all the elements that 

will be designed in this section apart from the sample. 

 

Figure 4-16 CMSX-4 and CMSX-4 plus Larson Miller parameter data 

(Wahl and Harris, 2018) 
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The work done by Kim, Cha and Jang (2020) can be used to estimate the total 

stress on the sample as the sum of the stress generated by the internal pressure 

and stress due to the external deadweights. As the dimensions of the loading 

systems will affect the total maximum stress on the sample, using (4-2) to (4-4) 

equations it has been possible to calculate the loading weight required, as well 

as the dimensions of the loading system. 

• σp is the stress on the sample due to the internal pressure in MPa  

• σL is the stress on the sample due to the deadweights in MPa 

• σT is the total stress on the sample in MPa 

• P is the internal pressure (in the vessel) in MPa 

• A is the cross sectional area of the Jig in mm2 

• B is the cross sectional area of the gauge length in mm2 

• W is the force of the weights in N 

𝜎𝑝 =  
𝑃 ∗ (𝐴 − 𝐵)

𝐵
 

(4-2) 

𝜎𝐿 =  
𝑊

𝐵
 

(4-3) 

𝜎𝑇 =  𝜎𝑝 +  𝜎𝐿  (4-4) 

In order to guarantee that the loading system will be able to survive longer than 

the sample, the diameter of the loading system will be two times that of the 

sample.  

• A = 19.635 mm2 

• B = 4.9 mm2 

• W = 295 N 

• P = 30 MPa 

• σp = 90 MPa 

• σL = 59.95 MPa 

• σT = 149.95 MPa 
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The loading system will use deadweights in order to generate the axial stress on 

the sample, as it is a simple yet effective way of loading a sample. The weights 

will be cylinders of 150 mm of diameter, and a thickness of 40 mm, considering 

a density of 8000 kg/m3, the material is stainless steel 309, as it can operate at 

700 ºC and 36 MPa of stress for 104 hours (Thyssenkrupp materials UK limited, 

2017), the overall mass of each weight is around 5 kg, a 3D model of the weights 

can be seen in Figure 4-17. As we need to generate up to 59.95 MPa of stress 

on the sample, six weights will be initially used to load the sample, more weights 

can be added if increased weight is required.  

To prevent the weights from gaining additional weight during operation due to 

reacting with the CO2, via either from carburisation or oxidation, it is 

recommended to apply a barrier coating to protect the weights against both 

carburisation and oxidation. A coating made from yttrium aluminium garnet, with 

a second layer made from nanocrystalline MCrAlY (M represents either Ni, Co or 

NiCo) would protect the weights against corrosion and carburization (Gell et al., 

2018; Tapse et al., 2017) 

The full design of the loading system requires the design of the gripping system; 

therefore, a 3D model of the loading system is presented in a later section of this 

thesis. 



 

40 

 

Figure 4-17 Weights used for loading stress on the creep sample 

4.2.3 Grip design 

The design of the grip has been carried out following the ASTM E8/E8M 2021 

and will require testing for correct alignment as indicated in ASTM E1012 2019. 

The type of gripping device will be for shouldered-end specimens, the geometry 

will be similar to the one provided in the ASTM E8/E8M 2021 standard (ASTM, 

2021).  

 

Figure 4-18 Gripping device recommended for shouldered-end specimens 

(ASTM, 2021) 
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The design has been adjusted in order to consider the small size of the sample, 

and to simplify the assembly of the grip system. The material will need to be 

CMSX-4 plus as already specified in 4.2.2, the grips could reach 900 ºC, as they 

would be in direct contact with the sample and suffer high stresses. The grip 

designed will consist of 2 parts: 

• The internal part of the grip or split socket is divided into two halves, these 

are the parts that will hold the sample and connect the loading system, in 

Figure 4-19 we can see one of the halves 

• The external part of the grip, or solid clamping ring will hold together both 

halves of the internal grip. It does so due to its geometry (the shape of the 

interior is a reverse cone), which allows it to self-adjust due to gravity until 

both internal grips are fixed together, an image of a cut plane of the 

external grip can be seen in Figure 4-20 

 

Figure 4-19 Internal part of the grip or split socket for creep testing 
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Figure 4-20 Cut view of the external part of the grip or solid clamping ring for creep 

testing 

4.2.4 Creep testing machine design 

The creep testing machine in this thesis will consist of 7 elements, which can be 

seen in Figure 4-21 to Figure 4-23 (the different colours on each picture are only 

used to differentiate more easily each part). 

• The top part, which is welded to the top head of the pressure vessel, is 

responsible for supporting the other components of the creep testing 

machine (grey) 

• The internal grips (blue) 

• The external grips (orange) 

• The sample (red) 

• The heating coil which surrounds the sample although it is not shown on 

the figures 

• The loading system is used to load the weights (yellow) 

• The weights (green) 
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Figure 4-21 Creep testing machine cut view 
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Figure 4-22 Creep testing machine zoom on the top part 

 

Figure 4-23 Creep testing machine zoom on the sample and grips 
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4.2.5 Temperature analysis of the creep testing machine 

A temperature analysis has been done with the same assumptions used in 

sections 4.1.1 and 4.1.3. This has been done in order to verify the temperature 

of the creep testing machine elements and also due to the new position of the 

sample (in this case it is at a higher position than in previous thermal analysis in 

section 4.1.1.2) as well as a more accurate size of the sample; the results can be 

seen in Figure 4-24. 

For the temperature analysis the holes in the nozzles were sealed in order to 

represent the fact that the sealed feedthrough would prevent the sCO2 within the 

pressure vessel from leaving. 

 

Figure 4-24 Creep temperature estimation 

The results present an overall lower temperature across the sCO2 and the 

pressure vessel for two distinct reasons:  

• The first one is the reduced size of the sample compared to the one used 

in previous estimations, which means that due to how the temperature the 

analysis is defined in Solidworks (the sample is always at a constant 900 

ºC during the analysis) the bigger the sample the more heat it provides to 

the environment  
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• The other reason is that due to presence of the additional volume of 

material (from the grips and loading system) the heat absorbed by the 

pressure vessel itself is reduced in comparison with previous analysis. 

This result indicates that a more optimized design could be produced for the 

pressure vessel, as lower temperature in the pressure vessel would mean higher 

rupture strength of the material and therefore a reduced geometry could be used. 

On the other hand, instead of optimizing the geometry for operating at 900 ºC, 

higher testing temperatures could be attained using this geometry, an example is 

Figure 4-25 where the temperature of the sample was fixed to 1200 ºC instead, 

the results indicate that the pressure vessel would not go over the maximum 

allowable temperature. Both are viable options, however for now the design will 

remain as it is in order to lean on the safer side of the design.  

 

Figure 4-25 Creep temperature estimation when testing at 1200 ºC 

4.2.6 Stress analysis on the sample 

A FEA analysis of the sample has been performed in order to evaluate the 

combined effect of the designed loading (as indicated in section 4.2.2) with the 

effect of the pressure within the vessel and the weight of the loader and bottom 

grips. The results indicate that a maximum stress of 114.6 MPa will be generated 
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on the sample under those conditions as seen in Figure 4-26. This indicates a 

deviation between the results obtained from equations (4-2) to (4-4) and the ones 

obtained from SolidWorks, probably due to the difference between the our setup 

and the one used in the paper from Kim, Cha and Jang (2020); as in our case the 

whole loading system is within the pressure vessel while in their case the weights 

are outside of the pressure vessel as seen in Figure 2-2.  

 

Figure 4-26 Stress on the sample when loaded with 6 weights (blue = grips, middle 

part = sample) 

An increase in the number of weights to 11 will allow our loading system to reach 

150 MPa as indicated in Figure 4-27. 
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Figure 4-27 Stress on the sample when loaded with 11 weights (blue = grips, 

middle part = sample) 

Lastly the design/selection of the thermocouple as well as the extensometer is 

summarised in Appendix G and Appendix H respectively.  

4.3 Fatigue testing machine design 

4.3.1 Selection of the fatigue testing machine 

In this thesis the aim was not to design a fatigue testing machine but rather to 

select an existing one able that is able to operate in our desired conditions. If no 

fatigue testing machine can be found, then suitable modifications to an existing 

fatigue testing machine will be discussed in order to make it viable. 

The fatigue testing machine selected will need to be able to generate 740 N (load 

similar to 75 kg. Other requirements include resistance to high temperature and 

stresses (900 ºC and 150 MPa of stress). The fatigue testing machine will also 

be required to function using piezoelectric materials to generate the stress, as  

explained in section 2.3.3. 

The materials to be tested should have high fatigue resistance at high 

temperatures and resistance to fatigue corrosion, and carburization in order to 

operate in direct-fired sCO2 turbines. As an example, CMSX-4 plus is able to 
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operate at 1000 ºC and 150 MPa of alternating stress for more than 109 cycles 

(Cervellon et al., 2018). The fatigue testing machine could be either a high cycle 

fatigue (HCF) or low cycle fatigue (LCF) testing machine in order to test the 

materials for a different arrange of situations.  

 

Figure 4-28 Fatigue properties of CMSX-4 plus studied at 1000 ºC 

(Cervellon et al., 2018) 

No piezoelectric fatigue testing machine has been found that conforms to the 

shape of the pressure vessel, therefore a custom made fatigue testing machine 

will need to be ordered from a company. The recommended company is 

Hegewald & Peschke (n.d.) and the selected fatigue testing machine is a very 

high cycle fatigue (VHCF) machine that fulfils most of the conditions required to 

operate in our pressure vessel: 

• It is able to generate up to 20000 N, more than enough to generate the 

150 MPa on the sample 

• It works between 18 and 22 kHz, which means that to generate 1010 cycles 

it would only take 6 days of continuous operation 
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Figure 4-29 Piezoelectric VHCF testing machine 

(Hegewald & Peschke, n.d.) 

However as this testing machine has not been designed to operate in high 

temperature pressurized environments some modifications will be required. The 

following modifications or considerations should be provided to the manufacturer 

to develop an appropriate fatigue testing machine for the use in our operating 

conditions: 

• The material of this testing machine located within the pressure vessel will 

need to be made out of CMSX-4 plus in order to be able to withstand the 

stress and temperatures of operation 
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• The geometry of the fatigue testing machine will need to be adapted to the 

pressure vessel, this will affect not only the grips, and horns (an image of 

what the horns are can be found in Figure 2-7), but also the supports 

o The upper horn diameter will need to be 80 mm  in order to be able 

to enter the top head of the pressure vessel 

o The fatigue testing machine will only enter the pressure vessel 

through the top head, 

o The support of the sample will be integral to the pressure vessel 

o The supports of the fatigue testing machine will need to be wider in 

order to account the geometry of the pressure vessel 

o Another option for the support of the horn and piezoelectric actuator 

of the fatigue testing machine is the pressure vessel itself 

o The grips will be adjusted for the sample described in 4.2.1 

• Due to the loading requirements being much lower (the force needed to 

generate the stress is 750 N instead of 20 kN) a reduction in the maximum 

force generated by the testing machine will be recommended in order to 

reduce the cost  

4.3.2 Pressure vessel modifications 

The pressure vessel designed in 4.1 will need to have some modification in order 

to let the fatigue testing machine enter the vessel and operate. The first change 

will need to be a nozzle in the top of the head to allow the horn of the testing 

machine go through the vessel. The second require change will be a support for 

the sample in the bottom part of the pressure vessel. 

4.3.2.1 Top pressure vessel redesign for fatigue testing machine 

The nozzle in the head of the pressure vessel will be designed following the 

ASME BPVC section VIII division 2 2019 code, as done for the design in section 

4.1.2. 

As the nozzle will be located in the top part of the head, the ring used for lifting 

will be located on the flanges instead of on the top part of the vessel. Instead of 
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only one centred ring, in this case three rings will be used in order to distribute 

the weight when lifting the vessel using a crane more easily. 

 

Figure 4-30 Pressure vessel adapted for fatigue top part 

4.3.2.2 Bottom pressure vessel redesign for fatigue testing machine 

The bottom part will be modified by including a 4 legged support for the sample. 

This support will also be divided into two parts, the first part will be welded 

together to the bottom pressure vessel and will have a height equal to that of the 

bottom part of the pressure vessel. 

The second part of the support will be of similar geometry but instead of being 

welded it will slot into 4 holes that will be at the top of the first half of the support. 

The aim of this part is to extend the support until it reaches the height of the 

nozzles in the top part of the pressure vessel, in order to facilitate measuring the 

strain and temperature in the sample. 
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Figure 4-31 Pressure vessel adapted for fatigue bottom part (brown-grey = 

pressure vessel + first part support, galvanized grey =second part of the support) 

The complete design of the pressure vessel adapted for the fatigue testing 

machine can be seen in Figure 4-32 and Figure 4-33, the horn of the fatigue 

testing machine has been modelled in order to represent how it would enter the 

pressure vessel. The selection of the sealed feedthrough for the fatigue testing 

machine to pass though the pressure vessel without major losses of pressure is 

discussed in Appendix F. 
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Figure 4-32 Pressure vessel adapted for fatigue testing 

 

Figure 4-33 Zoom on the sample and the horn of the fatigue testing machine 
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5 GENERAL DISCUSSION 

5.1 Pressure vessel discussion 

5.1.1 Design of the pressure vessel 

The design of this vessel has been carried out following the codes and standards 

from the ASME, as stated in section 3.1.2.1. The result is a simple geometry able 

to contain a pressure of 30 MPa with a maximum temperature on the walls of 650 

ºC. However, because the design was done by following the rules provided in the 

standard instead of by analysis, the end result is a conservative design of the 

pressure vessel. This means that the vessel designed can be pushed a little 

further in terms of maximum temperature or pressure with further analysis.  

The end result from the design is not only the pressure vessel itself, but rather 

the excel file itself, as it has been done in a way that makes it simple to change 

certain parameters of the vessel (such as material of the parts, or the geometry 

of the vessel) and verify if the new design fulfils the ASME code stipulations.  

5.1.2 Material of the pressure vessel 

The materials selected for the pressure vessel design are two: the pressure 

vessel itself (the part in contact with the sCO2) and the nozzles will be made out 

of Nicrofer 6025HT; the rest of the parts of the pressure vessel will be made out 

of T91 steel. As explained in 4.1.3, these materials were selected for the 

conditions of 30 MPa of inner pressure and the sample being at 900 ºC. However 

the benefit of this design is that changing the pressure vessel’s material (and its 

creep properties) in the excel code would allow to either increase or decrease the 

temperature of testing, accommodating to the needs of another experiment. 

5.1.3 Characteristics of the pressure vessel 

There exist a multitude of pressure vessels in the market. Here, an explanation 

as to which niche the pressure vessel designed in this thesis belongs to will be 

provided.  
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While the overall volume of the pressure vessel is reduced 0.8 m3, its weight is 

around 6.3 tonnes which means that to operate it a crane will be required. 

The main benefit the designed pressure vessel has in comparison to what can 

currently be found on the market is that it has been designed to operate in a 

carburizing atmosphere at high temperature and pressure for extended periods 

of time. The design approach also allows future researchers to change the 

material it is made out of to achieve higher temperatures of operation; an example 

will be provided here: 

• If the vessel parts made out of Nicrofer 6025HT were instead made out of 

CMSX-4 plus, the vessel walls would be able to operate at 900 ºC instead 

of 650 ºC (which means that the sample testing could be done at a higher 

temperature) 

Regarding the pressure vessel, this thesis aims to provide two things:  

• The first one is the process to design the pressure vessel itself, as no other 

paper has been found in which they provided the steps followed to design 

it, this thesis aims to serve as guidelines for future pressure vessel designs  

• The second is the pressure vessel itself, which due to its size, weight and 

functionality, is meant to operate on laboratories for testing materials.  

The difference between the designed pressure vessel and the ones that can be 

found on the market is that, during the literature review, no pressure vessel was 

found that could fulfil all the conditions simultaneously: 

• Temperature of operation 650 ºC 

• Pressure of operation 30 MPa (300 bar) 

• Carburizing atmosphere 

• Able to operate for longer than 105 hours 

• Enough volume and correct geometry for performing the creep or fatigue 

tests 

• Simplicity of operation and capacity to be operated by reduced number of 

people without the use of heavy machinery (although a crane will still be 

required) 
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5.2 Creep testing machine discussion 

5.2.1 Design of the creep testing machine 

The creep testing machine has been designed with the two distinct aims: 

• The first one, is for it to be able to operate within the pressure vessel, to 

reduce the possible pressure loss during operation, and to simplify the 

design of the pressure vessel as well as that of the creep testing machine 

• The second one was to design a simple yet robust creep testing machine, 

as the environment in which is going to operate is going to be extreme 

To achieve both aims several decisions were taken that affect the 

performance/characteristics of the creep testing machine:  

• To solve the need of being within the pressure vessel the top holder of the 

creep testing machine has been welded to the top part of the pressure 

vessel, this means that it is not possible to repurpose the pressure vessel 

to use it in fatigue testing 

• As the space within the pressure vessel is quite limited, a small sized 

tension specimen will be used as sample. This has the added benefit of 

requiring less force to generate high values of stress in the sample, and 

reduced cost in fabricating the sample, but it creates a higher risk of 

obtaining inaccurate results, as any defect on the sample would have a 

higher effect on the sample performance, so a more rigorous inspection is 

required 

• The loading system is quite simple, using deadweights, it, however, comes 

with the downside of not providing a fine control on the stress the sample 

is subjected to, and not being able to change it in the middle of the 

operation 

5.2.2 Materials of the creep testing machine 

The material used for the creep testing machine is going to be CMSX-4 plus. This 

material is a Nickel based superalloy with extremely good high temperature 

properties, being able to withstand more than 150 MPa of stress at 900 ºC. As 
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some parts of the creep testing machine will be in direct contact with the heated 

sample, we need to consider that 900 ºC will be the maximum temperature of the 

creep testing machine.  

However, there are some parts on the design of the creep testing machine that 

do not need to be made out of CMSX-4 plus, and instead will be made out of 

stainless steel 309 (the weights), a cheaper material was considered to be a more 

reasonable solution. 

5.2.3 Characteristics of the creep testing machine 

The creep testing machine has been designed to be able to test creep properties 

of materials at 900 ºC, in a pressurized CO2 environment. This has led to the 

creation of a simple, yet robust creep testing machine, with characteristics being: 

• The creep testing machine has been designed to operate within the 

designed pressure vessel, which means that any modification to the 

pressure vessel design, would affect the design of the creep testing 

machine design and vice versa 

• The aim for simplicity in the creep testing machine, especially in the 

loading system (using deadweights) has led to a decrease in control of the 

stress generated in the sample and being unable to change loading during 

operation 

• The grip system has been designed in such a way that is possible for just 

one person to fix the sample to the creep testing machine, without using 

bolts or any electrical system, which simplifies the gripping of the sample 

• The geometry of the creep testing machine has been done in such a way 

that the point of maximum stress (lowest cross sectional area) has twice 

the radius than that of the point of maximum stress on the sample, 

ensuring that the sample breaks before the creep testing machine 

During the literature review only one case was found for a creep testing machine 

that operated at the same time at high temperature and pressure (section 2.2.2), 

in our case both the temperature and pressure of operation for the sample is 

higher (900 ºC versus their 650 ºC and 30 MPa versus their 20 MPa). 



 

59 

This thesis had two distinct aims in the design of the creep testing machine, as 

was with the design of the pressure vessel: 

• The first aim was to design the creep testing machine for higher 

temperatures and pressure than what was found during the literature 

review 

• The second aim was to provide insight into the design in order to facilitate 

future designs of creep testing machine with similar characteristics 

5.3 Fatigue testing machine discussion 

5.3.1 Selection of the fatigue testing machine 

For the fatigue testing machine there was no design phase for it, instead a search 

for readily available fatigue testing machine was performed. This search indicated 

that there was no fatigue testing machines that fulfilled all of the conditions 

required to analyse samples at 900 ºC, and in a 30 MPa sCO2 atmosphere. 

Therefore, the aim changed from finding a suitable fatigue machine to select an 

appropriate fatigue testing machine and propose the necessary changes and 

modifications in order for it to be able to operate at the desired conditions.  

For the fatigue testing machine selected there was 2 conditions that were 

required before proposing any modifications: 

• It had to be a piezoelectric fatigue testing machine, otherwise there would 

be too much movement through the pressure vessel, which would 

complicate the sealing of the vessel 

• It had to be able to generate more than 750 N of force, for it to be able to 

generate the desired stress on the sample 

Once a machine was found all that was left to do was to propose the modifications 

or changes that the fatigue testing machine (and the pressure vessel) would need 

to be able to operate together. The more important changes are: 

• Change of shapes both on the pressure vessel as well as the fatigue 

testing machine 

• Change of materials of the fatigue testing machine 
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• Use of new elements in the pressure vessel to support the sample. 

5.3.2 Characteristics of the fatigue testing machine 

The end result of the fatigue testing machine is a computer controlled fatigue 

testing machine that operates by generating a sinusoidal signal in a computer 

and sending it to an electric generator, which then sends it to a piezoelectric 

actuator, translating the electric signal into mechanical stress on the sample. The 

main modifications to the pressure vessel are the addition of a nozzle on the top 

head, as well as supports for the samples.  

As the fatigue testing machine needs to operate with the modified pressure 

vessel, in this section a combination of the characteristics of both will be detailed: 

• The selected fatigue testing machine is able to operate between 18-22 

kHz, capable of reaching 109 cycles in 6 days of continuous operation 

• Both the load and the cycle are generated through the use of a computer, 

which means that the fatigue testing machine provides excellent control 

over the loading during operation, allowing the change of the loading and 

frequency values during operation if required 

• Due to the fatigue testing machine generating the load through the use of 

piezoelectric materials, the pressure loss in the interface between 

pressure vessel and fatigue testing machine is reduced 

• The pressure vessel serves as a support for the sample, and for the fatigue 

testing machine horn, which means that the support for the original fatigue 

testing machine are not required 

This section had a reduced scope compared to the design of the pressure vessel 

or the creep testing machine, as the aim was to find and modify an already made 

fatigue testing machine instead of designing it completely. 

5.4 Feasibility of the designs 

The results obtained seem to indicate that the pressure vessel, the creep testing 

machine and the fatigue testing machine would be able to operate at the desired 

conditions. The pressure vessel, creep testing machine and fatigue testing 
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machine were studied separately that is by considering each one of them 

separately. However, a creep testing machine is not only the loading system, but 

is also the sensors, the software required to perform the analysis, etc. In the case 

for the pressure vessel the piping, pumps, sCO2 deposits, and several other 

systems will need to be designed before it is possible to perform creep or fatigue 

analysis within it.  

So, while the designs themselves are fit for purpose, there is much future work 

before a complete fatigue or creep testing machine is fully designed and ready 

for prototyping, some of this future work required will be presented on section 6.2. 

5.4.1 Cost estimation 

A cost estimation has been performed for the pressure vessel, creep testing 

machine and the required modifications for the fatigue testing machine. The 

estimation for these costs will have an accuracy range of -15/+50%, as these 

designs are considered to be class 4 by the AACE (Association for the 

advancement of cost engineering) recommended practice for cost estimation of 

new technologies (Christensen et al., 2005). 

The costs have been calculated by first identifying the volume of the vessel, creep 

testing machine, the required changes in the fatigue testing machine, and 

calculating the material cost. T91 steel has been considered 850 $ per tonne and 

for the Nicrofer 6025HT it has been considered 20000$ per tonne as explained 

in section 4.1.3, it has not been possible to obtain the price of CMSX-4 plus, so 

its cost has been estimated to be double of Nicrofer 6025HT, as CMSX-4 plus is 

a single crystal superalloy with better high temperature properties than Nicrofer 

6025HT. 
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Table 5-1 Material cost estimation 

Material  Mass (kg) Cost per 
kilogram 

($/kg) 

Total 
material 
cost ($) 

Pressure 
vessel 

Creep 
testing 
machine 

Fatigue 
testing 
machine 

Total 

Steel T91 4884.84 32.24 0.00 4917.08 0.85 4179.52 

Nicrofer 
6025HT 

1022.55 0.00 0.00 1022.55 20.00 20451.00 

CMSX-4 
plus 

0.00 328.03 451.91 779.94 40.00 31197.50 

Total  5907.39 360.26 451.91 6719.57 
 

55828.02 

The work done by Zhang et al (2012) has been used to estimate the percentage 

of manufacturing costs over the total cost of a pressure vessel, which is around 

71% of the material cost. The total cost estimation, which is the sum of the 

material costs and the manufacturing costs, is 95704 $. It includes the fabrication 

of the pressure vessel, the creep testing machine, and the required modifications 

to the fatigue testing machine. It does not include the cost of the fatigue testing 

machine as the cost was not provided by the company that developed it 
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6 CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

To summarize: 

• A literature review has been performed on pressure vessels, creep testing 

machines and fatigue testing machines, specifically at high temperatures 

and pressures 

• A pressure vessel has been designed to perform creep testing and fatigue 

testing analysis of samples at 900 ºC, in a sCO2 atmosphere at 30 MPa 

internal pressure (Figure 4-7) 

• Materials have been recommended for the pressure vessel to operate at 

the designed conditions. These materials are Nicrofer 6025HT for the main 

body of the vessel, and T91 steel for the outer parts 

• Advice has been provided on how to select different materials/geometry in 

order to adapt the pressure vessel for different temperatures/pressures of 

operation by using the ASME BPVC section VIII division 2, and the excel 

file extract provided in this thesis 

• A creep testing machine has been designed to work in conjunction with 

the pressure vessel. Appropriate types of loading and gripping devices 

have been also designed/selected for the creep testing machine (Figure 

4-21) 

• Materials have been proposed for use in the creep testing machine for it 

to be able to withstand 900 ºC and more than 150 MPa of total stress, the 

materials are CMSX-4 plus for the creep testing machine and T91 grade 

steel for the weights 

• A fatigue testing machine has been selected from Hegewald & Peschke, 

and modifications have been suggested for it to be able to operate with 

samples at 900 ºC and more than 150 MPa of total stress (Figure 4-32) 

• Modifications to the pressure vessel have been suggested for it to be able 

to operate in conjunction with the fatigue testing machine, such as the 

addition of a support for the sample, and the design of a nozzle at the top 

head of the pressure vessel 
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• The required instrumentation for creep and fatigue testing have been 

identified and selected, the thermocouples, extensometers, and pressure 

gauges have all been identified 

• Sealed feedthroughs have been selected for the different appliances as 

well as for the fatigue testing machine horn, further explained in Appendix 

F 

• The feasibility of the designs has been analysed, and while the pressure 

vessel, creep testing machine and fatigue testing machine can operate on 

their own, an analysis of the complete design of the test rig has not been 

done 

6.2 Future work 

As it was mentioned in section 5.4 there are still some aspects of the design left 

to be done before complete fatigue or creep testing machines for 900 ºC and 30 

MPa are ready for prototyping. Some of the required future work is: 

• The induction coil has not been designed in this thesis, it will need to be 

able to generate 900 ºC in the middle point of the sample while being able 

to withstand 900 C and 30 MPa pressure 

• The fatigue testing machine can be improved by integrating it with the 

pressure vessel (in a similar way as the creep testing machine) 

• New materials could be used to further improve the capabilities of the 

pressure vessel as well as creep and fatigue testing machines 

• No extensometer has been found that is able to operate at such high 

stresses and temperature; an appropriate extensometer needs to be 

found/designed 

• A piping and pumping system needs to be designed to work in conjunction 

with the pressure vessel 
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APPENDICES 

Appendix A Types of creep machines and stages of 

creep 

There are a multitude of different types of creep testing machines, however there 

are mainly 5 different types of creep testing machines depending on the type of 

loading the samples are subjected to: 

• Tensile: the most common tensile creep tests consist of applying a load 

through a deadweight that generates a constant uniaxial tension in the 

sample (Asyraf et al., 2019). A diagram of the creep test can be seen in 

Figure A-1. 

 

Figure A-1 Uniaxial creep test with deadweight 

(Bierögel and Grellmann, 2014) 

• Compression: a compression test is usually applied to samples made out 

of rigid thermoplastics or foams (Bierögel and Grellmann, 2014). The load 

generates a uniaxial stress (similar to the uniaxial tension) but in this case 

the load is compressive instead of tensile, a schematic of how the loading 

is applied can be seen in Figure A-2. 
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Figure A-2 Compressive creep test diagram 

(Bierögel and Grellmann, 2014) 

• Bending: in this case the load is applied perpendicular to the axial direction 

of the sample, generating a bending stress in it. Diagrams of these types 

of test machines can be seen in Figure A-3. They are mainly used for 

determining the creep properties when the material is in short supply and 

can be used for polymers (both thermosets and thermoplastics) (Bierögel 

and Grellmann, 2014; Jalali, Kumar and Jayaram, 2019). 

 

Figure A-3 Types of bending creep tests a) three point and b) four point bend tests 

(Bierögel and Grellmann, 2014) 

• Nanoindentation: this consists of applying a load on a material through the 

use of an indenter tip (of a known geometry that is driven into the material) 

until a maximum force is reached, while measuring the load/displacement 
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curves (Nanovea, 2014). This creep testing method only require small 

amounts of the sample material, and it is also useful on materials with low 

creep rates, allowing a faster experimentation (Nanovea, 2014). 

Creep process can be divided into 3 different stages (Altenbach and Eisenträger, 

2020), which can be seen in Figure A-4: 

• Primary creep: which present high creep strain rate at the beginning, which 

becomes lower over time  

• Secondary creep: with a constant creep strain rate 

• Tertiary creep: with an accelerating creep strain rate which lasts until the 

breakdown of the material 

 

Figure A-4 Creep stages 

(Asyraf et al., 2019) 
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Appendix B Types of fatigue testing machines 

Fatigue machines can be grouped in terms of how they generate the fatigue crack 

growth in the material being tested. While the breakdown of the sample will 

always be due to mechanical stresses, the way they are generated can be from 

a multitude of ways (Bathias, 2006; Macek et al., 2019). 

• Electromechanical/Hydraulic/Electromagnetic fatigue testing machine: 

These fatigue testing machines generate the stress via different ways, 

such as using the pressure generated by a pumping system or using 

electrical motors to generate the stress 

• Thermal fatigue testing machines: In this case the sample is heated/cooled 

in order to generate stress and strains due to temperature changes. 

• Piezoelectric fatigue testing machines: These machines use piezoelectric 

materials (a material that has the property of generating mechanical stress 

when subjected to an electrical charge or vice versa) in order to generate 

a cyclic load in the sample through the use of an electric signal. 
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Appendix C Gauges 

To perform both the creep test and fatigue tests, the conditions of the sample 

need to be stable within a certain range, for example the temperature of the 

sample should not change by more than 3ºC during the creep tests, according to 

the ASTM E139 (2018). Therefore, temperature, strain and pressure will be 

monitored during the testing process, and as such they will need to be able to 

withstand the conditions inside the pressure vessel.  

C.1 Temperature monitor 

The recommended temperature monitor method in the ASTM E139 standard is 

the use of a calibrated thermocouple (ASTM, 2018). The most common 

thermocouples are mineral insulated thermocouples, which consist of an outer 

shell made out of different materials (such as steel or nickel based super alloys) 

depending on the conditions of operation, the thermocouple itself which is located 

inside the outer shell and a material used to insulate the thermocouple, which is 

a powder made of magnesium oxide (TC direct, n.d.). 

C.2 Strain control 

The recommended strain control method in the ASTM E139 standard is the use 

of extensometers, this can either be a contact extensometer or non-contact one. 

To reduce errors due to nonaxiality, data from two opposite sides of the sample 

must be taken, and the results obtained averaged from both sides of the sample 

(ASTM, 2018).  

There are several options for strain control, while the most common one is a 

contact extensometer, non-contact extensometers do exist: 

• Contact extensometers use transducers in order to convert mechanical 

movement into electrical signals then that are then later on sent to a 

computer in order to calculate the actual displacement. There exist high 

temperature extensometers which use rods in order to transmit 

displacement into the transducers (Mcenteggart, 2008). 

• Non-contact extensometers use optics in order to calculate the 

displacement in the sample; laser extensometers calculate the 
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displacement by measuring the time it takes between reflections of the 

laser with the sample (Mcenteggart, 2008).  

• Another method to measure displacement is through the use of fibre Bragg 

grating which reflect a specific wavelength depending on the on the period 

between the gratings; therefore if there is displacement in the sample the 

reflected wavelengths is modified, allowing for the calculation of the 

displacement on the sample (Dong et al., 2005) an example of this can be 

seen in Figure C-1. 

 

Figure C-1 Reflectivity of a Bragg grating depending on grating length 

(Othonos et al., 2006) 

C.3 Pressure control 

The ASME BPVC 2017 recommends the use of different sensors for high and 

low pressures, as high pressure sensors do not detect small variations in the 

pressure, which could lead to accidents. Pressure sensors work by using 

piezoelectric components which convert a mechanical signal (in this case a 

pressure) into an electrical signal which is sent to the control system/computers 

(Variohm, 2016). 
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Appendix D Samples 

D.1 Creep testing 

In the ASTM E139 2018 standard, the test specimens mentioned in ASTM 

E8/E8M 2021 are recommended, with the following recommendations: tighter 

dimensional tolerances, larger ratios of length to diameter (ASTM, 2018, 2021) 

these samples can be either cylindrical or sheet type specimens.  

Dymáček et al. (2018) studied the use of miniature specimens in creep testing. 

This type of specimen can be seen in Figure D-1, and could be beneficial as due 

to its small size it would require less material to create the samples, reducing the 

cost of testing, as well as facilitating the generation of the stress (as it would have 

a smaller section). 

 

Figure D-1 Example of miniature specimen 

(Dymáček et al., 2018) 

The results obtained by Dymáček et al (2018) indicate that the miniature 

specimens can provide precise estimation of mechanical properties, however the 

creep life of the miniature specimens was between 30 and 40% lower than that 

of a standard specimen. 

Hyde, Ali and Sun (2014) used a different specimen to analyse the use of 

miniature specimen in creep testing, the results obtained indicated that the 

specimen was able to provide a full set of material properties for different creep 

models, such as the Norton`s law, the specimen used in this paper is a notched 

specimen Figure D-2. 
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Figure D-2 Geometry of a miniature specimen 

(Hyde, Ali and Sun, 2014) 

D.2 Fatigue testing 

During fatigue testing, the specimen can have a multitude of different geometries, 

from a cylindrical specimen such as the one used by Bruchhausen et al (2015) in 

high pressure fatigue testing (Figure D-3) to more rectangular specimens.   

 

Figure D-3 High pressure fatigue testing specimen 

(Bruchhausen et al., 2015) 
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Appendix E Design by rules calculation 

Here the calculations done in excel to perform the design by rules of the pressure 

vessel will be included. The design was done in 5 steps: 

• Design of the shell thickness 

• Design of the heads 

• Design of nozzles 

• Design of the support 

• Design of the flanges 

E.1 Design of the shell thickness 

The pressure vessel was chosen to be cylindrical, as both creep testing and 

fatigue testing would require vessels with longer geometries in one direction to 

facilitate loading.  

Table E-1 General data used in design of the pressure vessel 

General data 

Material Shell and head Nicrofer 6025HT 

Temperature of operation T (ºC) 650 

Maximum allowable stress S (MPa) 93.8 

Weld allowable stress reduction E 0.8 

Internal pressure P (MPa) 30 

Body shape Cylindrical Shell 

Head shape elliptical head 

Modulus of elasticity at 20 ºC Ets (MPa)  215000 

Modulus of elasticity at 650 ºC Et (MPa)  184000 

Density of Nicrofer 6025HT ρ (g/cm3) 7.93 

Height of the vessel Hv (mm) 800 

To better design the vessel, 6 different designs with increasing internal diameter 

were studied through the design process. To more easily follow the following 

tables a colour code was used during the design: Black cells are used to describe 

the current section of the design process, yellow cells are used to describe cells 

in which I can alter the value freely, green or red cells are those cells that have 

conditions that need satisfying for the design to be approved (green indicates the 

condition has been fulfilled, and red that it has not been). 
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Table E-2 Design of shell thickness 

Design of shell thickness 

Case 1º 2º 3º 4º 5º 6º 

Internal diameter  D (mm) 150 200 250 300 350 400 

Minimum shell thickness  tmin (mm) 36.863 49.151 61.438 73.726 86.014 98.301 

Selected shell thickness t (mm) 76 101 126 151 176 201 

E.2 Design of the head 

The shape of the head chose was elliptical in order to reduce the stresses in the head, and therefore reduce the required thickness 

on the head, this allowed the design to maintain the same value of thickness across the whole vessel. 

Table E-3 Design of the head of the pressure vessel 

Design of the head 

Thickness of the head equal to thickness of shell as initial consideration      

Case 1º 2º 3º 4º 5º 6º 

Angle constant in elliptical head k 2 2 2 2 2 2 

Height of ellipsoidal head h (mm) 37.5 50 62.5 75 87.5 100 

Inside knuckle radius r (mm) 25.5 34 42.5 51 59.5 68 

Inside crown radius L (mm) 135 180 225 270 315 360 

Angle used in head calculation βth (radians) 1.10 1.102 1.102 1.102 1.102 1.102 

Angle used in head calculation φth (radians) 3.97 3.97 3.96 3.96 3.96 3.96 

Radius used in head calculation Rth (mm) 75 100 125 150 175 200 

Relation between radius and inner diameter of shell r/D 0.17 0.17 0.17 0.17 0.17 0.17 

Angle constant used in head calculation C1 0.72 0.72 0.72 0.72 0.72 0.72 

Angle constant used in head calculation C2 1.02 1.02 1.02 1.02 1.02 1.02 
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Internal pressure to cause buckling Peth (MPa) 838256 832750 829456 827263 825698 824526 

Internal pressure to maximum stress in knuckle Py (MPa) 297.6 296.6 296.1 295.7 295.4 295.2 

Strength parameter used in head calculation C3 140.7 140.7 140.7 140.7 140.7 140.7 

Constant used in head calculation G 2816.56 2807.30 2801.74 2798.03 2795.38 2793.40 

Internal pressure to buckling in knuckle Pck (MPa) 610.25 608.24 607.03 606.23 605.66 605.23 

Allowable internal pressure to buckling in knuckle Pak (MPa) 406.83 405.49 404.69 404.15 403.77 403.48 

Allowable internal pressure to rupture crown Pac (MPa) 65.93 65.76 65.66 65.59 65.54 65.51 

Maximum allowable internal pressure Pa (MPa) 65.93 65.76 65.66 65.59 65.54 65.51 

E.3 Design of nozzles 

Two types of nozzles were designed, two nozzles would be used for introducing and extracting CO2 from the vessel, and therefore 

would require a bigger internal diameter and later require the design of a flange to join it with the piping system, meanwhile 4 nozzles 

will be used to introduce the appliances on the pressure vessel (temperature, displacement, and pressure meter, as well as the 

induction coil), these nozzles will not require a flange, and the internal diameter will be much smaller. 

Table E-4 Design of nozzles for introducing/extracting CO2 

Design of nozzle 

Nozzle will be welded, 2 types of nozzles, for introducing/extracting CO2 or for different appliances    

set on nozzle, integrally reinforced  Nozzle for introducing/extracting CO2 

Case 1º 2º 3º 4º 5º 6º 

Diameter of nozzle Dn (mm) 50.00 66.67 83.33 100.00 116.67 133.33 

thickness nozzle 1 tn (mm) 18.43 24.58 30.72 36.86 43.01 49.15 

Effective radius of the shell Reff (mm) 75 100 125 150 175 200 

Limit of reinforcement along vessel wall Lr (mm) 68.43 91.24 114.05 136.86 159.67 182.48 

Thickness of reinforced pad te (mm) 9.22 12.29 15.36 18.43 21.50 24.58 



 

83 

Parameter used in calculating Lh Lh1 (mm) 30.68 40.91 51.14 61.36 71.59 81.82 

Parameter used in calculating Lh Lh2 (mm) 150.00 200.00 250.00 300.00 350.00 400.00 

Parameter used in calculating Lh Lh3 (mm) 681.73 906.30 1130.88 1355.45 1580.03 1804.60 

Limit of reinforcement along the nozzle wall outside Lh (mm) 30.68 40.91 51.14 61.36 71.59 81.82 

nozzle projection from the outside of the vessel Lpr1 (mm) 150.00 200.00 250.00 300.00 350.00 400.00 

Parameter used in calculating Li Li1(mm) 21.47 28.62 35.78 42.93 50.09 57.24 

Parameter used in calculating Li Li2(mm) 0.00 0.00 0.00 0.00 0.00 0.00 

nozzle projection from the inside of the vessel Lpr2(mm) 0.00 0.00 0.00 0.00 0.00 0.00 

Parameter used in calculating Li Li3(mm) 681.73 906.30 1130.88 1355.45 1580.03 1804.60 

Limit of reinforcement along the nozzle wall inside Li(mm) 0.00 0.00 0.00 0.00 0.00 0.00 

Total available area near nozzle opening At (mm2) 6.53E+03 1.16E+04 1.81E+04 2.60E+04 3.53E+04 4.61E+04 

Area of the vessel wall A1 (mm2) 5.20E+03 9.22E+03 1.44E+04 2.07E+04 2.81E+04 3.67E+04 

Nozzle material factor frn 1.00 1.00 1.00 1.00 1.00 1.00 

Area of the nozzle outside of the wall A2 (mm2) 565.51 1005.35 1570.86 2262.04 3078.89 4021.40 

Area of the nozzle inside of the wall A3 (mm2) 0.00 0.00 0.00 0.00 0.00 0.00 

Area contributed by the outside nozzle fillet weld A41 (mm2) 169.86 301.97 471.83 679.44 924.79 1207.89 

Area contributed by the vessel fillet weld A42 (mm2) 169.86 301.97 471.83 679.44 924.79 1207.89 

Area contributed by the inside nozzle fillet weld A43 (mm2) 0.00 0.00 0.00 0.00 0.00 0.00 

Pad material factor frp 1.00 1.00 1.00 1.00 1.00 1.00 

Area contributed by the reinforcing pad A5 (mm2) 424.13 754.01 1178.15 1696.53 2309.17 3016.05 

Allowable stress of the nozzle Sn (MPa) 93.80 93.80 93.80 93.80 93.80 93.80 

Allowable stress of the pad Sp (MPa) 93.80 93.80 93.80 93.80 93.80 93.80 

Non linearity parameter applied to the metal Lambda 0.05 0.05 0.04 0.04 0.03 0.03 

Effective thickness used for pressure calculation  teff (mm) 84.48 112.31 140.14 167.97 195.79 223.62 

Weld leg length of the outside nozzle fillet weld L41 (mm) 18.43 24.58 30.72 36.86 43.01 49.15 

Weld leg length of the pad fillet weld L42 (mm) 18.43 24.58 30.72 36.86 43.01 49.15 

Weld leg length of the inside nozzle fillet weld L43 (mm) 0.00 0.00 0.00 0.00 0.00 0.00 

Area used for calculating A5 A5a (mm2) 424.13 754.01 1178.15 1696.53 2309.17 3016.05 
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Area used for calculating A5 A5b (mm2) 460.79 819.18 1279.97 1843.15 2508.73 3276.71 

Width of the reinforcing pad W (mm) 46.02 61.36 76.70 92.05 107.39 122.73 

Force from internal pressure in the nozzle outside  fn (N) 1.07E+05 1.89E+05 2.96E+05 4.25E+05 5.78E+05 7.55E+05 

Force from internal pressure in the shell fs (N) 2.30E+05 4.08E+05 6.38E+05 9.18E+05 1.25E+06 1.63E+06 

Discontinuity force from internal pressure fy (N) 1.12E+05 1.99E+05 3.11E+05 4.48E+05 6.09E+05 7.95E+05 

Nozzle radius for force calculation Rxn 33.37 44.50 55.62 66.74 77.87 88.99 

Shell radius for force calculation Rxs 111.98 149.17 186.37 223.56 260.76 297.95 

Average local primary membrane stress σavg (MPa) 68.73 68.82 68.88 68.92 68.95 68.97 

General primary membrane stress at the nozzle σcirc (MPa) 39.76 39.85 39.90 39.93 39.95 39.97 

Maximum local primary stress at the intersection Pl (MPa) 97.69 97.80 97.86 97.91 97.94 97.96 

Allowable stress Sallow (MPa) 112.56 112.56 112.56 112.56 112.56 112.56 

Maximum allowable working pressure at intersection Pmax (MPa) 34.57 34.53 34.50 34.49 34.48 34.47 

Maximum allowable pressure in the nozzle Pmax1 (MPa) 34.57 34.53 34.50 34.49 34.48 34.47 

Maximum allowable pressure in the shell Pmax2 (MPa) 63.66 63.51 63.42 63.35 63.31 63.28 

Area resisting pressure Ap (mm2) 1.50E+04 2.66E+04 4.15E+04 5.97E+04 8.12E+04 1.06E+05 

Table E-5 Design of nozzles for appliances 

Design of nozzle 

Nozzle will be welded, 2 types of nozzles, for introducing/extracting CO2 or for different appliances 

set on nozzle, integrally reinforced  Nozzles for appliances 

Case 1º 2º 3º 4º 5º 6º 

Diameter of nozzle Dn (mm) 12.7 12.7 12.7 12.7 12.7 12.7 

thickness nozzle 1 tn (mm) 14.04 21.85 28.09 37.45 43.69 49.94 

Effective radius of the shell Reff (mm) 75 100 125 150 175 200 

Limit of reinforcement along vessel wall Lr (mm) 26.74 34.55 40.79 50.15 56.39 62.64 

Thickness of reinforced pad te (mm) 7.02 10.92 14.04 18.73 21.85 24.97 

Parameter used in calculating Lh Lh1 (mm) 16.47 22.70 27.40 34.15 38.50 42.78 

Parameter used in calculating Lh Lh2 (mm) 19.05 19.05 19.05 19.05 19.05 19.05 
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Parameter used in calculating Lh Lh3 (mm) 351.08 480.60 603.87 739.62 862.89 986.16 

Limit of reinforcement along the nozzle wall outside Lh (mm) 16.47 19.05 19.05 19.05 19.05 19.05 

nozzle projection from the outside of the vessel Lpr1 (mm) 19.05 19.05 19.05 19.05 19.05 19.05 

Parameter used in calculating Li Li1(mm) 9.44 11.78 13.36 15.42 16.66 17.81 

Parameter used in calculating Li Li2(mm) 0.00 0.00 0.00 0.00 0.00 0.00 

nozzle projection from the inside of the vessel Lpr2(mm) 0.00 0.00 0.00 0.00 0.00 0.00 

Parameter used in calculating Li Li3(mm) 351.08 480.60 603.87 739.62 862.89 986.16 

Limit of reinforcement along the nozzle wall inside Li(mm) 0.00 0.00 0.00 0.00 0.00 0.00 

Total available area near nozzle opening At (mm2) 1.50E+03 2.73E+03 4.01E+03 6.05E+03 7.87E+03 9.92E+03 

Area of the vessel wall A1 (mm2) 9.86E+02 1.70E+03 2.51E+03 3.70E+03 4.85E+03 6.16E+03 

Nozzle material factor frn 1.00 1.00 1.00 1.00 1.00 1.00 

Area of the nozzle outside of the wall A2 (mm2) 231.26 416.19 535.11 713.48 832.39 951.30 

Area of the nozzle inside of the wall A3 (mm2) 0.00 0.00 0.00 0.00 0.00 0.00 

Area contributed by the outside nozzle fillet weld A41 (mm2) 98.63 238.66 394.51 701.36 954.62 1246.86 

Area contributed by the vessel fillet weld A42 (mm2) 98.63 238.66 394.51 701.36 954.62 1246.86 

Area contributed by the inside nozzle fillet weld A43 (mm2) 0.00 0.00 0.00 0.00 0.00 0.00 

Pad material factor frp 1.00 1.00 1.00 1.00 1.00 1.00 

Area contributed by the reinforcing pad A5 (mm2) 89.18 138.73 178.37 237.83 277.46 317.10 

Allowable stress of the nozzle Sn (MPa) 93.80 93.80 93.80 93.80 93.80 93.80 

Allowable stress of the pad Sp (MPa) 93.80 93.80 93.80 93.80 93.80 93.80 

Non linearity parameter applied to the metal Lambda 0.04 0.04 0.03 0.03 0.02 0.02 

Effective thickness used for pressure calculation  teff (mm) 43.89 60.07 75.48 92.45 107.86 123.27 

Weld leg length of the outside nozzle fillet weld L41 (mm) 14.04 21.85 28.09 37.45 43.69 49.94 

Weld leg length of the pad fillet weld L42 (mm) 14.04 21.85 28.09 37.45 43.69 49.94 

Weld leg length of the inside nozzle fillet weld L43 (mm) 0.00 0.00 0.00 0.00 0.00 0.00 

Area used for calculating A5 A5a (mm2) 173.45 312.15 401.33 535.11 624.29 713.48 

Area used for calculating A5 A5b (mm2) 89.18 138.73 178.37 237.83 277.46 317.10 

Width of the reinforcing pad W (mm) 24.70 28.58 28.58 28.58 28.58 28.58 
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Force from internal pressure in the nozzle outside  fn (N) 1.93E+04 3.00E+04 4.01E+04 5.40E+04 6.67E+04 8.06E+04 

Force from internal pressure in the shell fs (N) 7.64E+04 1.32E+05 1.96E+05 2.90E+05 3.80E+05 4.82E+05 

Discontinuity force from internal pressure fy (N) 3.44E+04 5.61E+04 7.96E+04 1.12E+05 1.43E+05 1.76E+05 

Nozzle radius for force calculation Rxn 12.04 14.66 16.61 19.39 21.17 22.89 

Shell radius for force calculation Rxs 95.26 127.69 159.78 192.54 224.63 256.72 

Average local primary membrane stress σavg (MPa) 86.52 80.02 78.65 75.30 74.89 74.52 

General primary membrane stress at the nozzle σcirc (MPa) 65.12 63.77 63.50 62.48 62.48 62.48 

Maximum local primary stress at the intersection Pl (MPa) 107.92 96.27 93.80 88.12 87.31 86.57 

Allowable stress Sallow (MPa) 112.56 112.56 112.56 112.56 112.56 112.56 

Maximum allowable working pressure at intersection Pmax (MPa) 31.29 35.08 36.00 35.92 35.92 35.92 

Maximum allowable pressure in the nozzle Pmax1 (MPa) 31.29 35.08 36.00 38.32 38.68 39.01 

Maximum allowable pressure in the shell Pmax2 (MPa) 36.30 36.11 36.07 35.92 35.92 35.92 

Area resisting pressure Ap (mm2) 4.34E+03 7.28E+03 1.05E+04 1.52E+04 1.96E+04 2.46E+04 

E.4 Design of the support 

As the vessel is going to be cylindrical, one of the recommended supports for this geometry on the ASME code is a skirt support. 

Table E-6 Design of the support for the pressure vessel 

Design of support 

Case 1º 2º 3º 4º 5º 6º 

Approximation of volume of the vessel Vv (mm3) 64751995 1.15E+08 178603312 256734722 349003298 4.55E+08 

Approximation of mass of the vessel Mv (kg) 513.48 908.85 1416.32 2035.91 2767.60 3611.39 

Force due to the weight F (N) 5032.14 8906.73 13879.98 19951.88 27122.44 35391.66 

Moment in the vessel M (N*mm) 0 0 0 0 0 0 

Inner diameter of the skirt Dis (mm) 206 274 344 412 480 550 

thickness of the skirt ts (mm) 48 64 79 95 111 126 

Outside diameter of skirt Dos (mm) 302 402 502 602 702 802 
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Circumferential membrane stress in a shell 
σθm 
(MPa) 80.47 80.27 81.65 81.32 81.08 81.85 

Axial membrane stress in a shell σsm (MPa) 32.80 32.70 33.36 33.20 33.09 33.46 

torsional shear stress in a shell τ (MPa) 0.00 0.00 0.00 0.00 0.00 0.00 

Primary stress, direction 1 σ1 (MPa) 80.47 80.27 81.65 81.32 81.08 81.85 

Primary stress, direction 2 σ2 (MPa) 32.80 32.70 33.36 33.20 33.09 33.46 

Primary stress, direction 2 σ3 (MPa) 0.00 0.00 0.00 0.00 0.00 0.00 

Condition for the skirt 93.8 > 70.08 69.92 71.10 70.81 70.61 71.27 

E.5 Design of the flanges 

Two types of flanges have been designed, the first ones are used to join two halves of the pressure vessel and seal the interior, 

meanwhile the second ones are used to join the nozzles for extracting and introducing CO2 with the piping system. One important 

decision taken in the design is the position of the flange (meaning where the separation between the top and bottom part of the vessel 

is). Here 3 options for the positions are mentioned, explaining their benefits and downsides: 

• Near the top head of the vessel: This position would allow to lift the top part of the vessel and position the sample more easily, 

as the bottom part would be static (and it would have most of the mass of the pressure vessel) more easily. It however would 

complicate positioning the induction coil around the sample and the different sensors used in the pressure vessel. 

• Near the bottom head of the vessel: This position would allow to position all the instrumentation (sensors and induction coil) 

more easily, it would however complicate operating the vessel itself, as most of the vessel would need to be lifted in order to 

position the sample and the appliances, which is no simple feat as the vessel weights around 6212 kg. 

• In the middle part of the vessel: This position is an intermediate point between the two other options, it allows to easily operate 

the sample, as the opening would be near the sample location, and at the same time it would be not required to lift all of the 
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vessel, only half of it. It has the downside of requiring thicker flanges as their thickness is dependent on the diameter of vessel 

at the position of the flange. This is the position chosen in this study; however it is recognized that any position provides merits 

and downsides and therefore recommended for future designs to analyse the desired position of the flanges. 

In this design there is a problem regarding the access to the bolts and the nozzles used for introducing/extracting the CO2, one way 

to solve this problem would be to have the bolts positioned upside down in the areas were the nozzles would get in the way, that way 

only the nut would need to fit in the gap between the nozzle and the flange. Another solution would be to have a lesser number of 

bolts and have them more separate from the centre of the pressure vessel, this however would require to further modify the geometry 

of the pressure vessel, as the ASME BPVC 2019 code indicates that fewer number of bolts or distance between the bolts and the 

centre of the pressure vessel would reduce the overall resistance of the pressure vessel. The selection of the number of bolts, 

distance, diameter of the bolts and other geometrical parameters provide an infinite array of solutions, and in this thesis only one has 

been chosen, it is encouraged to the reader to select the one they consider the most optimal to their specific situation. 

Table E-7 Design of the flanges used for joining the two halves of the vessel 

Design of Flanges 

Position of the flange Joining the two halves of the shell 

Case 1º 2º 3º 4º 5º 6º 

Flange type chosen Loose flange with hub 

Flange material Nicrofer 6025HT 

Bolt material Nicrofer 6025HT 

Gasket material Durlon HT 1000 Styles L316/T316 
Maximum allowable stress flange operating condition Sfo (MPa) 93.8 93.8 93.8 93.8 93.8 93.8 
Maximum allowable stress flange seating condition Sfg (MPa) 270 270 270 270 270 270 

Maximum allowable stress bolt operating condition Sbo (MPa) 93.8 93.8 93.8 93.8 93.8 93.8 
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Maximum allowable stress bolt seating condition Sbg (Mpa) 270 270 270 270 270 270 

Maximum allowable stress gasket  
Sgasket 
(MPa) 93.8 93.8 93.8 93.8 93.8 93.8 

Design temperature for the flange joint Tfj (ºC) 650 650 650 650 650 650 

Design pressure for the flange joint Pfj (MPa) 30 30 30 30 30 30 

Design bolt loads Joining the two halves of the shell 

Gasket factor m 6.5 6.5 6.5 6.5 6.5 6.5 

Minimum design seating stress y (MPa) 180 180 180 180 180 180 

Gasket contact width N (mm) 9 12 12 12 12 16 

Basic gasket seating width bo (mm) 15 15 20 20 25 25 

Effective gasket seating width b (mm) 9.76 9.76 11.27 11.27 12.60 12.60 

Location of gasket reaction G (mm) 312.48 412.48 519.46 619.46 726.80 826.80 

Outside diameter of the gasket contact area Gc (mm) 332 432 542 642 752 852 

Conversion factor for length Cul 25.4 25.4 25.4 25.4 25.4 25.4 

Design bolt load for operating condition Wo (N) 6.04E+06 8.94E+06 1.35E+07 1.76E+07 2.37E+07 2.89E+07 

Design bolt load for gasket seating condition Wg (N) 1.75E+07 2.66E+07 3.92E+07 5.10E+07 6.87E+07 8.37E+07 

Design cross sectional area of the bolts Am  (mm2) 6.44E+04 9.54E+04 1.44E+05 1.88E+05 2.53E+05 3.08E+05 

Number of bolts Nbolts 16 16 24 28 32 36 

Diameter of bolts estimated Dbolts_est 71.59 87.13 87.51 92.40 100.24 104.38 

Diameter of bolts selected Dbolts (mm) 72 90 88 93 101 105 

Actual cross sectional area of bolts Ab (mm2) 65144 101788 145971 190201 256379 311725 

Parameter used in the calculation of Am Wgs 1.72E+06 2.28E+06 3.31E+06 3.95E+06 5.18E+06 5.89E+06 

Force (except inner pressure) the bolts must withstand Fa (N) 5.03E+03 8.91E+03 1.39E+04 2.00E+04 2.71E+04 3.54E+04 

Momentum the bolts must withstand Me (N*mm) 0 0 0 0 0 0 

Flange design procedure Joining the two halves of the shell 

Flange Bore B (mm) 302 402 502 602 702 802 

Bolt circle diameter C (mm) 547 699 841 978 1130 1268 

Flange outside diameter A (mm) 1099 1269 1409 1551 1711 1853 
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Thickness of the flange 
tflange 
(mm) 191 253 316 378 441 503 

Thickness end hub g1 (mm) 51 68 85 101 118 135 

Thickness beginning hub g0 (mm) 40 53 66 78 91 104 

Hub length h (mm) 21 27 34 40 46 53 

Ratio of the flange outside diameter to flange inside K 3.64 3.16 2.81 2.58 2.44 2.31 

Flange stress factor Y 1.57 1.78 1.99 2.18 2.32 2.46 

Flange stress factor T 1.07 1.17 1.25 1.32 1.36 1.40 

Flange stress factor U 1.72 1.96 2.19 2.39 2.54 2.71 

Flange stress factor Z 1.16 1.22 1.29 1.35 1.40 1.46 

Flange stress factor L  425.48 409.28 357.91 348.39 341.54 311.92 

Flange stress factor e 0.04 0.03 0.02 0.02 0.02 0.01 

Flange stress factor d 16668.17 40256.75 89792.82 157873.24 255729.42 415917.76 

Hub length parameter h0 (mm) 109.91 145.97 182.02 216.69 252.75 288.80 

Relation between g1 and g0 Xg 1.28 1.28 1.29 1.29 1.30 1.30 

Relation between h and h0 Xh 0.19 0.18 0.19 0.18 0.18 0.18 

Flange stress factor for loose type flanges Fl 4.02 4.15 4.11 4.16 4.22 4.19 

Flange stress factor for loose type flanges Vl (mm) 18.18 19.93 19.35 20.00 20.83 20.32 

Hub stress correction factor f 1 1 1 1 1 1 

Total hydrostatic force on the area inside the flange Hd (N) 2.15E+06 3.81E+06 5.93E+06 8.53E+06 1.16E+07 1.51E+07 

Total hydrostatic end force H (N) 2.30E+06 4.01E+06 6.35E+06 9.04E+06 1.24E+07 1.61E+07 

Difference between H and Hd Ht (N) 1.52E+05 2.01E+05 4.20E+05 5.02E+05 8.35E+05 9.51E+05 

Gasket load for the operating condition Hg (N) 3.74E+06 4.93E+06 7.17E+06 8.55E+06 1.12E+07 1.28E+07 

Moment arm for load Hd hd (mm) 123 149 170 188 214 233 

Moment arm for load Ht ht (mm) 120 146 165 184 208 227 

Moment arm for load Hg hg (mm) 117 143 161 179 202 221 

Bending moment of inertia of the flange cross section I (mm4) 1.09E+08 2.96E+08 6.43E+08 1.21E+09 2.11E+09 3.36E+09 

Polar moment of inertia of the flange cross section Ip (mm4) 6.48E+08 1.49E+09 2.72E+09 4.40E+09 6.87E+09 9.80E+09 
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Parameter used in calculating moment of inertia Kab 6.47E+08 1.49E+09 2.72E+09 4.40E+09 6.87E+09 9.79E+09 

Parameter used in calculating moment of inertia Kcd 261005 770980 1897829 3701160 6713384 11618031 

Parameter used in calculating moment of inertia Ar 398.5 433.5 453.5 474.5 504.5 525.5 

Average of the hub thickness g1 and g0 Gavg 45.5 60.5 75.5 89.5 104.5 119.5 

Parameter used in calculating moment of inertia Aa 398.5 433.5 453.5 474.5 504.5 525.5 

Parameter used in calculating moment of inertia Bb 191 253 316 378 441 503 

Parameter used in calculating moment of inertia Cc 21 27 34 40 46 53 

Parameter used in calculating moment of inertia Ddg 45.5 60.5 75.5 89.5 104.5 119.5 

Flange design moment for the operating condition Mo (N*mm) 7.20E+08 1.30E+09 2.23E+09 3.23E+09 4.92E+09 6.57E+09 

Component of the flange design moment  
Moe 
(N*mm) 6.16E+05 1.32E+06 2.35E+06 3.75E+06 5.80E+06 8.25E+06 

Moment factor used to design split rings Fs 1 1 1 1 1 1 

Bolt spacing correction factor Bsc 1 1 1 1 1 1 

Flange design moment for seating condition Mg (N*mm) 2.05E+09 3.81E+09 6.30E+09 9.15E+09 1.39E+10 1.85E+10 

Flange hub stress operating condition Sho (MPa)  2.15 1.71 1.72 1.51 1.48 1.44 

Flange radial stress operating condition Sro (MPa) 1.58 1.31 1.31 1.15 1.14 1.11 

Flange tangential stress operating condition Sto (MPa) 100.63 88.54 87.07 80.36 81.92 78.09 

Flange hub stress seating condition Shs (MPa) 0.44 0.36 0.35 0.31 0.30 0.29 

Flange radial stress seating condition Srs (MPa) 4.50 3.83 3.69 3.25 3.21 3.12 

Flange tangential stress seating condition Sts (MPa) 286.60 259.25 245.94 227.30 230.40 219.44 

Operating condition nº 1 Sho < 140.7 140.7 140.7 140.7 140.7 140.7 

Operating condition nº 2 Sho < 140.7 140.7 140.7 140.7 140.7 140.7 

Operating condition nº 3 Sro < 93.8 93.8 93.8 93.8 93.8 93.8 

Operating condition nº 4 Sto < 93.8 93.8 93.8 93.8 93.8 93.8 

Operating condition nº 5 Sfo > 1.87 1.51 1.51 1.33 1.31 1.28 

Operating condition nº 6 Sfo > 51.39 45.13 44.39 40.94 41.70 39.77 

Seating condition nº 1 Shs < 405 405 405 405 405 405 

Seating condition nº 2 Shs < 405 405 405 405 405 405 
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Seating condition nº 3 Srs < 270 270 270 270 270 270 

Seating condition nº 4 Sts < 270 270 270 270 270 270 

Seating condition nº 5 Sfg > 2.47 2.09 2.02 1.78 1.75 1.71 

Seating condition nº 6 Sfg > 143.52 129.81 123.15 113.80 115.35 109.87 

Rigidity criterion for operating condition 1.0 >  0.02 0.01 0.01 0.01 0.01 0.01 

Rigidity criterion for seating condition 1.0 > 0.04 0.04 0.03 0.03 0.03 0.03 

Table E-8 Design of the flanges used for introducing and extracting CO2 

Design of Flanges 

Position of the flange For joining the pipes introducing/extracting CO2 

Case 1º 2º 3º 4º 5º 6º 

Flange type chosen Loose flange with hub 

Flange material Nicrofer 6025HT 

Bolt material Nicrofer 6025HT 

Gasket material Durlon HT 1000 Styles L316/T316 
Maximum allowable stress flange operating condition Sfo (MPa) 93.8 93.8 93.8 93.8 93.8 93.8 
Maximum allowable stress flange seating condition Sfg (MPa) 270 270 270 270 270 270 

Maximum allowable stress bolt operating condition Sbo (MPa) 93.8 93.8 93.8 93.8 93.8 93.8 

Maximum allowable stress bolt seating condition Sbg (Mpa) 270 270 270 270 270 270 

Maximum allowable stress gasket  
Sgasket 
(MPa) 93.8 93.8 93.8 93.8 93.8 93.8 

Design temperature for the flange joint Tfj (ºC) 650 650 650 650 650 650 

Design pressure for the flange joint Pfj (MPa) 30 30 30 30 30 30 

Design bolt loads For joining the pipes introducing/extracting CO2 

Gasket factor m 6.5 6.5 6.5 6.5 6.5 6.5 

Minimum design seating stress y (MPa) 180 180 180 180 180 180 

Gasket contact width N (mm) 6 6 6 6 6 6 

Basic gasket seating width bo (mm) 5 6 8 10 10 12 
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Effective gasket seating width b (mm) 5.63 6.17 7.13 7.97 7.97 8.73 

Location of gasket reaction G (mm) 85.59 113.47 140.52 167.79 196.74 224.18 

Outside diameter of the gasket contact area Gc (mm) 96.86 125.82 154.77 183.73 212.68 241.63 

Conversion factor for length Cul 25.4 25.4 25.4 25.4 25.4 25.4 

Design bolt load for operating condition Wo (N) 7.63E+05 1.16E+06 1.69E+06 2.30E+06 2.83E+06 3.58E+06 

Design bolt load for gasket seating condition Wg (N) 2.20E+06 3.39E+06 4.88E+06 6.64E+06 8.21E+06 1.04E+07 

Design cross sectional area of the bolts Am  (mm2) 8.14E+03 1.24E+04 1.80E+04 2.45E+04 3.02E+04 3.82E+04 

Number of bolts Nbolts 8 8 10 10 12 12 

Diameter of bolts estimated Dbolts_est 35.99 44.39 47.93 55.89 56.60 63.65 

Diameter of bolts selected Dbolts (mm) 36 45 48 56 57 64 

Actual cross sectional area of bolts Ab (mm2) 8143 12723 18096 24630 30621 38604 

Parameter used in the calculation of Am Wgs 2.73E+05 3.96E+05 5.66E+05 7.56E+05 8.87E+05 1.11E+06 

Force (except inner pressure) the bolts must withstand Fa (N) 0 0 0 0 0 0 

Momentum the bolts must withstand Me (N*mm) 0 0 0 0 0 0 

Flange design procedure For joining the pipes introducing/extracting CO2 

Flange Bore B (mm) 87 116 145 174 203 232 

Bolt circle diameter C (mm) 180 228 272 321 359 407 

Flange outside diameter A (mm) 316 373 420 477 516 571 

Thickness of the flange tflange (mm) 83 111 139 166 194 222 

Thickness end hub g1 (mm) 13 17 21 25 29 33 

Thickness beginning hub g0 (mm) 6.5 8.5 10.5 12.5 14.5 16.5 

Hub length h (mm) 6.5 8.5 10.5 12.5 14.5 16.5 

Ratio of the flange outside diameter to flange inside K 3.63 3.22 2.90 2.74 2.54 2.46 

Flange stress factor Y 1.57 1.75 1.93 2.04 2.21 2.29 

Flange stress factor T 1.07 1.16 1.23 1.27 1.33 1.35 

Flange stress factor U 1.73 1.92 2.12 2.24 2.43 2.52 

Flange stress factor Z 1.16 1.21 1.27 1.31 1.37 1.40 

Flange stress factor L  1790.67 1750.83 1671.21 1609.55 1529.28 1507.61 
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Flange stress factor e 0.12 0.09 0.08 0.06 0.06 0.05 

Flange stress factor d 321.19 785.58 1616.11 2858.24 4802.13 7299.45 

Hub length parameter h0 (mm) 23.78 31.40 39.02 46.64 54.25 61.87 

Relation between g1 and g0 Xg 2.00 2.00 2.00 2.00 2.00 2.00 

Relation between h and h0 Xh 0.27 0.27 0.27 0.27 0.27 0.27 

Flange stress factor for loose type flanges Fl 2.93 2.96 2.98 2.99 3.00 3.00 

Flange stress factor for loose type flanges Vl (mm) 5.40 5.56 5.65 5.72 5.77 5.81 

Hub stress correction factor f 1 1 1 1 1 1 

Total hydrostatic force on the area inside the flange Hd (N) 1.78E+05 3.17E+05 4.95E+05 7.13E+05 9.70E+05 1.27E+06 

Total hydrostatic end force H (N) 1.73E+05 3.03E+05 4.65E+05 6.63E+05 9.12E+05 1.18E+06 

Difference between H and Hd Ht (N) 
-

5.72E+03 
-

1.37E+04 
-

3.01E+04 
-

5.00E+04 
-

5.89E+04 
-

8.41E+04 

Gasket load for the operating condition Hg (N) 5.91E+05 8.58E+05 1.23E+06 1.64E+06 1.92E+06 2.40E+06 

Moment arm for load Hd hd (mm) 47 56 64 74 78 88 

Moment arm for load Ht ht (mm) 47 57 65 75 80 89 

Moment arm for load Hg hg (mm) 47 57 66 77 81 91 

Bending moment of inertia of the flange cross section I (mm4) 2.53E+06 7.25E+06 1.61E+07 3.12E+07 5.36E+07 8.87E+07 

Polar moment of inertia of the flange cross section Ip (mm4) 1.21E+07 2.82E+07 5.15E+07 9.07E+07 1.42E+08 2.33E+08 

Parameter used in calculating moment of inertia Kab 1.21E+07 2.82E+07 5.15E+07 9.07E+07 1.42E+08 2.33E+08 

Parameter used in calculating moment of inertia Kcd 1084 3171 7384 14830 26853 45024 

Parameter used in calculating moment of inertia Ar 114.5 128.5 137.5 151.5 156.5 169.5 

Average of the hub thickness g1 and g0 Gavg 9.75 12.75 15.75 18.75 21.75 24.75 

Parameter used in calculating moment of inertia Aa 114.5 128.5 137.5 151.5 156.5 169.5 

Parameter used in calculating moment of inertia Bb 83 111 139 166 194 222 

Parameter used in calculating moment of inertia Cc 6.5 8.5 10.5 12.5 14.5 16.5 

Parameter used in calculating moment of inertia Ddg 9.75 12.75 15.75 18.75 21.75 24.75 

Flange design moment for the operating condition Mo (N*mm) 3.59E+07 6.61E+07 1.10E+08 1.74E+08 2.27E+08 3.23E+08 

Component of the flange design moment  Moe (N*mm) 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
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Moment factor used to design split rings Fs 1 1 1 1 1 1 

Bolt spacing correction factor Bsc 1 1 1 1 1 1 

Flange design moment for seating condition Mg (N*mm) 1.04E+08 1.94E+08 3.21E+08 5.08E+08 6.66E+08 9.48E+08 

Flange hub stress operating condition Sho (MPa)  1.36 1.13 1.03 0.99 0.87 0.85 

Flange radial stress operating condition Sro (MPa) 0.49 0.39 0.36 0.34 0.30 0.29 

Flange tangential stress operating condition Sto (MPa) 93.53 80.51 75.56 73.73 65.24 64.21 

Flange hub stress seating condition Shs (MPa) 0.10 0.08 0.07 0.07 0.06 0.05 

Flange radial stress seating condition Srs (MPa) 1.41 1.16 1.03 1.00 0.87 0.84 

Flange tangential stress seating condition Sts (MPa) 270.22 236.33 219.98 215.27 191.56 188.63 

Operating condition nº 1 Sho < 140.7 140.7 140.7 140.7 140.7 140.7 

Operating condition nº 2 Sho < 140.7 140.7 140.7 140.7 140.7 140.7 

Operating condition nº 3 Sro < 93.8 93.8 93.8 93.8 93.8 93.8 

Operating condition nº 4 Sto < 93.8 93.8 93.8 93.8 93.8 93.8 

Operating condition nº 5 Sfo > 0.93 0.76 0.69 0.67 0.58 0.57 

Operating condition nº 6 Sfo > 47.45 40.82 38.30 37.36 33.05 32.53 

Seating condition nº 1 Shs < 405 405 405 405 405 405 

Seating condition nº 2 Shs < 405 405 405 405 405 405 

Seating condition nº 3 Srs < 270 270 270 270 270 270 

Seating condition nº 4 Sts < 270 270 270 270 270 270 

Seating condition nº 5 Sfg > 0.75 0.62 0.55 0.53 0.46 0.45 

Seating condition nº 6 Sfg > 135.16 118.21 110.02 107.67 95.81 94.34 

Rigidity criterion for operating condition 1.0 >  0.01 0.01 0.01 0.01 0.01 0.01 

Rigidity criterion for seating condition 1.0 > 0.03 0.02 0.02 0.02 0.02 0.02 

E.6 Design of the nozzle in the top head of the pressure vessel 

In this section the calculations necessary to design a nozzle in the top head of the pressure vessel will be shown, said nozzle is 

required for allowing the fatigue testing machine horn and grips enter the pressure vessel. 
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Nozzle for fatigue test machine 

Case 1º 2º 3º 4º 5º 6º 

Diameter of nozzle Dn (mm) 80 80 80 80 80 80 

thickness nozzle tn (mm) 19.66 19.66 19.66 19.66 19.66 19.66 

Effective radius of the shell Reff (mm) 75 100 125 150 175 200 

Limit of reinforcement along vessel wall Lr (mm) 95.16 99.66 99.66 99.66 99.66 99.66 

Effective length of the nozzle wall Lh (mm) 37.7085 37.87315 37.873147 37.873147 37.873147 37.873147 

Thickness of the reinforcement pad te (mm) 9.83 9.83 9.83 9.83 9.83 9.83 

Nozzle attachment factor Fp 0.994129 1 1 1 1 1 

Radius of the nozzle Rn (mm) 40 40 40 40 40 40 

Nozzle projection outside the vessel wall Lpr1 (mm) 160 160 160 160 160 160 

FEA derived factor Cn 1 1 1 1 1 1 

FEA derived factor Cp 0.994129 1.006419 1.0139052 1.0189436 1.0225661 1.0252959 

Distance from nozzle outside diameter to head centre Xo 59.66027 59.66027 59.660266 59.660266 59.660266 59.660266 

Distance from head centre line to nozzle centre line Dr 0 0 0 0 0 0 

Total available area near nozzle opening At (mm2) 8915.959 11756.26 14248.763 16741.269 19233.776 21726.283 

Area of the vessel wall A1 (mm2) 7232.054 10065.69 12557.193 15048.7 17540.207 20031.713 

Nozzle material factor frn 1 1 1 1 1 1 

Area of the nozzle outside of the wall A2 (mm2) 741.3592 744.5961 744.59613 744.59613 744.59613 744.59613 

Area of the nozzle inside of the wall A3 (mm2) 0 1 2 3 4 5 

Area contributed by the outside nozzle fillet weld A41 (mm2) 193.263 193.263 193.26303 193.26303 193.26303 193.26303 

Area contributed by the vessel fillet weld A42 (mm2) 193.263 193.263 193.26303 193.26303 193.26303 193.26303 

Area contributed by the inside nozzle fillet weld A43 (mm2) 0 0 0 0 0 0 

Pad material factor frp 1 1 1 1 1 1 

Area contributed by the reinforcing pad A5 (mm2) 556.0194 558.4471 558.4471 558.4471 558.4471 558.4471 

Weld leg length of the outside nozzle fillet weld L41 (mm) 19.66 19.66 19.66 19.66 19.66 19.66 

Weld leg length of the pad fillet weld L42 (mm) 19.66 19.66 19.66 19.66 19.66 19.66 

Weld leg length of the inside nozzle fillet weld L43 (mm) 0 0 0 0 0 0 
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Area used for calculating A5 A5a (mm2) 556.0194 558.4471 558.4471 558.4471 558.4471 558.4471 

Area used for calculating A5 A5b (mm2) 742.1588 786.4106 786.41063 786.41063 786.41063 786.41063 

Width of the reinforcing pad W (mm) 56.56276 56.80972 56.80972 56.80972 56.80972 56.80972 

Force from internal pressure in the nozzle outside  fn (N) 167754.9 204880.4 241763.09 278645.75 315528.41 352411.07 

Force from internal pressure in the shell fs (N) 159206.6 220437.3 274360.03 328280.97 382200.88 436120.13 

Discontinuity force from internal pressure fy (N) 82276.16 108773.7 135381.63 161988.66 188595.18 215201.38 

Nozzle radius for force calculation Rxn 49.17688 49.17688 49.176878 49.176878 49.176878 49.176878 

Shell radius for force calculation Rxs 111.5377 147.4592 183.5302 219.60004 255.66918 291.73788 

Effective thickness teff (mm) 83.36466 107.9806 132.98059 157.98059 182.98059 207.98059 

Average local primary membrane stress σavg (MPa) 45.89945 45.4304 45.723602 45.929336 46.081667 46.199002 

General primary membrane stress at the nozzle σcirc (MPa) 20.06925 20.48412 20.701916 20.850667 20.958713 21.040753 

Maximum local primary stress at the intersection Pl (MPa) 71.72966 70.37668 70.745288 71.008006 71.204621 71.35725 

Allowable stress 
Sallow 
(MPa) 112.56 112.56 112.56 112.56 112.56 112.56 

Maximum allowable working pressure at intersection Pmax (MPa) 47.07676 47.9818 47.731801 47.555201 47.423888 47.322451 

Maximum allowable pressure in the nozzle 
Pmax1 
(MPa) 47.07676 47.9818 47.731801 47.555201 47.423888 47.322451 

Maximum allowable pressure in the shell 
Pmax2 
(MPa) 127.8276 128.4939 128.79406 128.99633 129.14189 129.25164 

Area resisting pressure Ap (mm2) 13641.26 17803.05 21716.825 25630.513 29544.149 33457.752 
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E.7 Selection of the design 

After performing the analysis design case 2 (internal diameter of the pressure 

vessel of 200 mm) was chosen, as it is the design with lower internal diameter 

that manages to fulfil all the conditions set out by the pressure vessel code, this 

allows the design to have lower thickness and overall lower mass, therefore 

making the design cheaper and easier to build. 
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Appendix F Selection of sealed feedthrough  

Sealed feedthroughs are used to allow sensor, tubes, etc into the pressure 

vessel, while avoiding the loss of fluids/pressure due to differential pressure with 

the exterior. The sealed feedthroughs will be acquired from Spectite 

manufacturer, which is linked to TC direct (company which creates the 

thermocouple that will be used). 

To simplify the selection process of the sealed feedthroughs, they will mainly 

carry a single element, the PF series will be used, if the element is an electrical 

conductor (the wires providing the power to the induction coil) the sealed 

feedthrough need to be designed at a later stage, as the properties of the sealed 

feedthrough for electrical conductors depend on the current and voltage of said 

conductor. 

The PF series of sealed feedthroughs can be used for pressure differences of 

700 bar (70 MPa) and up to 870 ºC. To achieve such high temperature of 

operation the sealant would need to be lava, as indicated in the Spectite 

catalogue, the size of the sealed feedthrough will depend on the size of the 

element to be sealed as specified by the catalogue (TC direct, n.d.). 

The size for the different sealed feedthroughs is: 

• For the pressure meter a size of ½ ‘’ or 12.7 mm 

• For the temperature meter a size of ½ ‘’ or 12.7 mm 

• For the displacement meter a size of ½ ‘’ or 12.7 mm 

• The sealed feedthrough for the coils will be considered equal to 1/2 ‘’ or 

12.7 mm although this value might change, as it is only a consideration, 

as the induction coil will not be designed in this paper 

• The sealed feedthrough for the fatigue testing machine will need to have 

an outer diameter of 80 mm, as well as a length longer than 150 mm, this 

means that this sealed feedthrough should be ordered from TC direct as 

a custom build sealed feedthrough as the catalogue does not provide 

sealed feedthrough with similar dimensions 
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Appendix G Selection of thermocouple  

The process to select a thermocouple was done following the advice from TC 

direct in which they provided a catalogue with instructions to select the optimal 

thermocouple for the operation, to do so the process was divided into several 

sections:  

1. Selection of material in which the thermocouple would be made out of  

2. Selection of the sheath material 

3. Selection of the diameter of said sheath, 

4. Selection of sensing junction between the sensor and the sheath 

5. Selection of end seal configuration in our thermocouple 

6. Selection of extension cable if required (optional) 

7. Selection of stainless steel compression fitting (optional) 

8. Selection of head mounted transmitter (optional).  

The thermocouple will be mineral insulated as per recommendation of TC direct 

after making an enquiry for selection of thermocouples. 

G.1 Selection of material for the thermocouple 

As the continuous operation of the thermocouple is going to be 900 ºC, only 

thermocouple belonging to type K, type N, type R, type S, type B, according to 

Table G-1. 
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Table G-1 Thermocouple type 

Thermocouple type 

Temperature range 

Continuous Short term 

K Nickel Chromium vs Nickel Aluminium 0 to +1100ºC -180 to +1350ºC 

T Copper vs Constantan -185 to +300ºC -250 to +750ºC 

J Iron vs Constantan  +20 to +700ºC -180 to +750ºC 

N Nicrosil vs Nisil 0 to 1100ºC -270 to +1300ºC 

E Nickel Chromium vs Constantan 0 to +800ºC -40 to +900ºC 

R Platinum – 13% Rhodium vs Platinum 0 to +1600ºC -50 to +1700ºC 

S Platinum – 10% Rhodium vs Platinum 0 to +1550ºC -500 to +1750ºC 

B Platinum – 30% Rhodium vs Platinum – 6% 

Rhodium 

+100 to 

+1600ºC 

+100 to 

+1820ºC 

(TC direct, n.d.) 

The final thermocouple type chosen will be the K thermocouple, as it provides an 

adequate temperature range, and it is one of the more commonly used ones and 

the cheapest option for thermocouples in this temperature range. 

G.2 Selection of the sheath material 

The sheath material will be Incoloy 800 for the following reasons: it is able to work 

at temperatures of 1100 ºC while having good oxidation and carburization 

resistances, which is quite important as we are working on a CO2 environment 

which means that carburization problem will be present during operation. The 

sheath length should be longer than 600 mm in order to guarantee sufficient 

distance from the pressure vessel. 

The material of the sheath should specifically be Incoloy 800H (which is a part of 

the Incoloy 800 family), as it can operate at 870 ºC under 24 MPa of stress for 

10000 hours before rupture.  
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Table G-2 Creep rupture life of Incoloy 800H 

Temperature (ºC) 10000 h (MPa) 30000 h (MPa) 50000 h (MPa) 100000 h (MPa) 

650 121 103 97 90 

705 76 66 61 55 

760 50 43 40 37 

815 36 30 28 26 

870 24 21 19 17 

925 13 11 10 8.3 

980 8.3 6.9 6.2 5.5 

(Sandmeyer, 2014) 

A better option for the material of the sheath would be CMSX-4 as it has much 

better creep properties, as commented in 4.2.2. The main downside of using 

CMSX-4 instead of Incoloy 800H is the increase in price due to this being a more 

expensive material, as well as the company from which the information for the 

thermocouple has been obtained not making the sheath from this material, the 

main benefit would be the ability to work at 30 MPa and 900 ºC as initially 

intended. Both materials have been suggested in this work, to provide the reader 

with 2 different options for the material of the sheath. 

G.3 Selection of the sheath diameter 

To select the sheath diameter a standard size will be chosen amongst the ones 

provided by TC direct, a diameter of 5.5 mm has been chosen as they are used 

for thick wall heavy duty constructions and considering that we are working on a 

30 MPa environment it should help protect the thermocouple. 

G.4 Selection of the sensing junction 

The centre injection selected is the grounded, as it provides fast response to 

temperature changes while being able to operate above 600ºC, Figure G-1 

indicates how a grounded sensing junction is. 
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Figure G-1 Grounded sensing junction 

(TC direct, n.d.) 

G.5 Selection of end seal configuration in our thermocouple 

The end seal selected will be the 3P4CL or crimp on stainless steel pot seal, as 

it is available for the sheath diameter chosen, and the expected temperature on 

the end seal should be below 135 ºC, as it should be outside the pressure vessel. 

 

Figure G-2 3P4CL end seal 

(TC direct, n.d.) 

Neither section 6, 7 or 8 will be discussed in this report in the aim of brevity, as 

an extension cable would not be required, for the chosen diameter there are no 

compression fittings and head mounted transmitter is not suitable for the 3P4CL 

terminal head. The final order code for the thermocouple would be:        

12 – K – 600 – 800 – 5.5 – 2G – 3P4CL   
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Appendix H Selection of the displacement control  

In this section, the displacement control will be selected for the sample. A strain 

gauge will be used to measure displacement in the sample during operation, the 

main conditions the sensor needs to be able to withstand is both the temperature 

of operation of the sample (900 ºC) as it will be in direct contact with it, as well as 

the stress generated due to both the displacement and the pressure within the 

vessel. 

Two strain gauges will be used, the first one will be located in the middle of the 

sample, and therefore it will record both the effect of the displacement of the 

sample as well as the internal pressure, meanwhile the second strain gauge will 

be located in the top part of the sample where there is no displacement, and 

therefore any effect recorded on this gauge would be only due to temperature 

effects and pressure, those results would later be used to isolate the 

displacement results obtained from the sample in the first strain gauge. 

The extensometer chosen is a ZC-series strain gages from Micro-measurements. 

It consists of filaments made from Kanthal bonded with ceramic adhesive which 

can withstand up to 1150ºC (Micro Measurements, 2014). To protect the cable 

connecting the strain gauge to the exterior a sheath made out of Incoloy 800H or 

CMSX-4 is recommended as in Appendix G with the same diameter of 12.7 mm, 

in order to be able to use a similar sealed feedthrough. 

The complete designation of the strain gauge is ZC-NC-G1262-120 

Although the selection of the extensometer has been done it is important to 

mention that the strain gauge selected has not been verified to be able to operate 

at the conditions given for long periods of time, this has been so for all the contact 

extensometers found, the ZC-series was selected because it was the one that 

provided the higher temperature of operation out of all the extensometers found. 

It is important to also mention that non-contact extensometers were studied and 

deemed not viable for this case due to the geometry of the vessel, as well the 

difficulty of filming the interior of the vessel during operation. The design of an 
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extensometer able to operate for long periods of time under such conditions will 

be recommended as future work.   
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Appendix I Selection of the pressure control 

In this section, the pressure control will be selected for the pressure vessel. The 

pressure control would be located in the bottom part of the vessel, as that is the 

position with the lowest temperature, around 400 ºC as the pressure transducer 

would be located near the middle point of the pressure vessel wall due to the 

length of the nozzle, as seen in Figure 4-12. 

The selected sensor is the Type 6044A, as it can operate up to 400 ºC and to 

300 bar, which is barely within the operation range of our testing machine, it is 

one of the few sensors found able to operate at such conditions (Group Kistler, 

n.d.). If this sensor were to be not considered adequate for operation, a 

recommendation would be to extend the nozzle length in order to further reduce 

the temperature the pressure would be. 

This pressure sensor does fit within the sealed feedthrough designed in Appendix 

F, the geometry of this sensor can be seen on Figure I-1. 

 

Figure I-1 Pressure sensor geometry 

(Group Kistler, n.d.)  
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Appendix J Operation of the pressure vessel 

In this section the way the pressure vessel operates will be explained. While the 

complete system will not be designed in this paper, a brief overview is provided. 

The pressure vessel is connected to two CO2 cylinders, one from which the CO2 

is introduced to the vessel (from now on it will be called A) using pumps, and 

another were the CO2 is extracted from the vessel (from now on it will be called 

B). A simplified process of operation is described here: 

• The system begins to operate once the pressure vessel is closed and fully 

sealed 

•  The vessel receives CO2 until the pressure reaches the desired value (30 

MPa), moment in which the valve is connecting the pressure vessel to A 

is closed, the CO2 should be above -10 ºC, as Nicrofer 6025HT is 

recommended to operate at temperature above -10 ºC (VDM metals, 

2020) 

• If the pressure exceeds the nominal value, the valve connecting to B is 

opened until the internal pressure reaches the nominal value. 

• While the pressure increases in the pressure vessel, the induction coil 

should begin operation in order to elevate the temperature of the sample 

• Once the testing finishes the CO2 is send to B, until atmospheric pressure 

is achieved in the vessel, and it is safe to open 

• After each test non-destructive analysis of the structure and specially of 

the welds should be done, as they are the parts under the higher stresses 

 


