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ABSTRACT

Gas turbines are now days used in power plants for power generation and for propulsion in
the aerospace industry. In these applications gas turbines are exposed to severe temperature and
pressure variations during operating cycles. These severe operating conditions exposed the
turbine’s components to multiple deformation mechanisms which degrade the material and
eventually lead to failure of the components. Nickel based and austenitic super alloys are
candidate material used for these applications due to its high strength and corrosion resistance at
elevated temperatures. At such temperature levels, candidate materials exhibit a rate-dependent
or viscoplastic behavior which difficult the prediction or description of the material response due
to deformation mechanisms. Unified viscoplastic constitutive models are used to describe this
viscoplastic behavior of materials. In the present work Miller and Walker unified viscoplastic
models are presented, described and exercised to model the creep of Hastelloy X and the low
cycle fatigue behavior of stainless steel 304. The numerical simulation results are compared to
an extensive database of experimental data to fully validate the capabilities and limitations of the
considered models. Material constant heuristic optimizer (MACHO) software is explained and
used to determine both models material constants and ensure a systematic calculation of them.
This software uses the simulated annealing algorithm to determine the optimal material constants
values in a global surface, by comparing numerical simulations to an extensive database of
experimental data. A quantitative analysis on the performance of both models is conducted to
determine the most suitable model to predict material’s behavior. Based on the two exercised
classical viscoplastic models, a novel hybrid unified model is introduced, to accurately describe

the inelastic behavior caused by creep and fatigue effects at high temperature. The presented
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hybrid model consists on the combination of the best aspects of Miller and Walker model
constitutive equations, with the addition of a damage rate equation which provides capabilities to
describe damage evolution and life prediction for Hastelloy X and stainless steel 304. A detailed
explanation on the meaning of each material constant is provided, along with its impact on the
hybrid model behavior. To validate the capabilities of the proposed hybrid model, numerical
simulation results are compared to a broad range of experimental data at different stress levels
and strain rates; besides the consideration of two alloys in the present work, would demonstrate
the model’s capabilities and flexibility to model multiple alloys behavior. Finally a quantitative
analysis is provided to determine the percentage error and coefficient of determination between
the experimental data and numerical simulation results to estimate the efficiency of the proposed

hybrid model.
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CHAPTER 1: INTRODUCTION

1.1 MOTIVATION

Nuclear and chemical reactors are now being used to generate electricity with clean methods
without the emission of greenhouse gases [1]. Some examples of these types of reactors are: the
Very-High Temperature Reactor (VHTR) which is the Next Generation Nuclear Plant (NGNP)
in the United States [2], the High Temperature Test Reactor (HTTR) in Japan [3], Nuclear
Hydrogen Development and Demonstration plant in Korea [4], and the High temperature Gas
Reactor in Japan [5]. The efficiency of these reactors is related to the temperature at which they
operate; therefore, high operating temperatures are desired for better efficiencies. During
operation at high temperature, the reactor requires cooling systems to keep it within safe
operating temperature ranges. The coolant system is formed by the intermediate heat exchanger
(IHX), which exchange heat between the primary heated coolant that come directly from the
reactor primary system to a secondary working fluid which cools down the primary coolant [1-
3]. Three design configuration recommended by Davis et al. [6] for NGNP are presented in
Figure 1-Figure 3 [7]. NGNP proposed configuration 1 is presented in Figure 1, this
configuration requires the smallest IHX design and produces the highest overall electrical power
production efficiency for the NGNP. In the design configuration 1, the designed operating
conditions are: reactor outlet temperature is in the range of 850°C - 950°C, the IHX inlet pressure
of 7.0 MPa and outlet pressure of 6.95 MPa, IHX inlet temperature is 850°C - 950°C and outlet
temperature of 523°C — 628°C. Proposed configuration 2 is presented in Figure 2; this
configuration is similar to configuration 1, but includes a third loop which adds a separation

between the NGNP and a hydrogen generation process. In the design configuration 2 the reactor
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outlet temperature is in the range of 900°C — 950°C, with IHX inlet pressure of 7.0 MPa and
outlet pressure of 6.95 MPa, IHX inlet temperature is 900°C — 950°C and outlet temperature of
543°C-593°C. Finally the design configuration 3 is presented in Figure 3; this configuration
requires the larger IHX design since it must transfer all the reactor thermal power to the external
power conversion system and hydrogen generation process. In design configuration 3 the reactor
outlet temperature is in the range of 950°C — 950°C, IHX inlet pressure of 7.0 MPa and outlet
pressure of 6.95MPa, IHX inlet temperature of 850°C — 950°C and outlet temperature of 484°C -

584°C [7].
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Figure 1: NGNP configuration 1 (direct electrical cycle and a parallel IHX)
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From the previous described design configurations, it can be observed how in configuration 1
the IHX operates at higher temperatures; thus, resulting in the most efficient configuration for
the NGNP plant, meaning that the higher the operating temperature the higher efficiencies the
system results on. Hence, the IHX perform a crucial function and its optimal performance is vital
to maintain a safe temperature and a high efficiency of the reactor; consequently, accurate IHX
piping component design is pivot to achieve high quality designs of IHX piping. Therefore it is
essential to have a deep understanding of the mechanical behavior of the constituent material
used in the components under service-like conditions [8]. Since the IHX is operating at high
temperature and extreme conditions, a material able to deal with thermal and mechanical
stresses, corrosion, oxidation, and exhibit a high strength at elevated temperature is required for
IHX piping components.

Gas turbines are extensively used for generation of electricity in power plants, and for
propulsion in aerospace industry [9] (Figure 4). This kind of turbo machinery operates at
elevated temperatures of above 1100°C, and high pressure ratios of up to 23 to 1 for periods of
more than 25,000 hours [11-13]. The Thermomechanical efficiency of gas turbines is dependent
on the temperature at which the turbine operates. A high firing temperature leads to a dual
benefit, an increase in specific work (that is the output per unit of air flow), and a reduction in
fuel consumption [14-17]. These severe operation conditions produce multiple deformation
mechanisms, which are applied to the turbine components such as the combustors, transition
pieces, exhaust, and turbine blades [13, 18] illustrated in Figure 5. The purpose of the combustor
is to mix the compressed air coming from the compressor with the fuel, and ignite the air-fuel
mixture at temperatures of above 1500°C. An example of a gas turbine combustor is provided in

Figure 5 (a).



N ) 8 '

Figure 4: Gas turbine Alstom GT24/26 [10]

After the combustion process is done the combustion gases left the combustor and then enter
the transition pieces which direct the gases against the nozzle guide vanes. An example of
transition pieces is given in Figure 5 (b). The purpose of the nozzle guide vanes is to direct the
combustion gasses to intersect the rotating turbine blades at the optimum angle. An example of
rotating turbine blades is presented in Figure 5 (c). These components capture the combustion
gases momentum causing the rotor to spin therefore generating power, Figure 5 (d) shows an
example of exhaust components, which are responsible of directing the combustion gases out of
the turbine once they passed through all the rotating turbine blades rows [20]. Some damage
mechanisms are thermal stresses which are caused by the elevated operational temperature;
mechanical stresses caused by the pressure differences and the rotational movement of

components, creep which is caused by the long operation periods of the turbine, low and high



(d)

Figure 5: W501 F Gas turbine components (a) combustor, (b) transition pieces, (c) Alstom
GT24/26 rotating gas turbine blades and (d) exhaust components [10,[19]

cycle fatigue caused by vibrations, the start-up , service time and shut-down of the equipment,
oxidation caused by the contact of components to oxygen during operation. Depending on the
damage stage caused by the mentioned mechanisms, they could lead to failure of the gas turbine
components [21- 23], which might be catastrophic as shown in Figure 6. The severe operation

conditions of gas turbines create a situation where material selection for components’ design



plays a fundamental role to warranty components reliability. High strength materials are

necessary to provide long components’ life under elevated temperature [26-28].
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Figure 6: Failure of turbine components [24,[25]

For the previously described applications (IHX and gas turbine applications) good material
candidates are austenitic, hardened superalloys [29]. The nickel-based superalloy Hastelloy X is
an attractive candidate material. It is favored for these applications because of its high nickel
content, which provides it with excellent mechanical properties at high temperature, high
resistance to creep, oxidation and corrosion. A second candidate material for these type of
applications is the austenitic stainless steel 304, which also possess high strength at elevated
temperature [30-37]. However at elevated temperature these superalloys exhibit a viscoplastic
(rate-dependent) behavior [38]. The nonlinear (viscoplastic) behavior of the material difficult the
prediction of the material’s response to loading.

In order to have an optimal design of gas turbine and IHX components, a detailed modeling
of the material’s behavior under any loading condition is essential to ensure the design integrity
and quality of the component. Moreover, by knowing the behavior of the material the operational
temperature might be increased for better system efficiencies. On the other hand, a better
understanding of the material behavior leads to less conservative designs which in return reduce

7



the cost of hardware and components, since the material is effectively used [15-17, 39]. There
has been considerable effort to develop unified constitutive models capable of describing the
inelastic behavior of Hastelloy X and stainless steel 304. These “unified” models are designed to
model the multiple deformation mechanisms present during various loading cases such as stress
relaxation, monotonic tension, creep and fatigue. Historically, numerous viscoplastic models
have been proposed in literature such as Chaboche, Bodner, Hart, Miller, Walker, Bodner-
Partom among many others [40-44]. Viscoplastic constitutive models are shaped by material
constants, which are characteristic of each material. Material constants are typically calculated
using specific types of experimental data. The complexity of the model equations and the
considered temperature ranges dictates the total number of material constants required for each
model. The procedure to calculate these material constants is not well documented leaving gaps
in the calculation process that leads to the “unsystematic” calculation of material constants. This

unsystematic calculation of constants might result in improper usage of viscoplastic models.



