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Abstract

Aero-thermal induced mechanical response of engine components in an ultra high-
speed micro gas turbine engine system is assessed. Scaling down gas turbine engines
for high performance requirement dictates substantial thermal-induced effects on
engine operation due to high temperature gradient relative to that in conventional
large gas turbine engines. Experiments indicate that the sustainable operation is
limited by mechanical response of shaft-bearing housing system. It is hypothesized
that this is due to thermal-induced mechanical deformation of shaft-bearing housing
that results in bearing clearance variation that differs from the design intent. An
unsteady CFD conjugate heat transfer computation of flow and temperature distribution
in the engine system is first implemented; this is followed by determining the corresponding
mechanical deformation of engine components based on finite element analysis. The
computed result shows that at the beginning of the engine start-up process, radial
expansion of the shaft is larger than that of the bearing housing, resulting in a
smaller bearing clearance. Toward steady-state operation, a larger bearing clearance
is observed. The computed results and experimental observation are in agreement
thus confirming the hypothesis. The key controlling non-dimensional parameters
characterizing the aerothermal-mechanical interaction and response are identified
using a reduced order model that yields thermal-induced mechanical deformation in
agreement with the unsteady computations. For geometrically similar engine system,
the controlling thermal and structural parameters consist of: (1) shaft fin parameter,
(2) housing fin parameter, (3) ratio of heat diffusivity of housing to that of shaft,
(4) 3 cooling flow parameters, and (5) ratio of coefficient of thermal expansion of the
housing to that of shaft. The non-dimensional parameters serve as a guideline for
developing strategies for controlling bearing clearance under the acceptable margin,
including selecting shaft and housing materials with appropriate properties as well
as tailoring the cooling flow. An approximate scaling rule for thermal-induced shaft-
bearing housing clearance variation in engine of various sizing is formulated.
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Nomenclature

A = Area

B = Thickness

¢ = Specific heat capacity

Fo = Fourier number (non-dimensional time)
k = Thermal conductivity

h = Heat transfer coefficient

L = Length

P = Perimeter

r = Radial location

R = Radius

t = Time

T = Temperature

1w = Structural deformation

x = Axial location

«a = Coeflicient of thermal expansion
t = Thermal diffusivity

p = Density

0 = Non-dimensional temperature

v = Poisson’s ratio

‘R = Non-dimensional radial location

x = Non-dimensional axial location



Subscripts

¢ = Initial

tn = Inner

ef f = Effective

TIT = Turbine inlet temperature

h = Housing
out = QOuter
7 = Radial

s = Shaft

x = X-direction
y = Y-direction
z = Z-direction

oo = Cooling flow

Supercripts

() = per unit time

Abbreviation

CFD = Computational fluid dynamics

CHT = Conjugate heat transfer

CTE = Coeflicient of thermal expansion

FE = Finite element

ROM = Reduced order model

SAS = Secondary air system

URANS = Unsteady Reynolds-averaged Navier-Stokes
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Chapter 1

Introduction and Research

Questions

1.1 Background

Gas turbines are used in a wide variety of applications, including aircraft propulsion,
power generation, etc. As there are numerous applications of gas turbines, the power
output of gas turbines varies significantly. On one end of the spectrum, land-based
industrial gas turbines for power generation can have power output as large as 519
MW and larger [5]. Gas turbines used in powering commercial aircraft can produce
power output in the order of 10-100 MW. On the other end of the spectrum, micro gas
turbines, which provide much smaller output, have recently received more attention.

Micro gas turbines can be utilized in applications that require a portable power
generation source such as robots and UAVs. Designs of micro gas turbines can be
tailored to serve a wide range of performance metrics such as compactness, efficiency,
energy density, power density, system operating costs, and robustness. For example,
in power generation application, micro gas turbines can offer higher energy density
output than batteries do [6]. For propulsion application, micro gas turbines can
offer robustness and require less maintenance than internal combustion engines [7].

Although micro gas turbines are considered more portable, their size still varies greatly
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with applications. Currently, micro gas turbines for power generation are available in
the market with power output in the range of 30-330 kW [8,9]. There are attempts
by numerous groups of engineers and researchers to design and develop micro gas
turbines with the power output in the order of 1-10 kW [7,10-15]. The most notable
one is the button-shirt size micro gas turbine developed during the 2000s at the Gas
Turbine Laboratory, MIT [6]; however, the program ended before a fully integrated

engine could be demonstrated to be fully functional.

In general, micro gas turbines in the power range of 10 kW and smaller tend to
have a single-stage centrifugal compressor and radial inflow turbine [6,7,10-13,15,16].
The radial turbomachines offer high-pressure ratio at small mass flow rate with a
compact engine size. The pressure ratio range is usually set to be between 2 and 4.
The small engine size introduces new technical challenges. Heat flux, which scales
with temperature difference and the inverse of length scale, becomes higher due to
the smaller size of the engine, given a similar temperature difference in the engine.
The change in the length scale affects the Biot number (Bi), which is a ratio of
internal thermal resistance and external thermal resistance. For the engine structures,
the internal thermal resistance is the resistance of conduction heat transfer and the

external thermal resistance is the resistance of convection heat transfer.

It can be inferred that Biot number of small engines is smaller than that of large
engines based on similar heat transfer coefficient and thermal conductivity. For small
Biot number, the internal thermal resistance is smaller and conduction heat transfer
becomes more important relative to convection heat transfer. As such, conduction
heat transfer in small engines is not negligible. It has been shown by Sirakov et al.
that heat transfer between the turbomachines results in performance reduction of the
compressor and the turbine [17]. An adiabatic assumption usually employed in a large
gas turbine design is no longer applicable in this case and micro gas turbines should

be designed to accommodate consequences of this additional heat transfer effect.

In addition, because the diameter of the turbomachines is significantly smaller
(relative to that in large conventional gas turbines), the rotational speed of the engine

has to be increased proportionally to achieve a high rotor tip velocity similar to that
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in large gas turbines. For example, at ONERA, a micro gas turbine was developed
to provide power output of 50 — 100 Watts [16]. The nominal speed is 840,000
rpm. In Belgium, Piers et al. developed micro gas turbines with power output of
approximately 1 kW at the rotational speed of 500,000 rpm [10]. In Korea, Seo et al.
developed a 500W micro gas turbine with the rotational speed of 400,000 rpm [11].
The high rotational speed entails a set of distinctly different bearing design requirements.
The design of the shaft has to ensure that the bearing is able to keep the shaft in
the stable operating range. At high speed, gas bearings are more suitable than ball
bearings because gas bearings allow high speed operation with low friction. Gas foil
bearings are used in micro gas turbines as gas foil bearings provide improved damping
and stability characteristics compared to those of rigid gas bearings [18]. In addition,
gas foil bearings do not require additional lubrication system hence reducing the
overall system size, and maintenance required for the gas bearing is relatively lower.
Additional challenges in developing micro gas turbines arise because of the use
of gas foil bearings in micro gas turbines to accommodate the compact engine size
and the high engine speed. Operation of bearings must be carefully controlled to
be within its operating envelope. The bearing clearance size must be controlled to
avoid operability issue. This bearing clearance change can be driven by differential
expansion between the rotor and the bearing housing due to mechanical and thermal
expansion. Radil et al. showed that when the bearing clearance size of a foil bearing is
smaller than the optimum value, the bearing has a higher risk of thermal runaway and
bearing seizure. On the other hand, when the bearing clearance size is larger than the
optimum value, the bearing has lower stiffness and lower damping coefficients [19].
The lower stiffness and lower damping coefficients can introduce whirl instabilities

during the operation.
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Compressor /
Magnet Scroll Bearing

Figure 1-1: Schematic structure of a generic micro gas turbine (adapted from [1]).
This generic micro gas turbine has a single shaft with a single-stage centrifugal
compressor and a single-stage radial-inflow turbine on the shaft ends.

1.2 Challenges in Development of Micro Gas
Turbines

A representative micro gas turbine engine has been designed and constructed for
research and development. The schematic layout of the engine configuration is shown
in Figure 1-1. The engine has a single shaft with a centrifugal compressor and a radial
inflow turbine mounted on the shaft. This configuration is similar to that of several
micro gas turbines [6,7,10,13,15,16]. The current configuration is designed to have a
generator magnet at the center of the shaft between the compressor and the turbine.
The current thermal management system is able to keep the magnet temperature
below the Curie temperature. Key unique features of this engine include its high
energy density and power density due to its light weight. A bearing configuration
that could sustain rotational speed up to 770,000 rpm has been designed, built and
integrated into the engine [20]. However, occasional shaft-bearing operability issue
has been detected in the current engine. The engine occasionally exhibited whirl
instabilities at high-speed operation when the bearing clearance size is set to be

relatively large for avoiding the thermal runaway and bearing seizure during the
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Figure 1-2: Spatial scope of thermal system analysis carried out by Lee et al. [2]

. Heat transfer from the turbine rotor to the compressor was not included in the

analysis. Heat transfer flow and cooling air flow inside the analyzed section are
shown by red and blue arrows, respectively.

start-up process. On the other hand, when the bearing clearance is set to be relatively
tight for avoiding whirl instabilities at high speed operation, the thermal runaway and
bearing seizure occur during the start-up process.

The cause of the operability issue was hypothesized to be from thermal expansion
mismatch between the shaft and the bearing during engine acceleration. This operability
issue associated to shaft-bearing system introduces another challenge for micro gas
turbine design. It is anticipated that other ultra high-speed micro gas turbines with a
compact single-shaft configuration could encounter the same issue as well. Although
the severity of the issue is likely to be a function of the engine size, there are, at
this stage, no obvious controlling parameters that can be utilized to indicate if the
issue is present in any given engine. In order to rectify the operability issue in the
representative engine, an adequate thermal management of both the secondary air
system (SAS) and thermal flow needs to be devised for the representative engine.

The availability of a thermal management system design is rather limited in the
open literature; the literature on the design process of micro gas turbines has the
usual focus on the aerodynamic performance of compressor and turbine, combustion
characteristics, and bearing designs. One study is from Lee et al., who showed a
thermal management design for a micro gas turbine rig with power output of 120 kW
and the maximum rotational speed of 47,500 rpm [2]. Their thermal management

system utilized compressed air from the compressor outlet to cool a gas foil bearing
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(GFB) close to the turbine. Their analysis on the thermal management design was
- carried out to determine the steady-state temperature variation of the cooling flow
near the gas foil bearing on the turbine side. Figure 1-2 shows the spatial scope
of their analysis, which covers the right end of the rotor up to the solid turbine
blade. Heat transfer from the turbine rotor to the compressor was not included in
the analysis. The boundary conditions on the turbine blade used in their calculations
were provided from experiments. No thermal behavior or instabilities were observed
over the operating range. However, it should be noted that the representative engine,
which has the power output approximately 2 orders of magnitude smaller than that
of the engine studied by Lee et al., would be more likely to encounter operational

challenges from relatively larger heat transfer effects.

Another tool for analyzing a thermal management system of a micro gas turbine
was developed by Tanaka et al. [21]. They developed a thermal resistance network
analysis mainly to support the development of the representative micro gas turbine.
The model provided an estimation of the steady-state temperature distribution throughout
the engine, including where temperature measurement could not be made. The model
also ensured that the generator magnet temperature was controlled under the limit.
This resistance network model was developed in MATLAB and it was capable of
solving conduction heat transfer in solid and convection heat transfer at solid-fluid
interfaces with use of empirical correlations. Because the number of nodes used in the
model was in the order of 100 nodes, the model promptly provided numerical results
with minimal demand on computational resources. The thermal resistance network
model was successful in assisting the design process, which required short assessment
cycles; however, transient thermal behavior and structural response aspects of the
engine have not been included in the model. The bearing clearance variation during
the engine start-up process cannot be quantified because of the lack of transient

thermal-structural behavior.

In order to address and solve the operability issue in the representative micro
turbine, there is a need to obtain quantitative data on how the current engine operates.

Measurement data from experiments should provide the insight on how the engine
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behaves and how heat transfer affects the operation of the engine; however, the small
size of the engine allows measurement devices to be installed in a limited number of
locations. The data is thus of low resolution and can neither clearly elucidate the
operability issue of the engine nor provide quantitative data to assess the hypothesized
causes (the radial expansion mismatch between the shaft and the bearing housing).

There is thus a need to formulate an integrated thermal-fluid-structural computational
approach that is capable of quantifying engine operating characteristics based on
engine design and engine operating conditions. This computational approach is
proposed to enable an engineering resolution to the operability issue in the representative
micro gas turbine, ensuring the robust operation of the engine.

In summary, investigation of the operability issue appears to be challenging from
experiments primarily due to limitation in measurements. As such, computational
approaches are proposed for providing the cooling flow field and the operation of the
engine. A suitable thermal-fluid computational approach needs to be formulated and

discussions on the selection are provided.

1.3 Research Questions

The key goal of the research is to quantify aero-thermal-mechanical interactions of
micro gas turbines as the interactions impact mechanical integrity of the shaft-bearing
housing system and hence robust operation of the gas foil bearings. The starting point
of the research is the operability issue encountered in the current micro gas turbine
engine. The insights into the underlying mechanisms of the issue would serve as
a foundation to formulate a solution to undesirable thermal-mechanical interactions
causing the operability issue.

The research questions that need to be addressed for accomplishing the goal of

the thesis are delineated as follows.

1. What constitutes an adequate research tool that is capable of characterizing
the operation of the thermal management system and the thermal-mechanical

mismatch issue and of the representative engine?
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2. Does the hypothesized thermal-mechanical mismatch, which limits robust operation

of the representative engine, occur in the engine?

3. How should a reduced order model be constructed to provide insights into
flow/thermal processes that are responsible for the current thermal-mechanical

mismatch and to serve as an approximate model during the design process?

4. What are essential non-dimensional parameters controlling structural response

in micro gas turbine engines of different size?

5. What are technically viable solutions to the operability issue with a minimal

engine redesign and minimal impact on engine performance?

1.4 Contributions

1. The hypothesis that thermal-induced mechanical deformation of shaft-bearing
housing system limits sustainable operation of the representative micro gas
turbine engine is proven. An unsteady CFD conjugate heat transfer computation
of flow and temperature distribution in the entire engine system is first implemented
for engine startup to steady state operation; this is then followed by determining
the corresponding mechanical deformation of engine components based on finite
element analysis. The computed result demonstrates the temporal evolution of
the thermal expansion mismatch between the shaft and the bearing housing
from the start-up toward the steady-state condition. At the beginning of the
engine start-up process, radial expansion of the shaft is larger than that of
the bearing housing at any axial location, resulting in a smaller shaft-bearing
housing clearance at any axial location. At the end of the start-up process, the
computed trend (in radial expansion of shaft and bearing housing) reverses so
that there is an increase in the clearance. These bearing clearance changes can

result in thermal rubbing and rotordynamic issues, respectively.

2. The governing non-dimensional parameters are categorized in 7 groups: (1) 3

non-dimensional temperatures, (2) 2 non-dimensional structural thermal expansions,
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(3) 2 non-dimensional location parameters, (4) 1 non-dimensional time parameter,
(5) 9 non-dimensional geometric parameters, (6) 6 non-dimensional thermal
parameters, and (7) 1 non-dimensional structural parameter. The non-dimensional
thermal parameters consist of: (1) shaft fin parameter, (2) housing fin parameter,
(3) ratio of heat diffusivity of housing to that of shaft, (4) ratio of energy storage
in cooling flow to that in shaft, (5) ratio of advection in fluid to heat diffusion
in shaft, (6) ratio of heat conduction in housing to that in shaft. The only
controlling structural parameter is the ratio of coeflicient of thermal expansion
of the housing to that of the shaft. The non-dimensional parameters serve as
a guideline for selecting shaft and bearing housing materials with appropriate
properties as well as tailoring the coolant flow to limit and control the variation
in the bearing clearance during the transient process and the steady-state

condition.

. A reduced order model consisting of conduction heat transfer and convection
heat transfer as set by the solid structures and cooling flow is formulated.
Reduced-order model results are in accord with transient results from the CFD
and FE model. The reduced order framework as well as its use for identifying
characterizing parameters and formulation of scaling rule can be generalized
for assessing thermal-induced mechanical response of other engine components
such as turbomachinery tip clearances and mechanical seal system. The reduced
order model provides an enabler to determine the critical Fourier number (i.e.
the time instant) for the occurrence of minimum bearing clearance and the
bound on clearance variation. This leads to a potential mean to develop a
strategy for controlling bearing clearance under the bearing operating envelope.
In addition, the reduced order model is used to formulate an approximate scaling
rule of thermal-induced shaft-bearing housing clearance variation in engine of

various sizing.

. A first of a kind of computational model consisting of use of 3D URANS coupled

with conjugate heat transfer and finite element method has been formulated to
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determine: (1) fluid flow and heat flow in the entire engine system from the
engine start-up to the steady-state operation and (2) the corresponding engine
component mechanical response that include structural deformation and stress

distribution.

1.5 Thesis Organization

Chapter 2 outlines the research scope and the key assumptions utilized in the research.
Use of 3D conjugate heat transfer CFD and finite element tools is discussed. The
computational domain of the representative micro gas turbine engine is illustrated.
In Chapter 3, fluid-thermal flow processes in the representative engine are assessed
for their impact on mechanical-structural deformation. Fluid-thermal flow processes
responsible for elevated temperature of the turbine bearing housing are identified.
The change in the bearing clearance size of the foil bearing during a steady-state
operation is quantified. Chapter 4 investigates the elevated temperature of the turbine
bearing housing and the temporal variation of the bearing clearance during the engine
start-up process. Chapter 5 formulates a reduced order model to capture essential
heat transfer processes governing the thermal expansion mismatch. Non-dimensional
parameters governing the expansion mismatch issue are provided. A scaling rule of
the thermal expansion mismatch is derived for a simplified case. Chapter 6 utilizes
the non-dimensional parameters and the reduced order model as a basis for proposing
solutions to the thermal expansion mismatch issue. Proposed solutions include the
use of materials with different thermal diffusivity and coefficient of thermal expansion.
Discussions are provided for selecting suitable thermal properties of a candidate
material. Finally, all key findings are summarized and future work is proposed in

Chapter 7.
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Chapter 2

Research Approach

This chapter presents the framework of approach for addressing the research questions
and for assessing the hypothesis posed in Chapter 1. This chapter provides discussions
on the research scope and selection of several computational models implemented
for the research. Specifically, the key goal is to quantify the differential expansion
mismatch in the engine-shaft bearing housing configuration that is hypothesized to
determine the engine operability and sustainable operation (see Chapter 1). The
research scope and several key assumptions are first delineated. Computations of the
fluid and thermal flow field as well as the attending structural-mechanical response
in the representative engine are obtained. The use of CFD and the structural model

constitutes an adequate technical tool to assess the hypothesis.

2.1 Research Scope

Literature review in Chapter 1 shows that there has been substantial research on
operation of foil bearings but there is limited work done on thermal management
system of micro gas turbines. For this reason, this thesis will focus on the engine
level to analyze characteristics of the thermal management system instead of focusing
at operation of foil bearings with boundary conditions provided from the engine

operations.
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The main focus of the research is controlling changes in the bearing clearance
within its operating envelope, which is provided by the bearing manufacturer. The
bearing clearance change is caused by the differential expansion between the stationary
and rotating components. Proposed solutions to the differential expansion are formulated
around controlling fluid-thermal interactions through use of the thermal management
system. In other words, this thesis focuses on setting an environment in which foil
bearings can operate under their operational requirement.

The effect of bearing operation on engine stability is not considered (i.e. rotordynamics
is beyond the scope of this thesis); with this assumption/approximation, foil bearings
are not physically included in the model and the following assumptions will be utilized

in the research:

1. Foil bearings do not affect the thermal-fluid flow on the engine level.

2. Structural deformation of the foil bearing (top foil and bump foil) itself is
negligible.

3. Structural deformation has negligible impacts on fluid and thermal flow field.

Based on these assumptions, the actual bearing clearance size is not calculated
in this thesis; a change in the bearing clearance is inferred from the difference in
expansion of the bearing housing and the shaft instead of a small clearance between
the bearing top foil and the shaft. However, the bearing clearance size can be
estimated from a measured bearing clearance from experiments and a bearing clearance
change provided by the computational model.

The thesis starts with characterization of fluid-thermal interactions in the engine
based on the current thermal management system. Assessment of thermal-induced
behavior of structural components follows based on the temperature distribution of
the engine. Based on the lesson learns, a reduced order model will be formulated for
developing solutions to the differeptial expansion mismatch issue and assessing issues
in engines with different sizes. These computational models utilized in different stages

of the research are described in the following sections.
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Table 2.1: Operating conditions utilized in CFD calculations

Parameters Value
Operating speed 190,000 RPM
Turbine inlet temperature 800 °C
Total pressure loss in combustor ™%
Ambient pressure and temperature | Ambient conditions at sea level

Cooling flow
Compressor rotor on turbine side

Turbine nozzle

Turbine rotor

Cooling flow
on compressor side

Turbine diffuser

. Foil journal
Cooling flow bearing

inside shaft

7 Compressor Flow [l Turbine Flow [ Cooling Flow [l Seal Leakage Flow
B Solid engine structure

Figure 2-1: Overall computational domain. The main gas flow path includes flow
in compressor rotor, turbine nozzle, turbine rotor, and downstream turbine diffuser.
The secondary flow path includes flow inside the shaft, cooling chambers, and leakage
flow through seals. The secondary flow path acts as a thermal management system
to keep temperature of the engine under a limit.

2.2 Computational Domain for Representative
Micro Gas Turbine Engine

The representative engine has a single shaft with a single-stage centrifugal compressor
and radial inflow turbine. The rated power output is in order of 1 kW and the
maximum rotating speed is 250,000 RPM. The engine has a secondary air system
for cooling the generator and the foil bearings, and minimizing heat transfer into the
compressor. Operating conditions used in CFD calculations are listed in Table 2.1.

A computational domain for CFD is constructed to capture key heat transfer
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Table 2.2: Thermal and structural properties of engine structures of the representative
engine

Parameters Value
Ratio of thermal conductivity of shaft and stationary structures 0.7
Ratio of thermal diffusivity of shaft and stationary structures 0.7
Ratio of coefficient of thermal expansion of shaft and stationary structures 0.7

paths from the hot section of the engine to the cold section. The heat transfer paths
include the shaft, bearing housing, and turbine nozzle. The overall computational
domain is shown in Figure 2-1. The main gas flow path includes flow in compressor
rotor, turbine rotor, turbine rotor, and downstream turbine diffuser. The secondary
flow path includes flow inside the shaft, cooling chambers, and leakage flow through
seals. The location of a foil journal bearing on the engine hot side is shown in Figure
2-1. It should be noted that another foil journal bearing and two additional thrust
bearings are not shown in the figure. The material of the shaft is different from
that of the stationary components (e.g. bearing housing, turbine nozzle). Table 2.2
shows thermal and structural properties of the engine structures, which control the

thermal-structural characteristics of the engine.

The computational domain is separated into two parts to handle different flow
timescales. The primary computational domain consists of fluid and thermal flow
field in the compressor, cooling flow, turbine, and engine structures. The secondary
computational domain consists of compressor leakage flow and turbine leakage, which
escape the main flow path and enter the cooling flow path. The primary and secondary
computational domains are iteratively coupled to obtain consistent boundary conditions
between the two domains in steady-state CFD calculations. Inlet and outlet boundary
conditions for the overall CFD domain are shown in Figure 2-2. The inlet boundary
conditions of the compressor and the cooling flow is ambient conditions at the sea level.
The outlet boundary conditions of the compressor is related to the inlet boundary
conditions of the turbine through the pressure drop constraint. The outlet of the

cooling flow path and the turbine is also the ambient conditions at the sea level.
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Compressor inlet 7 Cooling flow outlet 2

1
B Compressor 2 Compressor rotor outlet 8 Cooling flow outlet 3
@ Cooling flow 3 Compressor seal flowinlet 9 Turbine seal flow outlet
B Turbine 4 Compressor seal flow outlet 10  Turbine seal flow inlet

5 Cooling flow outlet 1 11 Turbine nozzle inlet

6 Cooling flow inlet 1 12 Turbine diffuser outlet

Figure 2-2: Boundaries of the primary CFD domain. The inlet boundary conditions
of the compressor flow and the cooling flow are the ambient conditions at the sea level.
The outlet boundary condition of the cooling flow and the turbine flow is pressure at
the ambient conditions. The outlet boundary conditions of the compressor flow and
the inlet boundary conditions of the turbine flow are coupled through pressure drop
in the combustor. The inlet and outlet boundary conditions of the seal leakage flow
are obtained from the secondary CFD domain.

2.3 Fluid-Thermal Computational Model

Three-dimensional URANS CFD with a conjugate heat transfer (CHT) module has
been proposed as the main thermal-fluid computational tool in lieu of the thermal
resistance network developed by Tanaka et al. [21]. An advantage of using CFD is
that behavior of a cooling flow, including detailed distribution of mass flow rate,
temperature, and pressure, can be resolved in the computational domain from known
boundary conditions. A resistance network model that is capable of doing the same
task would require correlations that are generally unavailable or might need to be
obtained from experiments. The use of CFD would reduce the uncertainties associated
with using empirical correlations based on experimental data unrelated to relatively
small engine scale.

A requirement of utilizing CFD as the main research tool is the need for large
computational resources. Obtaining high-fidelity computational results unavoidably

requires a large number of computational nodes in the model. However, the required
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computational time and resources can be adjusted to satisfy the required accuracy
during different phases of the research without substantial recoding the modeling tool.
As a micro gas turbine generally has a single stage compressor and turbine (in contrast
to a multistage compressor and turbine in large gas turbines), the computational
requirements for a micro gas turbine are thus smaller and the flow field in the engine
can be solved with manageable computational resources.

ANSYS CFX, which is a commercial 3D finite-volume solver, is selected as the
CFD solver for fluid flow in the engine system. CFD solvers with a CHT capability
have been successfully utilized by a number of researchers in analyzing steady-state
and transient behavior of a SAS of gas turbines [22—-26]. Assessments of computed
results against experimental data have shown the adequacy and utility of the tool.
Effects of mesh resolution and turbulence modeling have been quantified and the
best practice has been developed for implementing the computational aspects of flow

through the engine (primary and secondary) flow paths.

2.4 Thermal-Structural Computational Model

As the operability issue is hypothesized to be the result of a change in the bearing
clearance size, there is a need to quantify the bearing clearance size change from
the operation. There are several numerical approaches to compute the bearing
clearance. On the high-fidelity end, a two-way coupling CFD and finite element
(FE) solver could be implemented to compute the flow field of the fluid, the stress
and strain distribution in the solid components. This approach inevitably requires
high computational resources but it elucidates interactions between changes in the
geometry of the components and the fluid flow field. An example of an interaction
between the fluid flow field and the structural response is that if the bearing clearance
size is vanishingly small during operation, the model would predict large local heat
generation at the bearing, which results in further expansion of the shaft and a
decrease of bearing clearance. This example appears to be an extreme and unlikely

situation during normal operation.
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The thermal-structural model used in this research is a one-way coupled model
of 3D CFD and a 3D finite element solver to assess the fluid-structural interactions.
The utilized structural model does not account for impacts of change in the geometry
of the components on the fluid flow field. It is assumed that under a proper thermal
management system, changes in the component geometry should not affect the operation
of the engine and the fluid flow field. The structural aspect of the engine and its
implication on the thermal expansion mismatch will be analyzed based on a structural
model supported by data from CFD computations. The use of CFD and the structural

model thus constitute an adequate technical tool to assess the hypothesis.

The chosen 3D finite element solver is ANSYS Mechanical. The temperature
field obtained from CFD results is then imported to the FE solver to determine the
change in the engine structure, hence the associated change in shaft-bearing clearance
size distribution. Discrepancy can be assessed and additional computations can be
performed if necessary with the newly computed engine shaft-bearing clearance size.
Thus, computed results from the FE solver that include distribution of stress and
deformation, should enable analyzing and assessing the engine operability issue and

also future design iterations of the engine.

2.5 Reduced Order Model for Sensitivity and

Scaling Analysis

A reduced order model is to be formulated and developed using quantitative insights
obtained from the CFD and FE results. The reduced order model should capture key
physics governing the transient operation of the thermal management system and
the engine. With its low computational cost, the reduced order model can also be
utilized for trade-off studies for assessing thermal management system design and
development. The reduced order models are useful during a preliminary engine
design in which several parameters need to be determined. The model also offers

opportunities to design a new engine at a different scale based on the previous engine
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with a similar geometry.

Results from trade-off assessments based on the reduced order model are particularly
useful for exploration of a design space. In other words, the results can suggest
which flow processes and engine components need to be altered or re-designed. The
design space for the thermal management system could be broadened further with the
emerging 3D printing technology as it would allow fabrication of fluid and thermal
flow paths not achievable by conventional manufacturing techniques; smaller and
complicated flow paths could result in higher heat transfer coefficients and desired

structural characteristics.

2.6 Summary

Investigation of the potential cause of the operability issue and the bearing clearance
change appears to be challenging from experiments primarily due to limitation in
measurements. As such, computational approaches are proposed as the main tool for
providing the cooling flow field and the operation of the engine. The main focus of
the research is controlling the bearing clearance variation under the operating envelop
of the bearing. Controlling the bearing clearance variation, which is caused by the
differential expansion between the stationary and rotating components, is achieved
through a proper thermal management system. In other words, this thesis focuses
on setting an environment in which foil bearings can operate under their operation
requirement. With this high level approach, foil bearings are not physically included
in the model. As a result, a change in the bearing clearance is inferred from the
difference in expansion of the bearing housing and the shaft instead of the actual
small clearance between the bearing top foil and the shaft.

The representative micro gas turbine engine has a single shaft with a single stage
centrifugal compressor and radial inflow turbine. These characteristics are shared with
many micro gas turbines under development. The representative engine has the rated
power output in order of 1 kW and the maximum rotating speed of 250,000 RPM.

The engine has a secondary air system for cooling the generator and foil bearings,
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and minimizing heat transfer into the compressor.

Three-dimensional URANS with a conjugate heat transfer (CHT) module has
been proposed as the main thermal-fluid computational tool. The use of CFD would
minimize the uncertainties associated with using empirical correlations based on
experimental data unrelated to relatively small engine scale.

The thermal-structural model used in this research is a one-way couple model
of 3D CFD and a 3D finite element solver. The utilized structural model does not
account for impacts of change in the geometry of the components on the fluid flow
field. The structural aspect of the engine and its implication on the thermal expansion
mismatch will be analyzed based on a structural model supported by data from CFD
computations. The use of CFD and the structural model thus constitute an adequate
technical tool to assess the hypothesis.

A reduced order models is to be formulated and developed using quantitative
insights obtained from the CFD results. The reduced order model should capture key
physics governing the operation of the thermal management system and the engine.
With its low computational cost, the reduced order model can also be utilized for
trade-off studies, assessing thermal management system design and development, and

exploration of a design space.
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Chapter 3

Differential Expansion in
Shaft-Bearing Housing Clearance

under Steady-State Operation

In this chapter, fluid-thermal flow processes in the representative engine are assessed
for their impact on mechanical-structural deformation/response. Specifically, the
results from the computational framework elaborated in Chapter 2 are post processed
and interrogated to: (1) identify the specific fluid-thermal flow processes responsible
for elevated temperature of the turbine bearing housing that give rise to changes in
shaft-bearing housing system; and (2) quantify the change in the bearing clearance

size of the foil bearing during steady-state operation.

3.1 Governing Thermal-Fluid Processes during

Steady-State Operation

As previously mentioned in Chapter 1, for micro gas turbines, heat flux between the
turbine and the compressor is anticipated to increase as the scale of the engine reduces.

The thermal management system is utilized to prevent excessive heat transfer from the
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Total heat transfer rate from
the main turbine gas path

Heat transfer rate into the
main compressor gas path

Figure 3-1: Convection heat transfer distribution in the representative engine.
Convection heat transfer rate is normalized relative to the turbine power output.
67% of the total heat transfer rate is through the turbine nozzle and 33% of the total
heat transfer rate is through the turbine rotor. Compressor operation is practically
adiabatic due to negligible heat transfer into the compressor.

hot section toward the compressor and to maintain temperature within an acceptable
margin. Steady 3D CFD with a CHT module is used to carry out calculations to
assess the performance of the thermal management system and identify the heat

transfer paths in the engine.

3.1.1 Engine Temperature and Heat Flux Distribution

CFD calculations are carried out to determine heat transfer distribution in response to
the boundary conditions delineated in Chapter 2. Figure 3-1 shows the magnitude and
the direction of convection heat transfer between different sections of the engine. The
convection heat transfer at various locations is normalized respective to the turbine
power output. Heat transfer through the turbine nozzle accounts for 67 % of the
total heat transfer from the turbine; this results in a small drop of total temperature
across the turbine nozzle (T outiet/T0,inlet = 0.994). Heat transfer through the shaft
accounts for the remaining 33 %. It can be seen that the direction of heat transfer is

toward the cold section of the engine as anticipated.
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Figure 3-2: Temperature distribution in the shaft and the stationary structures of
the representative engine. The location of the radial bearing on the turbine side is
identified. The cooling flow through the bearing location flows from the compressor
side toward the turbine side of the engine. Higher temperature on the turbine side
and lower temperature on the compressor side suggests heat transfer toward the cold
section of the engine.

On the compressor side, Figure 3-1 shows that heat transfer between the shaft
and flow in the compressor impeller is only 0.4% of the turbine power output (8% of
the total heat transfer from the turbine). This convection heat transfer is equivalent
to 0.7 % of the compressor power. The heat transfer is negligible and the operation
of the compressor impeller can practically be assumed to be adiabatic. This suggests
that the current thermal management system provides adequate cooling air and
proper heat transfer path to prevent performance deterioration of the compressor
from excessive heat transfer.

Temperature distribution in the engine under steady-state operation is shown
in Figure 3-2. The temperature distribution is non-dimensionalized as shown in

Equation 3.1.

T-T;

P
Trir —T;

(3.1)

where 6 is the non-dimensional temperature, T temperature, 7T; the initial temperature,

and Trpp the turbine inlet temperature.
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Figure 3-3: Axial temperature distribution of the housing surface and the shaft surface
within the turbine side bearing. Temperature of the shaft and the housing is higher
on the turbine side of the bearing. The location of the turbine side bearing is shown in
Figure 3-2. The axial bearing location is normalized with respect to the axial length
of the bearing.

The temperature of the turbine housing is controlled by heat transfer at its
boundaries. Figure 3-1 shows that heat transfer out of the bearing housing is by
convection heat transfer to the cooling flow. This convection heat transfer is balanced
by conduction heat transfer into the bearing housing. The conduction heat transfer is
primarily from the turbine nozzle and it flows through stationary engine components
and heats up the bearing housing. These conduction and convection heat transfer
processes are the key heat transfer processes, which govern the temperature of the
turbine bearing housing.

As the turbine housing becomes an important path of heat transfer, its temperature
is higher than that of the cooling flow in the vicinity. The temperature of the shaft is
high on the turbine side but rapidly drops where cooling flow is able to absorb heat
transfer from the hot part. Figure 3-3 shows that at the turbine bearing location,
the non-dimensional temperature of the housing is higher than the non-dimensional
temperature of the shaft by approximately 0.04. It can be inferred that the thermal

expansion of the housing would be greater than that of the shaft, given the two
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structures share the same material. The temperature distribution will be used in the
thermal-structural model to quantify the differential expansion of the turbine housing

and the shaft.

3.2 Structural Expansion of Shaft and Bearing

Housing

The source of the operability issue (see Chapter 1) during the engine operation of the
representative engine is hypothesized to be from the differential thermal expansion
of engine structures, resulting in a change of bearing clearance. It was hypothesized
that at the steady-state operation, the thermal expansion mismatch results in an
increased bearing clearance size. The increased bearing clearance size could be
detrimental to robust operation of the engine. This section addresses the hypothesis
by developing link between the temperature field of the engine structure and the
thermal deformation of the engine structures.

Mechanical and thermal loads generated during engine operation cause stress
and strain (deformation) in engine structures. Mechanical loads are from force
and pressure applied at boundaries of a certain component and body force due to
centrifugal effect. For thermal loads, temperature change from the initial temperature
causes thermal deformation. Stress-free thermal expansion occurs only when temperature
distribution is uniform or varies linearly. However, these two conditions are hardly
met during engine operation. Therefore, there will be thermal stress introduced by
thermal loads.

3D finite element model is utilized to compute stress and deformation caused by
the rotational effect and thermal effect in the engine. The radial expansion of the

engine components is non-dimensionalized as shown in Equation 3.2.

u* = 4 (3 2)
Oshaft Rshate (Trrr — T,)’ .

where u* is non-dimensional radial expansion, u dimensional radial expansion, oghag
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the coefficient of thermal expansion of the shaft, Rgas , the radius of the shaft at the

bearing location, 7; the initial temperature, and Tr;7 the turbine inlet temperature.
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Figure 3-4: Radial expansion of the engine shaft and the bearing housing at
the bearing location under steady-state operation. The maximum expansion of
both components exists on the hot side of the bearing, where the temperature is
higher. Change in bearing clearance is estimated from relative expansion of the two
components. The radial expansion of the housing is larger than that of the shaft,
causing an increased in the bearing clearance.

Under the rotating and thermal effects, radial expansion of the shaft and the
bearing housing is shown in Figure 3-4. The radial expansion of the bearing housing
is larger than that of the shaft at any axial location, leading to an increase in the

bearing clearance. The radial expansion mismatch can be computed from Equation

3.3.

Au*(x) = up(x) — w5 (x), (3.3)

where Au*(x) is the radial expansion mismatch, u}(x) the radial expansion of the
housing, and u%(x) the radial expansion of the shaft. Positive radial expansion
mismatch indicates an increase in the bearing clearance. On the other hand, negative
radial expansion mismatch indicates a reduction in the bearing clearance. The radial

expansion mismatch of 1 means that the size of the radial expansion mismatch would
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be equivalent to the stress-free radial thermal expansion of the shaft under the turbine
inlet temperature.

The axial average of the non-dimensional radial expansion mismatch is approximately
0.19. The maximum expansion of both components exists on the hot side of the
bearing. This is consistent with the temperature distribution shown earlier in Figure
3-3 as high local temperature drives larger thermal expansion. The largest radial
expansion mismatch occurs near the axial center of the bearing and the smallest (but
not negative) radial expansion mismatch occurs at the hot end of the bearing.

From the computed result presented in the above, the hypothesized differential
expansion at the bearing location is confirmed. As literature review suggests linkage
between an increase in bearing clearance size and reduction in stiffness and damping
coeflicients of bearings, the operability issue (whirl instability) observed in the representative
engine could be caused by the net increase in the bearing clearance. The increase
in the axial-average bearing clearance will be treated as the key characteristic and
it needs to be adjusted into the acceptable range. As such, computed results and
experimental observation are qualitatively in good accord.

In addition, the deformation of the engine shaft is assessed under the rotational
effect only. The non-dimensional radial deformation of the shaft at the turbine bearing
location due to only the rotational effect is approximately 0.017 (approximately 10%
of the total radial deformation). Therefore, it can be inferred that the rotational
effect does not significantly affect the change in the bearing clearance operation and

the thermal effect is more significant during steady-state operation.

3.3 Summary

Fluid-thermal flow processes in the representative engine are first investigated. Steady
3D CFD with a CHT module is used to carry out calculations to assess the performance
of the thermal management system and show heat transfer paths in the engine.
Most of the heat transfer from the turbine is absorbed by the cooling flow. On the

compressor side, heat transfer between the shaft and flow in the compressor impeller is
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negligible and the operation of the compressor impeller remains practically adiabatic.
Heat transfer toward the bearing housing is conduction heat transfer primarily from
the turbine. Heat transfer out of the bearing housing is by convection heat transfer to
the cooling flow. These conduction and convection heat transfer processes are the key
heat transfer processes, which govern the temperature of the turbine bearing housing.

The temperature of the shaft is high on the turbine side but rapidly drops where
cooling flow is able to absorb heat transfer from the hot part. At the turbine bearing
location, the non-dimensional temperature of the housing is higher than the non-
dimensional temperature of the shaft by approximately 0.04 on a non-dimensional
basis.

Connection between temperature field of the engine structure and the thermal
deformation of the engine structure is developed. 3D finite element model is utilized
to compute stress and deformation caused by rotational effect and thermal effect in
the engine. Computed result shows that the rotational effect does not significantly
affect the radial expansion of the shaft and the thermal effect is more significant.
The radial deformation of the bearing housing is larger than that of the shaft at
any axial location. There is a net increase in the bearing clearance and the axial
average of the non-dimensional radial expansion mismatch is approximately 0.19.
The computed result confirms the hypothesized differential expansion mismatch. The
operability issue (whirl instability) observed during the high-speed operation in the
representative engine could be caused by the net increase in the bearing clearance as
literature review suggests. As such, computed results and experimental observation

are in accord.
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Chapter 4

Differential Expansion in
Shaft-Bearing Housing Clearance

during Engine Start-Up Process

It was observed in experiments that attempts to reduce the bearing clearance size
during the steady-state operation caused thermal rubbing between the engine shaft
and the bearing top foil during an engine start-up process. This experimental observation
suggests that a change in the bearing clearance is negative during the early phrase of
the engine starting-up process and becomes positive as the start-up process continues.
Therefore, transient 3D CHT CFD and 3D FE are utilized to assess this thermal-
structural behavior of the bearing during an engine start-up process. Insights from
the computed results will be used as foundation of an engineering root cause analysis
(see Appendix A) for formulating solutions to the differential expansion mismatch

issue.
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4.1 Governing Thermal-Fluid Processes during

Engine Start-Up Process

An engine start-up process is simplified for simulation through a transient 3D CHT
CFD solver. The engine speed is set to be 190,000 RPM at the beginning of the start-
up process. It is assumed that time timescale of the fluid flow to achieve a steady state
is much shorter than that of the heat transfer in the solid. In other words, the fluid
flow is quasi-steady relative to the heat transfer flow in the solid. As such, the main
fluid flow is obtained from another set of calculation where the boundary conditions
between the fluid flow and the solid are treated as adiabatic. The initial temperature
of the engine structures is the ambient temperature. The boundary conditions of
the main flow path, including the compressor, the turbine, and the leakage flow are
similar to those from steady-state calculations and treated as time-invariant. The
difference between the initial temperature and the turbine temperature causes heat
diffusion in the engine structures and introduces temperature variation in time.
Computed result is used to indicate a pattern of heat diffusion from the main
flow path to the turbine bearing location. Figure 4-1 shows temperature distribution
on a cross-section of the engine from the beginning of the start-up process to the
steady-state operation. Time is represented in a non-dimensional manner as Fourier
number (Fo) based on the shaft length (Ls) and its thermal diffusivity (x;). Equation

4.1 shows the relation between time and Fourier number.

ksl

FO_L—g

(4.1)

As time increases, heat diffuses from the turbine to the shaft and the bearing
housing. It can be seen that the heat transfer path from the turbine to the bearing
location on the bearing housing side is longer than that on the shaft side. Figure
4-2 shows the temperature trend over time at the bearing location on the housing
side and the shaft side. Temperature at the bearing location on the shaft side is

higher than that on the turbine housing side at the start of the process. At Fourier
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(a) Fo = 0.035

(d) Fo = 0.277

Non-dimensional
temperature () 0.11 0.24 0.36 0.49 0.62 0.75 0.87

Figure 4-1: Temporal evolution of temperature distribution in engine structures near
the bearing location due to heat transfers from the turbine. Temperature at the
bearing location during the same time period is provided in Figure 4-2. The grey
arrows keep track of how far conduction heat transfer from the turbine penetrates to
the bearing location. Because the heat transfer path on the shaft side is shorter than
that on the housing side, the heat transfer is able to reach the bearing location on the
shaft side faster, causing a higher shaft temperature at the beginning of the start-up
process. After the heat transfer reaches the bearing location on the housing side, the
housing temperature becomes higher than the shaft temperature.
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Figure 4-2: Increasing temperature of the housing and shaft surface at the turbine
bearing location. Temperature on the shaft side is higher than that on the turbine
housing side from the start of the process up to Fourier number of 0.11. Under
steady-state operation, temperature on the bearing side is higher than that on the

shaft side. This infers bearing clearance variation over time due to the changes in the
temperature of the two components.
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number of 0.1, the temperature at the same location on the bearing housing side still
increases and surpasses its counterpart on the other side. The temperature at the
two locations eventually reaches equilibrium temperature as shown in the previous
chapter. This temperature trend suggests that thermal radial expansion of the shaft
could be larger than that of the turbine housing during an earlier part of the start-up
process. The differential radial expansion will be quantified in the next section with

effect of thermal stress and material properties.

4.2 Structural Expansion of Shaft and Bearing

Housing

Transient structural deformation is calculated with the 3D finite element tool based
on the transient temperature distribution. Figure 4-3 shows axial variation of radial
deformation of the shaft and the bearing housing at the bearing location. It can be
seen that radial expansion of the shaft is larger than that of the housing at any axial
location up to Fourier number of 0.021. From Fourier number of 0.028 to Fourier
number of 0.035, radial expansion of the shaft is smaller than that of the housing
on the colder end of the bearing (i.e. there is a net increase in radial clearance
relative to the initial clearance size) and vice versa on the hot end of the bearing. At
Fourier number of 0.035, the largest local non-dimensional radial expansion mismatch
is observed to be negative 0.05 at the hot side of the bearing. The expansion mismatch
at Fourier number of 0.035 supports the experimental observation, where thermal
rubbing can occur during a start-up process if the bearing clearance is tightened. If
the initial non-dimensional bearing clearance were smaller than 0.05, there would be
a risk of thermal rubbing between the shaft and the top foil at this time unless the
compliancy of the foil bearing helps mitigate the reduced clearance. Experimental
attempts to reduce the bearing clearance confirms the reduced bearing clearance size
during the start-up process. Because when the initial bearing clearance is reduced

under a certain threshold, thermal rubbing between the shaft and the bearing top foil
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Figure 4-3: Axial variation of radial deformation of the engine shaft and the bearing
housing at the bearing location during the engine start-up process. The axial average
of the radial deformation during the same duration is provided in Figure 4-4. The
radial expansion of the shaft and housing is larger on the turbine side of the bearing
where temperature is higher. The radial expansion of the shaft is larger than that of
the housing at any axial location up to Fourier number of 0.021 (i.e. there is a net
reduction in the bearing clearance). After Fourier number of 0.069, radial expansion
of the housing is larger than that of the shaft at any axial location (i.e. there is a net
increase in the bearing clearance).
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Figure 4-4: Axial average radial expansion of the shaft and the bearing housing
at the bearing location during the engine start-up process. The negative clearance
change indicates a reduction in the bearing clearance and the positive clearance change
indicates an increase in the bearing clearance. The bearing clearance size reduces at
the beginning of the start-up process and increases toward steady-state operation.

occurs during the start-up process. After Fourier number of 0.069, radial expansion
of the housing is larger than that of the shaft at any axial location and there is a net

increase in the bearing clearance.

The axial average radial expansion of the shaft and the bearing housing is shown
as a function of time in Figure 4-4. The axial average radial expansion is assumed to
be representative of the bearing clearance. As previously discussed in Chapter 3, the
substantial increase in the bearing clearance could pose the risk of the whirl instability.
The axial average radial thermal expansion can be used as the key metric to represent
this issue. The positive radial expansion mismatch represents an increase in radial
bearing clearance. The negative axial-average non-dimensional radial expansion is
approximately 0.017 up to approximately Fourier number of 0.035. After Fourier
number of 0.035, the differential axial-average radial expansion increases and reaches

the largest value at the equilibrium state. It should be noted that the time at which
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the bearing surface of bearing housing radially outgrows that of the shaft is different
from the time at which temperature of the bearing surface on the bearing housing
side becomes higher than its counterpart. This behavior occurs because the radial
temperature gradient, which has higher temperature on the outer side, pulls the
inner part of the structure radially outward. In addition, the coefficient of thermal
expansion of the turbine bearing housing material is higher than that of the shaft,
causing larger radial thermal expansion at the same temperature.

In addition, at Fourier number of 0.208, the radial expansion starts to converge
to the steady-state expansion. The large net increase in non-dimensional bearing
clearance of approximately 0.19 is similar to that previously computed from the
steady-state calculation. This substantial increase in the bearing clearance could
be a cause of a whirl instability observed in experiments as previously mentioned in
Chapter 1. The reduced bearing clearance size during the start-up process suggests
that the initial bearing clearance cannot be substantially reduced to mitigate the
large increased bearing clearance at the steady state because there would be a risk
of thermal rubbing between the shaft and the bearing during the start-up process.
Therefore, in order to improve the engine operability, the radial expansion mismatch
must be controlled under the acceptable limit of the bearing operation during the
start-up process toward the steady-state operation. In other words, the shaft-bearing
system that could provide temporally invariant bearing clearance during the start-
up process is the ideal system for mitigating the whirl instability and for avoiding

thermal rubbing.

4.3 Summary

Transient 3D CHT CFD and 3D FE are carried out to assess thermal-structural
behavior of the engine at the bearing location during an engine start-up process. The
computed result indicates the temperature trend over the engine start-up process. At
the beginning of the engine start-up process, temperature at the bearing location on

the shaft side is higher than that on the turbine housing side. After Fourier number of
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0.1, the temperature on the housing side still increases and surpasses its counterpart
on the other side. At Fourier number of 0.208, the temperature of the shaft and the
housing reaches their equilibrium values.

Transient structural deformation is calculated with the 3D finite element tool
based on the transient temperature distribution. From the initial condition to Fourier
number of 0.021, radial expansion of the shaft is larger than that of the housing at
any axial location, resulting in a smaller bearing clearance at any axial location.
At Fourier number of 0.035, the largest local differential non-dimensional expansion
mismatch is observed to be 0.05 at the hot side of the bearing. After Fourier number
of 0.069, radial expansion of the housing is larger than that of the shaft at any axial
location. At the end of the start-up process, a large increase in non-dimensional
bearing clearance of approximately 0.19 is observed. This large increased bearing
clearance could be a cause of a whirl instability observed in experiments as previously
shown under the steady-state operation.

The reduced bearing clearance size during the start-up process suggests that
the initial bearing clearance cannot be substantially reduced to mitigate the large
increased bearing clearance at the steady state because there would be a risk of
thermal rubbing between the shaft and the bearing during the start-up process.
Therefore, in order to improve the engine operability, the radial expansion mismatch
must be controlled under the acceptable limit of the bearing operation during the

start-up process toward the steady-state operation.
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Chapter 5

Reduced Order Model and

Non-Dimensional Parameters

The goal of this chapter is to formulate a set of non-dimensional parameters that
describe the relative importance of each heat transfer process in setting up the
transient temperature distribution and the attending transient mechanical deformation
in the shaft-bearing housing system. This will in turn provide an estimate on how
the thermal induced effects (such as the changes in the bearing clearance resulting
from the attending differential mechanical deformation in the shaft and the bearing
housing) scale with the design/operational characteristics; this will also provide an
enabler to establish the criteria for which the bearing clearance becoming vanishingly
small.

This chapter is organized as follows. We first propose and develop a transient
reduced order model that provides an adequate physical representation of the shaft-
bearing housing system. The adequacy of the model is determined by assessing the
results from the implementation of the reduced order model against those from the
transient 3D CHT CFD model presented in the previous chapters. Non-dimensional
parameters governing the transient operation of the shaft-bearing housing system are
formulated based on the reduced order model. The functional dependence of the

normalized thermal-induced differential mechanical deformation of the shaft-bearing
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housing system is developed. A set of non-dimensional parameters is then used to
establish controlling parametric trend in the differential thermal expansion mismatch
of the shaft-bearing housing system. In particular, a criteria for which the bearing
clearance becoming vanishingly small is derived and a scaling for the differential

mechanical deformation is proposed.

5.1 Reduced Order Model

The use of transient 3D CHT CFD and finite element model enables incorporating
complexities of fluid-thermal flow paths of the engine in determining the fluid flow,
heat transfer, and any attending mechanical deformation. While such computations
at substantially high cost in terms of resources are useful, they make the tasks of
identifying the key parameters and scoping out the controlling parametric trend
challenging.

To obtain key non-dimensional parameters and to provide a basis for mitigation of
the thermal expansion mismatch issue, transient thermal characteristics of the engine
are approximated with a reduced order model; the reduced order model, elaborated
below, seeks only to retain the key geometric features and physical processes that are
of pertinence to the thermal-induced mechanical deformation. In Chapter 4, transient
temperature distribution from the CFD results shows substantial heat conduction
from the turbine to the bearing housing through engine components. At the same
time, the cooling flow keeps the temperature of the housing under the limit through
convection heat transfer. This convection heat transfer also occurs on the surface of
the shaft and other stationary engine components. These two heat transfer processes
are proposed as the essential heat transfer processes in the reduced order model,
which can adequately describe the thermal expansion mismatch in the engine.

The analyzed engine structure is simplified to reduce geometric complexities in the
reduced order model. Figure 5-1 shows the generic engine structure for the reduced
order model. The generic engine contains adequate features that allow heat transfer

to flow from the turbine to the compressor. The configuration for this scenario is a
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Bearing housing

I
Shaft

Figure 5-1: A cross-sectional view of the structure of the proposed generic micro gas
turbine. The red region indicates the shaft. The blue region indicates the cooling flow.
The green region indicates the housing. This proposed generic structure allows heat
transfer from the turbine flowing toward the bearing location and the compressor.

solid shaft at the center and a bearing housing at a larger radius. The cross-sectional
area of the shaft is constant in the axial direction. The housing has a larger radius
at the compressor and the turbine end. The radius of the housing is smaller at the
middle section, where journal bearings are located. The thickness of the housing is
constant throughout. The cooling flow is between the two structures and absorbs
heat flowing from the turbine side. The direction of the cooling flow is from the

compressor side to the turbine side.

For the housing, convection heat transfer occurs on the inner surface from the
compressor side to the turbine side and 1-D conduction heat transfer occurs inside
the housing. For the shaft, convection heat transfer occurs on the middle part. The
surface of the shaft near the compressor and the turbine is treated as adiabatic; 1-D
conduction heat transfer occurs throughout the shaft. For modelling purpose, the
housing is separated into 5 smaller domains and the shaft is separated into 3 smaller
domains as shown in Figure 5-2. The governing equations controlling the temperature
distribution are the conservation of energy, which accounts for conduction heat transfer
and convection heat transfer. Figure 5-3 shows geometric parameters of the proposed

generic micro gas turbine. These geometric parameters appear in the governing
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Figure 5-2: Breakdown of sections of each modelling component in the generic micro
gas turbine. These sections are represented by their respective governing equations,
which account for various heat transfer modes and directions of heat transfer.

L,
L;

Figure 5-3: Geometric parameters of the proposed generic micro gas turbine. These
geometric parameters appear in the governing equations and also control thermal
expansion characteristics of the engine.
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equations. A set of governing equations for the shaft, the housing, and the cooling
flow is shown in Equation 5.1 - 5.8. It should be noted that with these two heat
transfer modes, the nature of the governing equations of the housing and the shaft is
essentially a 1-D transient fin equation.

The governing equations for the shaft are as follows.

For shaft section 1(0 < z < L;) and for shaft section 3 (L, < z < L3),

oT. 0T,
s sAs 2 = ksAs s. .
Psc ot o0x? (5.1)
For shaft section 2 (L1 < z < Ls),
0T O*Ty
psCSASE' e kSASW —_ hsps (Ts - Too) ; (52)

where p, is the density of the shaft material, ¢, the specific heat capacity, A, the cross-
sectional area, t time, T, temperature of the shaft, T, temperature of the cooling flow,
ks the thermal conductivity, « the axial location, A, the heat transfer coeflicient, P

the wetted perimeter.
For housing section 1 (0 < & < Ly, 7 = Ry, out) and for housing section 5 (Ly < z < Lz, r =
Rh,out)
OTy, O*T,
PrChAn,out— 5 = knAn,out o Qh P Phout (Th — Too) - (5.3)

For housing section 2 (z = L1, Ry, in <7 < Rp, out ) and for housing section 4 (z = La, Rp 4 <

r< Rh,out)a

0Ty, 10 < 0Ty,

PhCh (27T’I‘Bh) ot = k‘h (2 rBh) - ar

) — hp(27r) (T, — Two) - (5.4)
For housing section 3 (L1 < & < Lo, 7 = Rpn),

oTy, ? 0Ty

phChAh wn a khAh mn 8.7]2 — thh,m (Th - Too) 3 (55)
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where pj is the density of the housing material, ¢, the specific heat capacity, Ap out
the cross-sectional area at the outer radius, Ay ,, the cross-sectional area at the inner
radius, By the thickness of the housing, ¢ time, 7} temperature of the housing, T
temperature of the cooling flow, kj, the thermal conductivity, z the axial location, 7
the radial location, hy, the heat transfer coefficient, P out the wetted perimeter at the

outer radius, and P ,, the wetted perimeter at the inner radius.

For cooling flow section 1(0 < @ < Ly, = Rpou) and for cooling flow section 5

(Ly <z < L3, r = Ry out),

(oA 1 ( (A4S

poocovoo,outW = —TMCoo oz

) + thh,tmt (Th — Too) . (56)

For cooling flow section 2 (x = L1, Ry < 7 < Rp o) and for cooling flow section 4

(CE = L2, Rh,m <r < Rh,out);

T,
Postos (277 Bu) ‘98—;” e, (‘%ﬁ) b ha2rr) (Th—To).  (5.7)

For cooling flow section 3 (L1 < z < Lg, 7 = Rp ),

poocovoo,m%T—f e, (%) B Pran (Th — Too) + Py (Ts — To),  (5.8)
where py, is the density of the cooling flow, c, the specific heat capacity, Aco, out the
cross-sectional area at the outer radius, A ., the cross-sectional area at the inner
radius, By, the width of the cooling flow path, ¢ time, T temperature of the housing,
T, temperature of the shaft, T, temperature of the cooling flow, x the axial location,
r the radial location, hy, the heat transfer coefficient of the housing side, hy the heat
transfer coefficient of the shaft side, Py out the wetted perimeter at the outer radius

of the housing, P} ., the wetted perimeter at the inner radius of the housing, P, the

wetted perimeter of the shaft.
The elevated temperature in the engine is a physical driver for the thermal expansion

in the engine. In general, thermal expansion and thermal stresses of solid bodies can
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be determined through a thermoelastic problem. The thermoelastic problem can be
represented with a displacement formulation, which is a combination of equilibrium
relations and stress-strain relations. The displacement formulation without body

forces is shown in Equation 5.9.

(i) & (G 5 + (o) v

- <(1 ivﬁi(;f)2v)> O‘Z—Z =0

(e w (e + o+ 52) + (e T
_( 20(2 —v) )aa_TZO’

v(3 —2v a0 [ou ou (189: e _2U)v v
<2(1 ‘S))(f—) 21))) 9z ( 8; t ayy + 32) + (m) Vu,

_(( 20(2 — v) ) or_,

1+o)(1—20)) Y82 —

(5.9)

where u, is thermal expansion in the x-direction, u, thermal expansion in the y-
direction, u, thermal expansion in the z-direction, v Poisson coeflicient, and a coefficient
of thermal expansion of the material.

A special case of the thermoelastic problem is when temperature is uniform in
space and no forces or stresses are applied at the boundaries. Under this special
case, a solid body is under a stress-free condition. The thermal expansion under this

stress-free condition can be computed from Equations 5.10 .

u, =azx (T —T,),
uy = ay (T —T)), (5.10)

u,=az(T—T;).
To simplify the governing equations of the thermal-structural characteristics of the
micro gas turbine, the structural expansion of the engine components is estimated

based on a stress-free thermal expansion condition. The radial thermal expansion of

the shaft and the housing at the bearing location is calculated from Equations 5.11.
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Uradial,h = Oéth,in (Th - T;) ) (5 11)

Uradial,s = asRs (Ts - Tz) ’

where Urqgialn is thermal expansion vof the housing in the radial direction, uradgials
the thermal expansion of the shaft in the radial direction, «y coefficient of thermal
expansion of the housing material, a; coefficient of thermal expansion of the shaft
material, Rp,, the inner of the bearing housing, R, the radius of the shaft, T}
temperature of the housing, Ts temperature of the shaft, and T, the initial temperature
of the engine.

In the next section, the key controlling non-dimensional parameters based on the

proposed reduced order model are determined.

5.2 Non-Dimensional Parameters

Non-dimensional parameters are derived in this section to provide a framework for
characterizing the thermal and structural behavior of the engine. Equations 5.12 -

5.19. are a non-dimensional form of Equations 5.1 - 5.8.

For shaft section 1 (0 < x < L;/Ly.y) and for shaft section 3 (La/Lyrey < X < L3/ Lyey),

00, 0%,
= . 5.12
0 (mst/Lfef) ox? (5.12)
For shaft section 2(L1/Lrey < X < Lo/Lyey),
00 020 hsP.
i =— - =212 ) (6, — 0), 1
o ('{'st/Lgef) Ox2 (ksAs ref) ( ) (5 3)

where 0; = (Ts — T,) / (Trir — T,) is non-dimensional temperature of the shaft, 6., =
(Too — T2) / (Trrr — T,) non-dimensional temperature of the cooling flow, k, thermal
diffusivity of the shaft material, and x normalized axial location.

For housing section 1(0 < x < L1/Lyet, R = Rnous/ Rref) and for housing section 5
(La/Lyrey < x < L3/Lref, R = Ry out/ Rrey),
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%% ) [%ﬁ" (k:g me>( - oo)] (5.14)

For housing section 2 ( = L1/ Lref, Bhin/ Rret < R < Rpout/ Rrer) and for housing section
4 (X = LZ/Lref: Rh,in/Rref < R < Rh,out/Rref)a

sz - () [(E2) D) (58)- ()

(5.15)

For housing section 3(L1/Lyef < X < La/Lyes, R = Rhn/ Rref),

- () [ ()] oo

where 0y, = (T, — T,) / (Trrr — T,) is non-dimensional temperature of the housing,

0 = (Too —T,) / (Trir — T;) non-dimensional temperature of the cooling flow, &y,
thermal diffusivity of the housing material, s, thermal diffusivity of the shaft material,

x normalized axial location, and R normalized radial location.

For cooling flow section 1 (0 < x < Ly/Lyes, R = Rpout/ Rrey) and for cooling flow
section 5 (La/Lres < X < Ls/Lref, R = Rhout/ Rret),

6900 _ < mooL'ref ) (8900>
(9 (Kfst/L%ef) povoo,outﬁs 8X

psCsAs hy, 2 knAn out
L Atk — L e — — .
* (poocovoo,out ) { ( khBh ref) ( ksAs (0h 900)

For cooling flow section 2 (x = L1/Lref, Rhun/Rref < R < Rpout/ Rres) and for cooling
flow section 4 (X = LZ/Lref; Rh,m/R'ref <R Rh,out/Rref);

(5.17)
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8900 _ < 77"LooLref ) <Roo,0ut) (Llef> (i) (69_00)
0 (K/st/Lzef) povoo,out/is Rref Rref R R
pscsAs hh khAh out Roo out
L ’ ’ —0s)] -
+ (poocovoo,out> [(khBh ref) ( ksAs Rh,out (eh )

(5.18)

For cooling flow section 3 (L1/Lyef < X < Lo/Lyef, R = Rhn/ Rres),

8900 ( mooLref Roo,out 8000
(K/st/LTef) povoo,outK's Roo,m (9X
psCsAs Roo out hh khAh out Rh, wn
] : : 5.19
* (poocovoo,(mt> ( Roo,m ) [(khBh Lref) < ksAs Rh,out (gh ( )
oy
—0) + (ksAs ) (0s — 900)] )

The displacement formulation of the thermoelastic problem without body forces

can also be represented in a non-dimensional form as shown in Equations 5.20.

0 (Ouy 0wy Ow\ (O OPup  Pup _ (H2-v)) O
Ox* \ Ox* Oy* 0z* ox*2  Oy*2  0z*2 (1 —2v) drr

( )>
( )

<? - % s (G v g ) + (g g+ 5t ) ~ (0 3
( )

3—2v)\ 0 [Ou: Ouy Oul Pl Pl OPul 42-v)\ 99
s 8 + T —
1—2v)/) 0z \Oz* Oy* Oz* oz~ oy 022 (1—20) oz
(5. 20
where v* = u/(a(Trir —T,) Rref) is non-dimensional thermal expansion in the

respective direction, 6 = (T — T,) / (Trir — T,) non-dimensional temperature, 2* on-
dimensional location in the x-direction, y* non-dimensional location in the y-direction,
z* non-dimensional location in the z-direction, and v Poisson coeflicient.

This equation suggests that non-dimensional thermal expansion of the structure is
a function of non-dimensional temperature, Poisson coefficient, and non-dimensional
location.

Using the stress-free approximation, thermal expansion in the radial direction of
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the housing and the shaft is approximated from Equation 5.21. The ratio of coefficient

of thermal expansion of the housing to that of the shaft will be referred to as Il5

ur, = Ur,h — (%) (%_) Hh
mh aeref (TTIT - ,I;,) Qs Rref ’

u* — uT,S — ( RS )0
"s O5.9R1"ef (TTIT - T'@) Rref :

(5.21)

From the non-dimensional equations, the non-dimensional parameters are categorized

in 7 groups as follows.

1. 3 non-dimensional temperatures

(a) Non-dimensional shaft temperature 6,
(b) Non-dimensional housing temperature 6y,

(¢) Non-dimensional cooling flow temperature 6,
2. 2 non-dimensional radial thermal expansions

(a) Non-dimensional radial thermal expansion of shaft u;

(b) Non-dimensional radial thermal expansion of housing w; ,
3. 2 non-dimensional location parameters

(a) Normalized axial location x

(b) Normalized radial location R
4. 1 non-dimensional time parameter

(a) Fourier number

Fo=rst/L};
5. 9 non-dimensional geometric parameters

(a) 1 aspect ratio of engine (length to radius)

\Ill = L'ref/Rref
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(b) 3 axial length ratios of housing

qu = Ll/Lref
Uy = LZ/Lref
Wy = Lg/Lrey

(¢) 2 radius ratios of housing

III5 = Rh,in/R'ref
\IJG = Rh,out/Rref

(d) 2 radius ratios of cooling flow path

\117 = Roo,'m/Rref
l1’8 = Roo,m/Rref

(e) 1 radius ratio of shaft

II/9 = Rs/Rref

6. 6 non-dimensional thermal parameters

(a) Shaft fin parameter
hsPs
ksAs

| hy
Ny =4/——+L
h knBh ref

(c) Relative heat diffusivity in housing and shaft

Ns = Lref

(b) Housing fin parameter

Kh
Ks

H1=
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(d) Relative energy storage in fluid and shaft

PsCsAs

M= =2
poocovoo,out

(e) Relative advection in fluid and heat diffusion in shaft

H3 . moo[/ref

povoo,out Ks

(f) Relative heat conduction in housing and shaft

o khAh,out
1= e,

7. 1 non-dimensional structural parameter
(a) Ratio of coefficient thermal expansion of the housing to that of the shaft

HS = ah/as

In this thesis, the reference length (L,.s) and reference radius (R,.s) are chosen
to be the shaft length (L) and the shaft radius (R,), respectively. This choice of
the reference length scales is consistent with the definition of Fourier number and
non-dimensional radial expansion shown previously.

In summary, Equations 5.22 and 5.23 show the functional form of the non-dimensional
temperatures as a function of the location, geometric, and thermal parameters during
transient and steady-state operation, respectively. The functional dependence of the
thermal expansion in the housing and the shaft can be represented in terms of the
input parameters to the thermal problem as shown in Equations 5.24 and 5.25 during

transient and steady-state operation, respectively.

eh(Xa R7 FO) = fh (\Illa ey wg’Ns7Nh7H1’ H27H37H4) ) (5 22)
05(X7R7 FO) = fs (‘;[11’ ey le97NS7Nh7H17H27H37H4) .
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Figure 5-4: Temperature at the bearing location of the housing and shaft surface
computed from the CFD model and the reduced order model (ROM). The ROM
result is in accord with the CFD result as the shaft temperature is higher than the

housing temperature at the beginning and the housing temperature is higher than
the shaft temperature under steady-state operation.

eh(X)R7F0 — OO) = fh (lIlla' . '7\P9)N87Nh7H2;H3aH4)7

(5.23)
03(X7R7 &G — OO) = fs (lllla @55 \I/g,Ns, Nh7H2’H3a H4) .
u:,h(X’R7 FO) :fh (l:[/h § 59 g \Ijgy NS) Nha Hl; H27 H37 H47 H5) ’ (5 24)
u:,s(Xa R) FO) =f5 (\Ilh s 7\:[/97 NS; Nh; Hla H2a HS) H4) .
u:,h(x> R; Fo— OO) = fh (\Ijh ) ‘1197NS7Nh7H27H3,H47H5) ) (5 25)

u:,s(Xﬂ R) Fo —» OO) = fs (\1]17 " ':qjgaNsaNh7H27H3aH4) .

5.3 Assessment of Model Against CFD Data

Computed results from the reduced order model are assessed against the CFD results,

which were shown in Chapter 4. Figure 5-4 shows temperature at the bearing location
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Figure 5-5: Radial thermal expansion at the bearing location of the housing and
shaft surface computed from the CFD and FE model, and the reduced order model
(ROM). The ROM result is in accord with the CFD and FE result. The shaft
expansion is larger than the housing expansion at the beginning, causing a reduced
bearing clearance. The housing expansion is larger than the shaft expansion under
steady-state operation, causing an increased bearing clearance. The ROM tends to
overestimate the shaft and housing expansion but the clearance change appears to be
in good agreement.

computed from the reduced order model and the CFD model during the start-up
process. The results from both the reduced order model and the CFD model shows
similar trends; at the bearing location, the temperature on the shaft side is higher
than that of the housing up to Fourier number of approximately 0.12. However, the
steady-state temperature computed from the reduced order model is higher than that
computed from the CFD model. This could be due to the lack of convection resistance
between the hot gas and the hot engine structures on the turbine side and also the
heat transfer path on the turbine side, which is more convoluted in the CFD model.

Structural deformation at the bearing location and the change in the bearing
clearance size are shown in Figure 5-5. The reduced order model and the CFD model

provide similar trends. Initially, the shaft expands at a faster rate than the housing,
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resulting in a net reduction of the bearing clearance size. The largest reduction in
the bearing clearance occurs at Fo a2 0.02 in the reduced order model and Fo ~ 0.03
in the CFD model. The change in the bearing clearance is neutral at approximately
Fo = 0.04 for both models. Subsequently, the housing still radially expands at a
faster rate and the bearing clearance size increases further. The reduced order model
and the CFD model provide similar results, where the thermal expansion of the
housing is larger than that of the shaft. At the steady-state, the thermal expansion
of the housing and the shaft computed from the reduced order model is slightly
larger than that computed from the CFD model. This is partly due to the higher
steady-state temperatures. However, the discrepancy of the steady-state change in
the bearing clearance computed from the reduced order model result and the CFD
result is negligible. The assessment suggests that the reduced order model provides

a reasonable estimate of the thermal-structural characteristics of the engine.

5.4 Approximate Analytical Solutions to
Reduced Order Model

It is proposed that solutions to the reduced order model can be approximately
represented as analytical solutions. The conservation of energy equation for the
housing and the shaft, which is shown in Equation 5.12 - 5.16, is similar to a

conventional transient fin equation, which is shown in Equation 5.26.

=2 _N% (5.26)

The key difference between the fin equation in the reduced order model and the
conventional fin equation is that the temperature of the fluid is not constant in the
reduced order model while it is constant in the conventional fin model. In the reduced
order model, the temperature of the fluid increases as the cooling flow flows from the
compressor side to the turbine side. As a result, convective heat transfer is smaller in

the reduced order model compared to that in the fin equation with uniform cooling
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Bearing housing

Shaft

Figure 5-6: Simplified geometry of the bearing housing and the shaft for estimating
effective fin parameter as a function of non-dimensional cooling flow parameters.

flow temperature. This smaller ratio of convection heat transfer to conduction heat
transfer can be interpreted as the system having a smaller fin parameter as shown in
Equation 5.27. This smaller fin parameter is referred to as an effective fin parameter.

This effective fin parameter is approximated to be constant throughout the fin.

00 020

—aF0:—6X2—N2(0—900)7

060 0% o (0 — 0

oo =av |V (7)) o
00 %0

9F0 o2~ Ners?

The effective fin parameter is the same as the fin parameter when the temperature
of the cooling flow is constant. On the other hand, the effective fin parameter is
zero when the temperature of the structure is the same as the temperature of the
cooling flow. Therefore, the effective fin parameter is bounded between 0 and the fin
parameter.

The functional form of the ratio of the effective fin parameter to the fin parameter
(effective fin parameter ratio) is estimated from a simplified case where cooling flow
flows through a channel between an axial shaft and an axial housing. The simplified

geometry is shown in Figure 5-6. This simplified case can be represented by Equations

0.28.
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The effective fin parameter ratio (¢ = Ngsr/N) is proposed to be a function of
II,, I15, and II4, as shown in Equation 5.29 .

PsCsAs
PooCooAco

Y

7 LTe
€= Negs/N = f <H2 = Iy = Loorel pp, — khA")

= el 7, = 2
3 povoo/{,s’ 4 ksAS (5 9)

The minimum effective fin parameter ratio is 0 when convection heat transfer is
negligible and cooling flow is not able to absorb heat flux from the solid structures.
On the other hand, the maximum effective fin ratio is 1 when the temperature of
the cooling flow is constant throughout the cooling flow path. The capability of the
cooling flow to absorb heat is primarily controlled by the heat capacity of the cooling
flow and mass flow rate of the cooling flow. It can be seen from Equations 5.28 that
when II; approaches 0 or II3 approaches infinity, the temperature of the cooling flow
remains constant in the cooling flow path. However, when Il approaches infinity or
II3 approaches 0, the temperature of the cooling flow is close to the temperature of the
solid. From Equations 5.28, 11, increases the effect of convection heat transfer on the
cooling flow temperature. For I14 approaching 0, there is still convection heat transfer
between the solid and the fluid; under this condition, the temperature of the cooling
flow is not the same as the solid temperature and the effective fin parameter ratio
is larger than 0. When Il approaches infinity, the temperature of the cooling flow
approaches the solid temperature and the effective fin parameter ratio approaches 0.

Based on these limiting cases, the functional form of the relation is proposed in
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Figure 5-7: Parametric trend of effective fin ratio as a function of non-dimensional
parameters of the cooling flow. The effective ratio is computed from the reduced order
model (shown as discrete points) and estimated with Equation 5.31 (shown as solid
lines). The functional dependence of the effective fin ratio is utilized in estimating
effects of cooling flow on the transient temperature distribution.

Equation 5.30. The constants and exponents in Equation 5.30 are conjectured from
the form of the equation describing the temperature of the cooling flow. Results from
the reduced order model are used in addition to set the exponents and the constants

in Equation 5.30.

1 "
=~ 5.30
= (mTmRremTI) (530)
For the fin parameter close to 1, the approximate effective fin parameter ratio is

shown in Equation 5.31.

N,
¢ = Nuerr _ Noetr ( 1 (5.31)

(1/5)
Ny, N, 2 (To/T15)*? (1 + T0,)? + 1)
Figure 5-7 shows fin effective parameter ratio estimated based on Equation 5.31
against fin effective parameter computed directly from the temperature distribution.
Discrepancy between the proposed functional form and the numerical result is approximately

10% throughout the range investigated. This functional form will be used as a
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foundation to incorporate effects of cooling flow on temperature distribution of the

cooling flow.

5.5 Scaling Rule of Thermal Expansion
Mismatch of Shaft-Bearing Housing System

Scaling rule controlling the maximum change in the bearing clearance is developed
in this section. Two required conditions for the maximum negative bearing clearance

change to exist are shown in Equation 5.32 and 5.33.

0 (up —u})
W =0 (5.32)
0 (uj, — uj) >0 (5.33)

O(Fo)?

The first condition requires the first order time derivative of the relative thermal
expansion of the two structures to be zero. The second condition requires the second
order time derivative of the relative thermal expansion of the two structures to be
positive. The time at which the maximum negative thermal expansion mismatch
occurs is referred to as the critical Fourier number ( Fogutcq ) s shown in Figure 5-8.
The radial thermal expansion of the shaft and the housing can be estimated as

a function of temperature and coefficient of thermal expansion of the material as
shown in Equation 5.21. Under this approximation, the two required conditions for
the maximum negative thermal mismatch to exist can also be approximated as shown

in Equation 5.34 and 5.35.

ath 80h . (995 _
a,Rs OFo OFo

0 (5.34)

ath 829h . 8205 >
a,R, OF 0> OF o>

0 (5.35)
To develop a closed-form solution for the scaling, the geometry of the engine
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Figure 5-8: Maximum negative thermal expansion mismatch (the smallest bearing
clearance) at the critical Fourier number.

model is further simplified. The geometry of the bearing housing is now a straight
cylinder shell as shown in Figure 5-6. The functional form of transient temperature
distribution required for calculating the maximum negative thermal expansion and

the two associated conditions is approximated by Equation 5.36.

(X, F'0) = Osteady (X) (1 — exp <—5—F0)> (5.36)

Osteady

This approximate transient temperature distribution is essentially scaled time
response of steady-state temperature distribution. When the Fourier number is 0, the
temperature distribution is the initial temperature distribution. When the Fourier
number is F'0gseqqy, the transient temperature distribution is within approximately 1%
of the steady-state distribution. Suryanarayana [27] provides Fogteqay for a transient

fin with adiabatic tip under a step change in base temperature to be as

1 ( 1007 cosh N )
'3 Osteady > .

1
N2+ 2/ "\ N2t n2/4

However, transient temperature at different locations on the fin reaches 1% of the
steady-state temperature at different times. For part of a fin that is closer to the

boundary condition with a step change in temperature (the hot side of the fin), the
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time required to reach to steady-state temperature is less than part of the fin that is
away from the high temperature boundary condition (the cold side of the fin). Under
this proposal, the steady-state Fourier number becomes a function of the location and

it can be further approximated as

1 { 1 (1007r cosh N)J ~ erfc(log(N)).

Fosteady(X) = (1—x)? | N2 +7%/4 W +7n2/4 (1—x)?

The steady-state Fourier number of the shaft and housing under the approximation
are as follows. It should be noted that the ratio of thermal diffusivity appears in the
steady-state Fourier number of the housing because the Fourier number is normalized

with respect to the thermal diffusivity of the shaft.

erfc (log (Nsefs))
1-x?

Fos,steady(X) ~

Fo (x) ~ erfc (log (Nh,eff)) _ erfe(log (Npesr))
h,steady 1 — x)2 (kn/ks) 0=,

Based on the approximate steady-state time scale, the full expression of the
approximate transient temperature distribution of the shaft and housing can be
written as in Equations 5.37. The approximate temperature distribution is treated as
the solution to Equation 5.22 to obtain approximate scaling rule of thermal expansion

mismatch in the engine.

~ ~ _ 5(1—x)*Fo
05(x; Fo) = Os,steady(x) (1 exp ( erfc (log (Nsesf)) /)

5(1 — X)2H1FO
erfc (log (Nh,eff))>> .

The scaling rule of thermal expansion mismatch in the engine is described by a

(5.37)

gh(X’ FO) ~ eh,steady(X) (1 — €Xp (—

set of equation as follows. Equation 5.38 describes the thermal expansion mismatch
at the steady state operation. Equation 5.39 provides the critical Fourier number
when the maximum negative thermal expansion (minimum bearing clearance) occurs

if one should exist. Equation 5.40 provides a criterion whether the maximum negative
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thermal expansion mismatch occurs at positive finite Fourier number or not. Equation

5.41 describes the maximum negative thermal expansion at the critical Fourier number.

B Q R
Z&usteady = (—h) (ﬁ) esteady,h - esteady,s (538)

7]

Fos,steady)

( 5 ap, Rh eh stead > (Fos stead: >:|

Fo, = In||— — : Y : Y 5.39
(M—) —1 |: ( Qg ) ( R > ( es,steady Foh,steady ( )

Foh,stea.dy

F
~Ossteady 4 (5.40)
Foh,stea,dy
. Fo —5Fo0
A'u’c = Au:teady - ('F-(')S:L;?,:: - 1> esteady,s €xp (ﬁ) (541)
steady, steady,s

The result of the scaling is shown in Figure 5-9, Figure 5-10, and Figure 5-
11 for a case where the boundary condition on the hot side (turbine side) is at
constant temperature and the boundary condition on the cold side (compressor side)
is adiabatic (i.e. there is no heat transfer into the compressor). The other thermal,
structural, and geometric parameters of the case include: (1) II; = 0.4,(2) Rx/R, =
1.2,(3) Il = an/as = 1.2,(4) x = 0.8.

Figure 5-9 shows Critical Fourier number (Fourier number at which the minimum
bearing clearance occurs) as a function of effective housing fin parameter and effective
shaft fin parameter. The color contour shows a regime in which the minimum bearing
clearance can occur at positive and finite Critical Fourier number. Outside of the
regime, the minimum bearing clearance can occur at steady-state when the effective
housing parameter is substantially larger than the effective shaft fin parameter. On
the other hand, the minimum bearing clearance occurs at the beginning (Critical
Fourier number of 0) when the effective shaft fin parameter is substantially larger
than the effective housing parameter.

Figure 5-10 shows bearing clearance change at Critical Fourier number as a function

of effective housing fin parameter and effective shaft fin parameter. The bearing
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Figure 5-9: Critical Fourier number (Fourier number at which the minimum bearing
clearance occurs) as a function of effective housing fin parameter and effective shaft
fin parameter. The color regime shows when it is possible to have the minimum
bearing clearance occurs at a positive and finite Fourier number.
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Figure 5-10: Bearing clearance change at Critical Fourier number. The minimum
bearing clearance size occurs at this time instance and the bearing clearance change
is negative. The color regime shows the bearing clearance change when the critical
Fourier number is finite and positive.
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Figure 5-11: Bearing clearance change at steady-state as a function of effective
housing fin parameter and effective shaft fin parameter. Positive bearing clearance
change suggests an increased bearing clearance size. Negative bearing clearance
change suggests a decreased bearing clearance size.

clearance change in this contour plot is negative because at Critical Fourier number,
the bearing clearance is at its smallest size. If the minimum bearing clearance occurs
at the steady-state, the minimum bearing clearance is equivalent to the steady-state
bearing clearance. In addition, if the minimum bearing clearance occurs right at the
beginning, the minimum clearance is equivalent to the initial clearance (i.e. there is

no change in the clearance).

Figure 5-11 shows bearing clearance change at the steady-state condition as a
function of effective housing fin parameter and effective shaft fin parameter. The
change in the steady-state bearing clearance can be both negative and positive. When
the effective shaft fin parameter is substantially larger than the effective housing fin
parameter, the steady-state bearing clearance change is positive (i.e. the clearance
increases). On the other hand, when the effective housing fin parameter is substantially
larger than the effective shaft fin parameter, the steady-state bearing clearance change

is negative (i.e. the clearance reduces). The steady-state bearing clearance change is
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close to neutral when the effective housing fin parameter and the effective shaft fin
parameter are similar.

Use of Figure 5-9, Figure 5-10, and Figure 5-11 together allow engine designers to
determine the thermal expansion characteristics of the simplified engine on a direct
basis. The engine could be modified to have desired thermal expansion characteristics
by adjusting the effective shaft fin parameter, the effective housing fin parameter,
the thermal diffusivity ratio (II;), the housing to shaft radius ratio (Rp/Rs), the
coefficient of thermal expansion ratio (Il5), and the location of the bearing. It should
be noted that the two effective fin parameters represent the effect of the cooling
flow. Therefore, adjusting the characteristics of the cooling flow (e.g. heat transfer
coefficient, mass flow rate) would affect the two effective fin parameters and the overall
thermal expansion characteristics as well.

The scaling rule is applied to the representative engine. The result from the scaling
rule is assessed against that from the ROM. It should be noted that the bearing
housing in the representative engine is not a straight cylinder (i.e. Rpout/Rhin 7# 1)
Different length scales are used in the housing and shaft effective fin parameter.
The thermal and structural parameters are similar to those in the ROM. Table
5.1 shows thermal expansion mismatch characteristics of the representative engine
evaluated based from the scaling rule and the ROM. For this case, the scaling rule
confirms that the minimum bearing clearance occurs and produces a similar bearing
clearance variation trend. However, it underestimates the critical Fourier number.
This is mainly due to the fact that the approximate temperature distribution does
not properly account for the diffusion time from the turbine to the bearing location.
An offset Fourier number (Foofsset & Liyrpne tobearingiocation/ Lahase = 0.016) can be
added to reflect this additional diffusion time. The bearing clearance variations at
the critical Fourier number and at steady-state are also underestimated as well.
This result suggests that the scaling rule should be utilized as a preliminary tool
for estimating thermal expansion mismatch characteristics and the ROM should be

utilized for more accurate assessments.
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Table 5.1: Thermal expansion mismatch characteristics of the representative engine
estimated with various methods

Parameters Scaling rule ROM CFD
Critical Fourier number (Fo,) 1.4x 1073 | 1.7x 1072 | 2.8 x 1072
Adjusted Fourier number (Fo, + Foyffset) | 1.7 % 1072 - -
Non-dimensional thermal —1.2x107%[—4.1 x 1072|-1.2 x 1072
expansion mismatch at Fo, (u})
Non-dimensional thermal 1.3x 1071 [ 20x 107! | 1.9 x 1071
expansion mismatch at steady-state (u},,.q,)

5.6 Summary

A reduced order model is proposed for deriving the non-dimensional parameters and
serving as the preliminary parametric assessment tool. The heat transfer processes in
the reduced order model are the only essential processes that can adequately introduce
the thermal expansion mismatch in the engine. This reduced order model will be used
to formulate suggestions for the engine redesign to mitigate the thermal expansion
mismatch issue.

In Chapter 4, transient temperature distribution from the CFD results shows
substantial heat conduction from the turbine to the bearing housing through engine
components. At the same time, the cooling flow keeps the temperature of the housing
under the limit through convection heat transfer. This convection heat transfer also
occurs on the surface of the shaft and other stationary engine components. These
two heat transfer processes are proposed as the essential heat transfer processes in
the reduced order model, which can adequately introduce the thermal expansion
mismatch in the engine. The analyzed engine structure is simplified to reduce geometric
parameters in the reduced order model. The simplified engine contains adequate
features that allow heat transfer to flow from the turbine and the compressor.

The governing equations controlling the temperature distribution are the conservation
of energy, which accounts for conduction heat transfer and convection heat transfer. A
set of governing equations for the shaft, the housing, and the cooling flow is proposed.

The governing equations of the thermal-structural characteristics of the micro gas
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turbine are simplified, and the structural expansion of the engine components is
estimated based on a stress-free thermal expansion condition.

The non-dimensional parameters, which are derived from the governing equations,
are categorized in 7 groups: (1) 3 non-dimensional temperatures, (2) 2 non-dimensional
structural thermal expansions, (3) 2 non-dimensional location parameters, (4) 1 non-
dimensional time parameter, (5) 9 non-dimensional geometric parameters, (6) 6 non-
dimensional thermal parameters, and (7) 1 non-dimensional structural parameter.
The non-dimensional thermal parameters consist of: (1) shaft fin parameter, (2)
housing fin parameter, (3) ratio of heat diffusivity of housing to that of shaft, (4)
ratio of energy storage in cooling flow to that in shaft, (5) ratio of advection in fluid
to heat diffusion in shaft, (6) ratio of heat conduction in housing to that in shaft. The
only controlling structural parameter is the ratio of coefficient of thermal expansion
of the housing to that of the shaft.

Computed results from the reduced order model are assessed against the CFD
results. The reduced order model and the CFD model provide similar trends. Initially,
the shaft expands at a faster rate than the housing, resulting a net reduction of the
bearing clearance size. At the steady-state condition, both models suggests that the
thermal expansion of the housing is larger than that of the shaft.

A scaling rule controlling the maximum change in the bearing clearance is developed
for a simplified engine geometry. The scaling rule provides a closed-form solution
for: (1) the critical Fourier number when the maximum negative thermal expansion
mismatch (i.e. the minimum bearing clearance) occurs, (2) the criterion determining
whether the maximum negative thermal expansion occurs or not, (3) the maximum
negative thermal expansion at the critical Fourier number, and (4) the thermal
expansion mismatch at the steady-state operation. These thermal expansion mismatch
characteristics are represented as a function of effective housing fin parameter and
effective shaft fin parameter. The effective fin parameters account for effects of
conduction heat transfer, convection heat transfer, and cooling flow. The use of the
scaling rule allows engine designers to determine the thermal expansion characteristics

of the simplified engine on a direct basis.
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Chapter 6

Proposed Solutions for Mitigating
Differential Thermal Expansion
through Tailoring Material

Properties

In this chapter, proposed solutions for mitigating differential thermal expansion mismatch
are discussed. The thermal expansion mismatch observed in the representative engine
is considered as a design example. The computed results show that the differential
thermal expansion mismatch occurs during the start-up process and at the steady-
state operating condition. The thermal expansion mismatch during the start-up
process results in a reduced bearing clearance size while the thermal expansion mismatch
at the steady condition results in an increased bearing clearance. These reduced and
increased bearing clearance need to be mitigated and controlled within the bound of
the bearing operating envelope.

Solutions to the thermal expansion mismatch issue are not unique and are proposed
at different levels of available technologies as the choice of material usage and engine
design depends on engine developers. The non-dimensional parameters derived from

the reduced order model are used as the basis for suggesting various solutions. The
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focus of the design example is on the selection of the engine materials and not the
engine design. This approach is first utilized because changes in the engine design
and architecture would constitute a major task requiring substantial resources. The
approach to mitigate the thermal expansion mismatch issue in this chapter can be

generalized for a broad class of engine sizes.

6.1 TUse of Novel Materials with Low or Neutral

Coefficient of Thermal Expansion

Materials with low coeflicient of thermal expansion (CTE) have been used for precision
measuring devices to prevent thermal distortion in the devices [3]. Materials with
lower CTE appear attractive as candidates to reduce the thermal expansion mismatch.
Figure 6-1 shows CTE of various materials. Invar (FeNi36) is an example of materials
with low CTE. However, the attribute of the materials might not be suitable for gas
turbine applications. For example, if Invar is chosen as a new material choice of the
engine, the use of Invar could be problematic for a gas turbine application because
the maximum operating temperature of Invar (temperature at which Invar retains
low coefficient of thermal expansion) is much lower than the operating temperature
of a gas turbine. In addition, yield strength of Invar is approximately 500 MPa,
which is relatively low compared to commonly used materials such as titanium alloys
or nickel-based alloys, which have yield strength of approximately 1000 MPa. The
lower yield strength of Invar requires structural integrity assessment of the rotational
and structural engine components. If the original engine is designed in such a way
that stress in the components is close to the yield strength of the material, an engine
redesign is then required to redistribute and maintain stress under the material limit.
This additional complication makes Invar unattractive as a candidate for the material
choice for mitigating the thermal expansion mismatch issue.

Another approach to obtain materials with low or neutral coefficient of thermal

expansion is through the use of mechanical metamaterials. Mechanical metamaterials
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Figure 6-1: Thermal conductivity and coefficient of thermal expansion of various
materials [3] Coefficient of thermal expansion (CTE) of engineering metals is in order
of 10um/(m-K). Some materials such as Invar have CTE that is an order of magnitude
lower than that of the engineering metals.
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Figure 6-2: Cell/lattice designs of mechanical materials with tunable CTE [4]. Berger
et al. suggests that only the UCSB lattice design is transversely isotropic while the
other structures have anisotropic properties and desired thermal expansion is achieved
only in certain directions.

are made of a combination of materials arranged in smaller blocks or cells. This
allows mechanical metamaterials to exhibit bulk properties that are different from
those of their constitutive materials. Cell designs of 2D metamaterials developed by
several research groups are shown in Figure 6-2. Steeves et al. show that neutral
bulk coefficient of thermal expansion of metamaterials can be achieved through a
combination of thermal expansion ratio of the constitutive materials and structural
design parameters [28]. The cell designs are essential factor in controlling structural
behavior of the metamaterials. Berger et al. suggest that only the UCSB lattice design
(Figure 6-2 (d)) is transversely isotropic while the other structures have anisotropic
properties and desired thermal expansion is achieved only in certain directions [4]. Xu
and Pasini suggest that 3D structures that have bend-dominated loading mechanism
are structurally inefficient and have lower specific stiffness [29]. To overcome these
limitations, they developed 3D stretch-dominated structures with high specific stiffness
and tunable CTE, including neutral CTE. However, their work shows that the effective

yield strength of the structures is approximately two orders of magnitude lower than
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that of the constituent materials. With the limitation on the yield strength, the 3D

mechanical metamaterials are not suitable candidate materials as of now.

6.2 Use of Materials with Different Thermal
Diffusivity and Coefficient of Thermal

Expansion

In this section, materials with different thermal diffusivity and CTE are considered
as a substitute material. The thermal expansion mismatch issue in the representative
engine is taken as a design example. For the representative engine, the thermal
expansion mismatch causes a reduced bearing clearance during the engine start-up
and an increased bearing clearance at the steady-state condition. In this design
example, the shaft material remains unchanged and only the housing material is
subject to change. This material selection process for the housing material can be
reapplied for different shaft materials. Two groups of materials are investigated as a

substitute for the housing materials.

6.2.1 Materials with Different Thermal Diffusivity and

Coefficient of Thermal Expansion

The first group of candidate materials considered is a group of materials with constant
thermal conductivity, varying volumetric specific heat capacity (pc), hence varying
thermal diffusivity, and varying CTE. From the reduced order model, changes in
CTE and thermal diffusivity of the housing material would lead to changes in only
two non-dimensional groups, namely, the ratio of heat diffusivity in the housing to
the shaft (II; = ki/ks) and the ratio of CTE of housing material to shaft material
(IIs = ap/a,). Equations 5.25 suggest that the non-dimensional radial thermal expansion
at the steady-state condition of the shaft is not a function of these two parameters

and only the non-dimensional radial thermal expansion at the steady-state condition
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Figure 6-3: Estimated radial thermal expansion of the housing and estimated bearing
clearance change at different ratio of thermal diffusivity (II;) and ratio of CTE
(II5). The system with lower CTE (II5 pney /II5 = 0.53) has a small change in bearing
clearance at steady-state but a large reduction in bearing clearance at the start-up
process. The system with higher thermal diffusivity (II1, new /II; = 2) and lower CTE
(IT5 pew/II5 = 0.53) does not have the drawback and is able to retain a small clearance
variation over time.

of the housing is a function of II5. The transient radial thermal expansion during
the start-up process is both a function of II; and II;. With changes in only two

non-dimensional groups, the material selection process is significantly simplified.

The first step in the material selection process is to adjust the radial thermal
expansion of the housing at the steady-state condition. In the following example,
the new radial thermal expansion of the housing is set to be similar to that of the
shaft to minimize the thermal expansion mismatch at the steady-state condition. The
new coeflicient of thermal expansion of the housing material required in this case is

calculated from Equation 6.1. The new ratio of CTE of housing and shaft material
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(II5 pew) can be calculated from Equation 6.2. For the design example considered
here, II5 new /Ils5 is set to be 0.53. Figure 6-3 shows that (I e ) is able to mitigate
the increased bearing clearance at the steady state; however, this results in a larger

reduced bearing clearance during the transient process at Fo ~ 0.03.

*
Ch new _ ur,h,new(X; R; Fo— OO)

= 6.1
ap uf (X, R, Flo— o0) (6.1)
HS,new = HS Thinew (62)

Qep,

The second step in the selection process is to mitigate the reduced transient
bearing clearance by accelerating the radial thermal expansion of the housing during
the transient process. It can be seen from Figure 6-3 that the radial thermal expansion
of the housing based on the new CTE is smaller than that of the shaft from Fo =
0 to 0.2, resulting in a smaller bearing clearance. To reduce the thermal expansion
mismatch during this period, the housing and the shaft should expand at similar
rate. Figure 6-3 shows that the housing requires longer time to achieve steady-state
temperature than that required by the shaft. Therefore, the thermal response of
the housing is accelerated through by increasing thermal diffusivity of the housing
material, hence increasing the ratio of heat diffusivity in the housing. The new
thermal diffusivity ratio (IIj new/II1) is set to be 2. The effect of accelerated thermal
response of the housing can be estimated by rescaling the Fourier number as shown
in Equation 6.3.

uk (z,R, Fo) = uy), (2,R, Fo- (I} new/TI1)) (6.3)

r,h,new

Figure 6-3 shows the estimated response of the housing under the new thermal
diffusivity ratio (II;, new ) and the estimated bearing clearance change, which is calculated
from the estimated response of the shaft. The estimated bearing clearance change
indicates a smaller negative thermal expansion mismatch during the transient process
as expected.

In order to confirm this estimate, the reduced order model is utilized to compute
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Figure 6-4: Mitigation of the reduced bearing clearance during a start-up process and
the increased bearing clearance at the steady-state through higher ratio of thermal
diffusivity (II;) and lower ratio of CTE (II5). The system with higher thermal
diffusivity (IL;, new /II1 = 2) and lower (Il5 ey /15 = 0.53) is demonstrated through
the reduced order model to be able to retain an insignificant bearing clearance
variation over the engine start-up process.
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Figure 6-5: Limited selection space of a candidate material with different thermal
diffusivity but similar thermal conductivity as that of the original material. For this
design example, stainless steel is assumed to be the original material of the housing.
There appears to be no conventional group of engineering materials that could be
used in the design space (Modifed from Ashby [3]).

the radial thermal response of the shaft and the housing with the new ratio of thermal
diffusivity and CTE. Figure 6-4 shows that the new transient thermal expansion
mismatch is significantly smaller than the original value as previously estimated
through Equation 6.3. This example demonstrates that the reduced transient bearing
clearance during the start-up process and the increased bearing clearance during the
steady-state can be mitigated through selection of materials with similar thermal
conductivity as the original material but different volumetric heat capacity (pc) (hence

varying thermal diffusivity), and different CTE.

Despite the success of this simple material selection process, the main drawback
of this process is the availability of the material choices. In this process, the thermal

conductivity of the new material is chosen to be the same as that of the previous
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Figure 6-6: Limited selection space of a candidate material with different CTE but
similar thermal conductivity as that the original material. For this design example,
stainless steel is assumed to be the original material of the housing. There appears

to be no conventional group of engineering materials that could be used in the design
space (Modifed from Ashby [3]).
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material. The adjusted thermal diffusivity is obtained through adjusted volumetric
heat capacity. This poses challenges because generally volumetric specific heat of solid
materials is approximately 3 x 10 J/m?® — K [3]. As a result, the design space of the
new material is narrow because of the imposed constraint of the design process. The
drawback of this selection process can be demonstrated if original housing were made
of stainless steel because the new material must have thermal conductivity similar to
that of stainless steel. Figure 6-5 shows the range of possible material diffusivities
at constant thermal conductivity. Similarly, Figure 6-6 shows the range of possible
material CTE at constant thermal conductivity. It can be seen from these two charts
that there is no common group of metals exist in the design space. This introduces
a new issue in acquiring the required material because the required material might
not be widely available for the application. Despite the drawback of this material
selection method, it provides a rough estimated adjustment of the housing material

required to mitigate the thermal expansion mismatch issue.

6.2.2 Materials with Different Thermal Conductivity and

Coeflicient of Thermal Expansion

The second group of candidate materials considered here is materials with volumetric
specific heat of 3 x 10 J/m3 — K with varying thermal conductivity and CTE. The
constraint of the volumetric specific heat is obtained from the general trend of solid
materials [3]. Under this constraint, thermal diffusivity of candidate materials varies
linearly with its thermal conductivity. This varying thermal diffusivity changes the
ratio of thermal diffusivity of the housing material to the shaft material (II;). The
varying CTE changes the ratio of CTE of the housing material to the shaft material
(Il5). In addition, change in thermal conductivity of the housing material impacts the
housing fin parameter (Ns = \/hm . L:,-ef) and the ratio of heat conduction in
the housing to that in the shaft (IIy = kpAp/ksAs). In summary, change in thermal
conductivity of the housing material at fixed volumetric specific heat results in change

in 3 non-dimensional groups, including II;, II;, and Ny; the change in CTE of the
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Figure 6-7: Selection space of a candidate material with different thermal conductivity
but similar volumetric specific heat (Modifed from Ashby [3]). There are several
conventional groups of engineering materials that could be used in the design space.

housing material results in change in II;.

For this design example, at the steady-state condition, the original radial thermal
expansion of the housing is larger than that of the shaft. To minimize the increased
bearing clearance, the CTE of the housing material needs to decrease, resulting in a
smaller II5. As shown in the previous design example, a smaller IT; would cause a
more severe reduced bearing clearance during the start-up process. To mitigate the
observed reduced bearing clearance, the thermal response of the housing is accelerated
with high thermal diffusivity of the housing material, resulting in a larger II;. Under
the constraint of the volumetric specific heat, the higher thermal diffusivity is achieved
through higher thermal conductivity, which leads to larger conduction heat transfer
in the housing and an increase in II; and N,. It can be expected that at the same II;
(thermal diffusivity ratio), the required II5 (CTE ratio) will be smaller than that in

the previous design example due to the fact that the larger conduction heat transfer
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Figure 6-8: Largest negative bearing clearance size change during a start-up process
based on candidate housing materials at different thermal conductivity ratio and
CTE ratio. The reduced bearing clearance can be mitigated by increasing thermal
conductivity and thermal diffusivity of the housing. Systems with lower CTE tend
to have a larger reduction in the bearing clearance.

causes higher housing temperature. This intuition sets the limit for the design space
of the candidate materials. For this design example, the housing is assumed to be
made of stainless steel. Figure 6-7 shows the design space where potential candidates
could exist. In this design space, several common materials exist. By contrast, the
previous design space shown in Figure 6-5 has limitations in material selection.

The reduced order model is utilized for the parametric study in this example. The
thermal conductivity and CTE of the housing are treated as independent inputs while
other inputs remain constant. Figure 6-8 and Figure 6-9 show the largest negative
bearing clearance size during the start-up process and the bearing clearance size at
the steady-state condition, respectively, based on various thermal conductivity and
CTE. For transient operation, the reduced bearing clearance can be mitigated by
increasing thermal conductivity and thermal diffusivity of the housing. The use low
CTE materials could lead to a larger reduction in the bearing clearance. For steady-
state operation, the increased bearing clearance can be mitigated by decreasing CTE

of the housing. Systems with higher thermal conductivity and thermal diffusivity
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Figure 6-9: Bearing clearance size change at the steady-state condition based on
candidate housing materials at different thermal conductivity ratio and CTE ratio.
The increased bearing clearance can be mitigated by decreasing CTE of the housing.
Systems with higher thermal conductivity and thermal diffusivity tend to have a
larger increase in the bearing clearance.

tend to have a larger increase in the bearing clearance. To satisfy both transient and
steady-state operation, CTE and thermal conductivity of the housing must be chosen

appropriately.

The reduced order model result indicates that use of a candidate material with
Ehmew/kn of 2 and appew/an of 0.4 yields small variation in the bearing clearance
during the transient process and the steady-state condition. Figure 6-10 shows this
selected candidate material in the material design space and the properties of the
material appear to be similar to those of Alumina (Al;O3). In summary, the second
group of candidate materials with the imposed constraint on volumetric specific heat
appears to be satisfactory. The design example demonstrates that adjustment of
thermal and structural characteristics through thermal conductivity and CTE of the
housing material is adequate to yield a conventional material as the new housing

material.
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Figure 6-10: The location of the selected candidate material on the material chart.
The properties of the selected candidate material are similar to those of Alumina
(Al,O3). This suggests there could be conventional engineering materials that can be
utilized for mitigating the thermal expansion mismatch issue (Modifed from Ashby

[3])-
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6.3 Summary )

Proposed solutions for mitigating differential thermal expansion mismatch are discussed.
The thermal expansion mismatch observed in the representative engine is considered
as a design example. In this design example, the shaft material remains unchanged
and only the housing material is subject to change. The non-dimensional parameters
derived from the reduced order model are used as the basis for suggesting various
solutions. The focus of the design example is on the selection of the engine materials

and not an engine re-design.

One discussed solution is the use of materials with lower CTE such as Invar. The
use of Invar could be problematic for a gas turbine application because the maximum
operating temperature of Invar (temperature at which Invar retains low coefficient of
thermal expansion) is much lower than the operating temperature of a gas turbine.
In addition, yield strength of Invar is relatively low compared to commonly used
materials such as titanium alloys or nickel-based alloys. This additional complication
makes Invar unattractive as a candidate for the material choice. Another approach
to obtain materials with low or neutral coefficient of thermal expansion is through
the use of mechanical metamaterials. Current research shows that the effective yield
strength of the 3D structures is nevertheless approximately two orders of magnitude
lower than that of the constituent materials. With the limitation on the yield strength,
the 3D mechanical metamaterials are not suitable candidate materials as of now. As
a result, materials with different thermal diffusivity and CTE are considered as a
substitute material. Two groups of materials are investigated as a substitute for the
housing materials.

The first group of candidate materials considered is a group of materials with
constant thermal conductivity, varying volumetric specific heat capacity, hence varying
thermal diffusivity, and varying CTE. From the reduced order model, changes in CTE
and thermal diffusivity of the housing material would lead to changes in only two non-
dimensional groups, namely, the ratio of heat diffusivity in the housing to the shaft

(IT;) and the ratio of CTE of housing material to shaft material (II5). With changes
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in only two non-dimensional groups, the material selection process is significantly
simplified. The first step in the material selection process is to adjust the radial
thermal expansion of the housing at the steady-steady state condition. The second
step in the selection process is to mitigate the reduced transient bearing clearance by
accelerating the radial thermal expansion of the housing during the transient process.
The reduced order model result demonstrates that the reduced transient bearing
clearance during the start-up process and the increased bearing clearance during the
steady-state are mitigated as proposed. Despite the success of this simple material
selection process, the main drawback of this process is the availability of the material
choices. The adjusted thermal diffusivity is obtained through adjusted volumetric
heat capacity. This poses challenges because generally volumetric specific heat of
solid materials is approximately 3 x 106 J/m® — K [3]. As a result, the design space of
the new material is narrow because of the imposed constraint of the design process.

The second group of candidate materials considered here is materials with volumetric
specific heat of 3 x 108 J/m?® — K with varying thermal conductivity and CTE. Under
this constraint, thermal diffusivity of candidate materials varies linearly with its
thermal conductivity. This varying thermal diffusivity changes the ratio of thermal
diffusivity of the housing material to the shaft material (II;). The varying CTE
changes the ratio of CTE of the housing material to the shaft material (II5). In
addition, change in thermal conductivity of the housing material impacts the housing
fin parameter (NS = /hsPs/ksAs - Lref) and the ratio of heat conduction in the
housing to that in the shaft (IIy = kpAn/ksAs). The reduced model is utilized for the
parametric study in this example. The reduced order model result indicates there is
a material that can yield small variation in the bearing clearance during the transient
process and the steady-state condition. The properties of the selected material appear
to be similar to those of common materials.

In summary, the design example demonstrates that adjustment of thermal and
structural characteristics through thermal conductivity and CTE of the housing material

is adequate to yield a conventional material as the new housing material.
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Chapter 7

Summary and Future Work

This chapter summarizes the objectives of the research and the research approach
utilized to answer the research questions. It also includes the key research findings

and recommendations for the future work.

7.1 Objectives and Approach

The overall goal of the research is to assess the impact of aero-thermal-mechanical
interactions of micro gas turbines related to operations of gas bearings. This is
motivated by the experimental observation that sustainable operation is limited by
the shaft-bearing housing system that impact the engine operability; it is hypothesized
that this is due to thermal-induced mechanical deformation of shaft-bearing housing
that results in vanishing bearing clearance distribution. The research platform consists
of a representative micro gas turbine engine that has a single shaft with a single stage
centrifugal compressor and radial inflow turbine. These characteristics are shared
with many micro gas turbines under development.

Computational approaches are proposed as the main tool for determining the
cooling flow field and the operation of the engine. Three-dimensional URANS with
a conjugate heat transfer (CHT) module has been used as the main thermal-fluid

computational tool. The thermal-structural model used in this research will be a
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one-way couple model of 3D CFD and a 3D finite element solver. The structural
aspect of the engine and its implication on the thermal expansion mismatch has
been analyzed based on a structural model with boundary conditions set by CFD
computations. Reduced order model has been formulated with key physics governing
the thermal aspects of the engine system. The reduced order model can be used for
trade-off studies, assessing thermal management system design and development, and

exploration of a design space.

7.2 Key Findings
The answers to the research questions are enumerated below:

1. A first of a kind of computational model consisting of the use of 3D URANS
coupled with conjugate heat transfer and finite element method has been formulated
to determine: (1) fluid flow and heat flow in the entire engine system from the
engine start-up to the steady-state operation and (2) the corresponding engine
component mechanical response that include structural deformation and stress
distribution. An unsteady CFD conjugate heat transfer computation of flow
and temperature distribution in the entire engine system is first implemented
for engine startup to steady state operation; this is then followed by determining
the corresponding mechanical deformation of engine components based on finite

element analysis.

2. The hypothesis that thermal-induced mechanical deformation of shaft-bearing
housing system limiting sustainable operation of the representative micro gas
turbine engine is proven. The computed result demonstrates the temporal
evolution of the thermal expansion mismatch between the shaft and the bearing
housing from the start-up toward the steady-state condition. At the beginning
of the engine start—up process, radial expansion of the shaft is larger than that
of the bearing housing at any axial location, resulting in a smaller bearing

clearance at any axial location. At the end of the start-up process, the computed
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trend (in the radial expansion of shaft and bearing housing) reverses so that

there is indeed an increase in bearing clearance.

. A reduced order model consisting of conduction heat transfer and convection
heat transfer as set by the solid structures and cooling flow is formulated.
Reduced-order model results are in good accord with transient results from
the CFD and FE model. The reduced order framework as well as its use for
identifying characterizing parameters and formulation of scaling rule can be
generalized for assessing thermal-induced mechanical response of other engine
components such as turbomachinery tip clearances and mechanical seal system.
The reduced order model provides an enabler to determine the critical Fourier
number (i.e. the time instant) for the occurrence of minimum bearing clearance
and a mean to develop a strategy for controlling bearing clearance under the
bearing operating envelope. In addition, the reduced order model is used to
formulate an approximate scaling rule of thermal-induced shaft-bearing housing

clearance variation in engine of various sizing.

. The non-dimensional parameters are categorized in 7 groups: (1) 3 non-dimensional
temperatures, (2) 2 non-dimensional structural thermal expansions, (3) 2 non-
dimensional location parameters, (4) 1 non-dimensional time parameter, (5) 9
non-dimensional geometric parameters, (6) 6 non-dimensional thermal parameters,
and (7) 1 non-dimensional structural parameter. The non-dimensional thermal
parameters consist of: (1) shaft fin parameter, (2) housing fin parameter, (3)
ratio of heat diffusivity of housing to that of shaft, (4) ratio of energy storage
in cooling flow to that in shaft, (5) ratio of advection in fluid to heat diffusion
in shaft, (6) ratio of heat conduction in housing to that in shaft. The only
controlling structural parameter is the ratio of coeficient of thermal expansion
of the housing to that of the shaft. The non-dimensional parameters serve as
a guideline for selecting shaft and bearing housing materials with appropriate
properties as well as tailoring the coolant flow to limit and control the variation

in the bearing clearance during the transient process and the steady-state
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condition.

5. Proposed solutions for mitigating differential thermal expansion mismatch are
discussed. The non-dimensional parameters derived from the reduced order
model are used as the basis for suggesting various solutions. Materials with
varying thermal conductivity and CTE are shown to be effective in providing
small variation in the bearing clearance during the transient process and the
steady-state condition. The adjusted CTE essentially mitigates the radial thermal
expansion of the housing at the steady-state condition. The adjusted thermal
conductivity essentially mitigates the reduced transient bearing clearance by
accelerating the radial thermal expansion of the housing during the transient

process.

7.3 Future work

1. Mechanical metamaterials could be promising solutions to the thermal expansion
mismatch issue in the future. Developments and manufacturability of mechanical
metamaterials with propérties that are not available in traditional materials
(e.g. low volumetric specific heat, coefficient of thermal expansion, etc.) are

expected to be feasible in the near future.

2. 3-D stretch-dominated mechanical metamaterials might be used in futuristic
gas turbine engines. For their application in a gas turbine, bulk mechanical
properties of 3-D Stretch-dominated mechanical metamaterials should be evaluated
under non-uniform and elevated temperature conditions, and rotational effects.

A novel gas turbine engine design should be investigated based on this mechanical
metamaterials to overcome the low effective strength of the materials through

their low effective density.

3. The computational framework can be applied to assessment of thermal-mechanical

response of a mechanical seal system in micro gas turbine engines. Proper
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control of changes in clearances of mechanical seals should reduce seal leakage

flow, thus reducing losses in the engine cycle.
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Appendix A

Root Cause Analysis on Sources of

the Operability Issues

The goal is of this appendix is to provide rationales used in formulating a hypothesis
on sources of the operability issues and essential heat transfer processes in the engine.
The operability issues are assumed to be caused by the thermal expansion mismatch,
which is presented in Chapter 4. The essential heat transfer processes assessed in this
analysis are perceived as necessary heat transfer processes that can cause the thermal
expansion mismatch in the engine under both transient and steady-state operation.
The approach for assessment of the sources of the operability issues begins with
categorizing the operability issues into the transient operability issue and the steady-
state operability issue as shown in Figure A-1. As previously discussed in Chapter 4,
the transient operability issue is thermal rubbing between the bearing and the shaft.
This thermal rubbing occurs when the initial clearance size is set to be too small
and the bearing clearance vanishes during the start-up process of the engine. The
operability issue during high-speed steady-state operation is whirl instability. The
whirl instability can occur when the bearing clearance size is too large. It is shown
by the CFD and FE simulation that the bearing clearance size increases from the

initial clearance in the representative engine.

The sources of the operability issues are separated into mechanical-induced and
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Figure A-1: Transient and steady-state operability due to variation of bearing
clearance size.

thermal-induced mechanisms for both transient issue (reduced bearing clearance) and
steady-state operability issue (increased bearing clearance). Then mechanisms that
could introduce lead to changes in bearing size are listed out. Relative importance of
these mechanisms will be discussed and their contribution to the overall problem will
be assessed. For thermal-induced mechanics, a control volume analysis is used as a
basis for the analysis for estimating temperature change of the component during the
transient operation and for estimating steady-state temperature during steady-state
operation. The control volume analysis is not meant to provide an exact answer but
to rather suggest relative importance of each heat transfer processes. In addition,
computed results from CFD and FE and experimental results will be used to provide

quantitative supporting data.

The analysis begins on the transient operability issue (thermal rubbing). Figure A-
2 shows breakdown of the transient operability issue into mechanical-induced (mechanical
strain) and thermal-induced (thermal strain) mechanisms. Under this condition,
radial expansion of the shaft outgrows radial expansion of the bearing to the extent
that the bearing clearance vanishes. The expansion mismatch between the shaft and
the housing could be caused by either mechanical strain or thermal strain. The effect
of mechanical strain is discussed first. The shaft can expand radially when it rotates at
high speed due to centrifugal body force. Chapter 4 suggests that the radial expansion
of the shaft due to the centrifugal effect is estimated to be approximately 10% of the
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other components

Figure A-2: Breakdown of possible mechanisms introducing transient operability issue
into mechanical-induced and thermal-induced mechanisms.

total radial expansion. An order of magnitude analysis (not shown here) that is
carried out based on operating speed of the shaft and estimated shaft temperature
confirms the finding from Chapter 4 as well. This suggests that the radial expansion of
the shaft due to centrifugal effect is less important than the effect of thermal-induced
expansion.

The next possible source of the radial expansion mismatch due to mechanical
strain is from radial compression of housing due to pressure from other components.
There could be pressure of the compressed air in the main flow path, acting on
the turbine bearing housing. Quantifying the extent of this effect is challenging
as it depends on the load distribution design of the engine. However, it could be
argued that if this effect is significant, the bearing clearance should be a function
of the pressure in the main flow path as mechanical response is much faster than
thermal response of the engine. The pressure of compressed air in the main flow
path can build up rapidly when the engine speed increases but the vanishing bearing
clearance size does not occur when the pressure builds up. The implication is that

the effect of pressure in the main flow path on the bearing housing is not one of the
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i clearance from cooling flow

Figure A-3: Breakdown of thermal-induced heat transfer mechanisms that cause shaft
temperature to be higher than housing temperature. Several heat transfer process
candidates are listed.

key mechanisms, which causes vanishing bearing clearance. As a result, effects of
mechanical strain during the transient operation are estimated to be limited and will
not be considered in the reduced order model. Thus, it can be inferred that effects
of thermal strain or thermal-induced expansion must be the key mechanism for the

transient operability issue.

For thermal-induced expansion, coefficient of thermal expansion (CTE) of materials
can play a role in setting the thermal expansion. A scenario in which thermal
expansion of the shaft is larger than that of the housing is discussed. Based on
an assumption that the radius of the shaft and housing is similar at the bearing
location, if CTE of the housing material is higher than that of the shaft, the shaft
should be at higher temperature than the housing. However, if CTE of the shaft is
larger than CTE of the housing, the shaft temperature can be similar or higher than
the housing temperature. For the representative engine, CTE of the housing is higher

than that of the shaft and this scenario will be explored further.

For this scenario, possible causes of relative high shaft temperature and low

housing temperature are discussed. Figure A-3 shows breakdown of thermal-induced
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heat transfer mechanisms that could responsible for the scenario. A control volume
analysis is applied for a small section of the shaft and the housing near the bearing
location. Temperature of the shaft is controlled by conduction heat transfer from
the turbine, convection heat transfer from hot turbine leakage flow, and heat transfer

generated at bearing clearance. The conservation of energy of the shaft is as follows

dr’ . . .
MghaftC dt - Qcond,turbine + Qconv,leakageﬁow + Qgen,beam’ng'

The conduction heat transfer from the turbine is one potential key source of heat
transfer to the bearing location on the shaft side as it is demonstrated by the CFD
result in Chapter 4. Based on the CFD result, the convection heat transfer from the
hot turbine leakage flow is unlikely to have a direct significant effect near the bearing
location at the current engine operation condition. The CFD result suggests that the
cooling flow able to prevent the leakage flow from reaching the bearing location. The
heat transfer generated at the bearing clearance could also be another key source of
heat transfer to the bearing location as well. This generated heat is due to viscous
heating at the small bearing clearance between the top foil and the shaft surface.
The heat transfer path of the generated heat from the small clearance to the housing
side includes heat transfer through bump foils, which acts as a fin and helps dissipate
generated heat through the cooling flow. Therefore, it is assumed that in the worst
case scenario, all the generated heat is absorbed by the shaft. At this stage, the
conduction heat transfer from the turbine and the generated heat from the bearing
could both be key mechanisms controlling transient thermal-induced expansion.

On the housing side, the temperature of the housing is controlled by conduction
heat transfer from the turbine, convection heat transfer from hot turbine leakage flow,
and convection heat transfer from the cooling flow. The conservation of energy of the

housing is as follows

dT

MhousingC dt = Qcond,turbme + Qconv, leakage flow — Qconv,cooling flow-

The conduction heat transfer from the turbine is one potential key source of
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Figure A-4: Breakdown of possible mechanisms introducing stead-state operability
issue into thermal-induced mechanisms.

heat transfer to the bearing location on the housing side as it is shown by the CFD
simulation result in Chapter 4. Similar to the shaft side, the convection heat transfer
from the hot turbine leakage flow is unlikely to have a direct significant impact on the
housing due to the same reason. The convection heat transfer from the cooling flow
acts to reduce the net heat transfer rate into the housing. It would help retain the
temperature of the housing relatively lower than the temperature of the shaft. For this
reason, it is proposed as one of the main mechanism controlling the thermal-induced

expansion of the housing during the transient operation.

For the steady-state operation, radial expansion of the housing outgrows radial
expansion of the shaft to the extent that the bearing clearance vanishes. Figure A-4
shows that the expansion mismatch between the shaft and the housing is proposed to
be caused by only thermal strain. Mechanical strain is not considered in this scenario
because there couid be pressure that push the engine structures radially inward but
there appears to be no pressure forces that could pull the engine structures and the
bearing housing radially outward. Regarding the thermal-induced effect, a scenario in
which thermal expansion of the housing is larger than that of the housing is discussed.

Based on the assumption that the radius of the shaft and housing is similar at the

118



If housing’s CTE > shaft’s CTE, housing
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Figure A-5: Breakdown of thermal-induced heat transfer mechanisms that cause shaft
temperature to be higher than housing temperature. Several heat transfer process
candidates are listed.

bearing location, if CTE of the housing material is higher than that of the shaft, the
housing should be at similar or higher temperature than the shaft. However, if CTE
of the housing is larger than CTE of the shaft, the housing temperature needs to be
higher than the shaft temperature. For the representative engine, CTE of the housing
is higher than that of the shaft and this scenario will be explored further.

While it is technically possible that the thermal expansion of the housing is larger
than that of the shaft based on similar temperature on the shaft and the housing
side, the worst scenario (i.e. largest increase in bearing clearance) occurs when the
housing temperature is larger than the shaft temperature. This worst case scenario

will be focused in this analysis.

Breakdown of possible heat transfer processes contributing to this scenario is
shown in Figure A-5. Under state-state condition, there must be heating and cooling

heat transfer processes for energy balance. The conservation of energy of the shaft is
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as follows
0= Qcond,turbme + Qgen,bea.ring - Qconv,cooling flow-

The convection heat transfer can be approximated with thermal resistance as

Tonatt — Too
Reony

0= Qcond,turbine + Qgen, bearing —
Shaft temperature is estimated from
Tshaft; = Too + (Qcond,turbine + Qgen,bearing) Rconv-

It can be seen that small thermal resistance of convection heat transfer is required
in order to have low shaft temperature. Since the convection heat transfer with
the cooling flow is the only cooling mechanism, it is proposed as one of the main
heat transfer mechanism. The relative importance of conduction heat transfer and
generated heat from the bearing as the key heating mechanism is assessed next. The
conduction heat transfer rate under steady-state operation can be quantified from
the CFD result. The generated heat transfer rate due to viscous heating the bearing
clearance is estimated from Coutette flow as

2mw?r3l

Q en,bearing — 3
£ g c

where Qgen’bearing denotes the generated heat, w the rotating speed, r, the inner

radius of the bearing clearance, [ the bearing length, and ¢ the bearing clearance.

The generated heat is estimated under normal operation conditions with the
approximate bearing geometry and the engine operating speed. For the representative
engine, the ratio of the generated heat to the conduction heat transfer is approximately
0.3. It should be noted that this ratio is obtained under the assumption that all
generated heat from the bearing is absorbed by the shaft; this assumption provides

the upper limit of the effect of the generated heat. The ratio of the two heat transfer
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processes suggests that the generated heat has a smaller impact of temperature of the
shaft. As a result, the conduction heat transfer is proposed as the key main heating
heat transfer mechanism for the shaft.

The last part of the analysis is the temperature of the housing under steady-state

operation, the conservation of energy of the housing is as follows.

0= Qcond,turblne + Qconv, leakage flow — Qconv,cooling flow-

While the convection heat transfer due to the hot leakage flow from the turbine
acts as a heating process for the housing, it is unlikely to have a significant effect. The
CFD result suggests that the cooling flow is able to prevent the hot leakage flow from
reaching the bearing housing. As a result, this heat transfer process is deemed to
be insignificant at the current operating condition of the engine. The two remaining
heat transfers, the conduction heat transfer from the turbine and the convection heat
transfer, are heating and cooling mechanisms, respectively. They are both required
for controlling steady-state temperature during engine operation and are proposed as
key heat transfer mechanisms controlling the housing temperature during steady-state
operation.

In summary, the key heat transfer processes are identified for development of the
reduced order model. The identification process starts from several heat transfer
process candidates. A control volume analysis and the CFD result are used as
supplement data for suggesting relative impacts of the candidates. The key heat
transfer processes, which govern temperature of the shaft and the housing during
both transient and steady-state operation, are the conduction heat transfer from the
turbine and the convection heat transfer with the cooling flow. These two key heat
transfer processes will serve as the hypothesis on the source of the operability issue

for the reduced order model development.
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