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Abstract

The topic of this project includes extensive research on the Solid Oxide Fuel Cell Gas
Turbine (SOFC/GT) hybrid system located at the National Energy Technology Laboratory. The
goal is to reduce pollution and generate energy by using natural gas and a combination of fuel
cells, heat exchangers, bypass valves, turbines, and combustors as components working together
to produce clean energy. The SOFC/GT system works by having the fuel cell pressurized by the
gas turbine. The turbine then produces exhaust gas for the fuel cell, because the turbine recovers
the majority of the heat and the pressurization contributes to the enhancement of fuel cell
characteristics, this system is regarded as efficient. A bypass valve design is proposed to further
enhance this system's efficiency, despite its effectiveness.

This project aims to develop and manufacture a functioning bypass valve that will be
incorporated into the SOFC/GT system to regulate gas turbine exhaust airflow. The system's
efficiency is expected to rise as a result of this action. Smart materials, Shape Memory Alloys
(SMA), were used to create a new valve that was available at a price that was more reasonable
because, regrettably, this valve is not manufactured at a low cost in the market. The design aims
to modify this new material for testing and collecting data.

The project starts focusing on creating and designing a valve prototype for room
temperature testing. Data was gathered by doing several trial tests before jumping into the design
and manufacture of the high-temperature bypass valve. Once the room-temperature prototypes
proved their functionality in controlling airflow and using SMA springs for actuation, the design
for the high-temperature bypass valve was created and manufactured for laboratory testing before

installation at the SOFC/GT system.
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SECTION 1: VALVE DESIGN FOR A SOFC/GT HYBRID SYSTEM

UTILIZING SMART MATERIALS

Chapter 1: Background and Introduction

The study proposes a high-temperature, and pressure bypass valve to control the airflow
going towards a turbine and heat exchanger during the startup of a Solid Oxide Fuel Cell/Gas
Turbine (SOFC/GT) hybrid system.[1], [2] To control the high temperatures that are exhausted
from the post-combustor, the bypass valve will be placed before the heat exchanger to regulate the
airflow going to the fuel cell and avoid thermal stress on the material. The valve must remain
partially open to maintain a certain amount of heat flowing through to keep the system operating
during startup, where the turbine must also reach a nominal speed of 40,500 rpm. This project’s
primary goals are to design, manufacture, and test a bypass valve able to endure high temperatures
and pressure airflow during the start of a cyber-physical SOFC/GT hybrid system.

Smart material actuators are made of materials that can change shape and respond to
changes in the environment. The function of these devices is to generate the necessary force to
move another mechanical device. Piezoelectric materials [3], magnetostrictive materials [4], and
shape memory alloys are the three main secular groups utilized as smart material actuators. A
change in shape caused by electric, electromagnetic, or thermal stimulation is what gives them the
ability to act.[5] The use of shape memory alloy to actuate valves has several advantages. It is less
expensive than other systems. Additionally, the absence of a mechanical gearbox or motor makes
the valve lighter. Shape Memory Alloy (SMA) springs were tested on the valve actuation, resulting

in a good relationship between time and position when opening and closing the valve.



1.1 DEPARTMENT OF ENERGY HYPER FACILITY

The SOFC/GT hybrid system can be found in the United States Department of Energy’s
National Energy Technology Laboratory (NETL) located in Morgantown, West Virginia. Figure
1 represents the concept behind the SOFC/GT system. The SOFC/GT hybrid system operates at
high temperatures of up to 1100°C to 1200°C. However, in the precise area where the valve is
intended to be used, temperatures can range from 250°C to 650°C at 1 atm pressure. The orange

circle in the figure represents the position where the bypass will be installed.
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Due to the high level of complexity required for a design that can withstand extremely high
temperatures, high-temperature valves are difficult to find on the market. A custom design is
possible for many laboratories or businesses, but it can be costly. Since this research area has the
potential to become very efficient for a hybrid system, the objective of NETL is to open new
development avenues in this area. In addition to saving money, new development concepts for this
study enable researchers to investigate a variety of valves and broaden their knowledge for new

applications. Numerous piping valves were studied to discover various market-available

designs.[6], [7]



1.2 DESIGN BACKGROUND

It was necessary to produce the designed valve and test it in a laboratory setting, before
jumping into the high-temperature design, in order to demonstrate that it was appropriate to control
or manipulate the flow through any pipe. As a result, Additive Manufacturing (AM) was chosen
as the most preferred manufacturing technique for laboratory testing. AM is the process of
combining through fusion, binding, or solidification, such as powders and liquid resins. Using 3D
CAD modeling, it builds the part layer by layer.[8], [9] AM technologies have developed in a
variety of ways. Fused deposition modeling (FDM) [10] and selective laser sintering (SLS) [11]
are utilized for thermoplastic and thermoset polymer printing; for ceramic printing direct ink write
(DIW) [12] is used; powder bed fusion [13], directed energy deposition (DED) [14], and binder
jetting [15] are used for metal 3D printing; Stereolithography (SLA) [16] can be used to create
photopolymer resin prototypes or models. SLA was the ideal material for making the prototype
valve for this study. The SLA technique was chosen because it's easy to print and modify, provides
precise final resolution, and is less expensive.

There is one major drawback to using SMA springs for valve actuation, despite their
numerous advantages. These springs don't do much to exert force. To solve this issue, the valve's
disc was hollowed out from the back to reduce the amount of weight needed to be actuated, and
the rod where the springs would be connected was made a little longer so that the spring could
generate sufficient torque. Additionally, an O-ring was used to seal the top side of the valve to
prevent any friction with the body. The SMA mounting location is raised above the valve's center,
centering the design of the valve on a solid piece construction. Two integrated stoppers and pass-
through holes in the SMA mounting box prevent the rod from being oversized. Additionally, the

additional connection points for the power supply were made possible by the pass-through holes,



which made assembly easier. To allow the rod to pass through the center, the plate was tapered
toward the edge. The individual pieces would be held together with screws or bolts.

A bypass valve that would be operated by SMA springs was designed and tested in this
project. The valve was 3D printed using photo-resin using the SLA printing method to confirm the
design's efficacy. Furthermore, the valve was actuated with shape memory alloy springs, and the
actuation rate was determined by varying electrical inputs. It has been demonstrated that using
SMA for quick response actuation to control the valve is possible. In addition, it is essential to
emphasize that the design proved to be suitable for high-temperature operations as well, requiring
only the conversion of the valve material into high-temperature sustaining materials.

1.3 SHAPE MEMORY ALLOYS

Shape memory alloys (SMAs) have received a lot of attention lately due to the fact that
they are smart materials and functional materials. SMAs are metals capable of recuperating a
predetermined shape just while reaching up to a crucial transformation temperature.[17] They are
based on a specific martensitic transformation (thermoelastic) that takes place in various metallic
alloys.[18] The list consists of Nickel Titanium (NiTi), copper/Aluminum/Nickel (CuAlNi),
Copper/Zinc/Aluminium (CuZnAl), Gold/Cadmium (AuCd), among many more metals.[19] The
most commonly used SMA is NiTi, where the shape recovery is triggered by temperature and
stress.[20] When subjected to applied mechanical cyclic loading, SMAs undergo a reversible
hysteretic shape change, allowing them to absorb and release mechanical energy. SMAs are well-
suited for applications involving sensing and actuation, impact absorption, and vibration damping
due to their distinctive properties; making them perfect to be used in a variety of industrial sectors

such as aerospace, automotive, biomedical, and oil exploration.[21]



Because the alloys can regain their shape when heated, they are referred to as shape
memory alloys. To put it another way, the material is put under stress, which causes it to deform.
Heat is applied to the material, which will restore its original shape. Two types of memory effects
exist: one-way, which recalls memories at a single temperature, and two-way, which recalls
memories at two distinct temperatures. The shape memory alloy's thermal behavior is divided into
two phases: austenite (heating), which begins at As and ends at Af, and martensite (cooling), which
begins at Ms and ends at Mf. With each thermal cycle, the graph of the thermal behavior changes,
increasing the likelihood of hysteresis.[22], [23]

Additionally, this material is very useful because it can be trained to move in particular
directions. To put it another way, depending on the requirements of the project, it can generate
more or less movement if the appropriate training procedure is followed. The two-way shape
memory composite's preparation requires a thermo-mechanical cycle or treatment before it can
show the consequences of preparation. In order to accomplish this, specific angles are selected for
both high and low temperatures, and then they are placed in high temperatures to maintain their
high-temperature shape and in low temperatures to maintain their low temperature shape. After
that, the material will maintain its high-temperature shape during heat waves and its cold
temperature shape during cooling. The same procedure is followed for an alloy with one-way shape
memory. Use thermal cycling, which maintains a constant temperature above Af without placing
any stress on the material in the position you want it to remember.[24]-[26]

1.4 OBJECTIVE
The goal is to create, design, and manufacture a low-cost valve for the Solid Oxide Fuel

Cell/Gas Turbine hybrid system at NETL by using smart materials as actuators. The bypass valve



needs to withstand a temperature of 650°C and be actuated utilizing the selected smart material for

the job, shape memory alloy springs. The tasks expected to achieve this objective are listed below:

1.

Design and manufacture a valve prototype to test at a room temperature
environment.

Test and analyze the shape memory alloy springs to determine the actuation
development.

Install shape memory alloy springs into the design to test out their capacity to
actuate the valve and control the airflow of 60 L/min.

Finalize prototype, record results, and move on to high-temperature design.
Modify design for a high-temperature environment.

Test and analyze shape memory springs on the final manufactured high-
temperature design.

Ship bypass valve to NETL for installation.



Chapter 2: Theory

The theory underlying the computations for a shape memory alloy spring is explained in
this chapter. The calculations below can serve as a guide for creating the prototype. It's critical to
realize that the majority of the equations presented in this chapter can be used to kick off the design
of a SMA spring. The equations here provided help in determining the spring parameters useful
for this project.
2.1 Shape Memory Alloys Calculation Theory

The internal phase of transformation in shape memory alloys is responsible for their
nonlinear behavior. The mechanism by which the crystalline structure changes from one form to
another is produced by this transition. Martensite (low-temperature phase) and austenite are two
unique phases that these smart materials go through (high-temperature phase). Shape memory
springs are subjected to many stages of actuation, and each phase has two different temperature
values that describe these stages. The start and end transformations for each phase are determined
by these four temperatures, as shown in figure 2. [27], [28] SMA temperature hysteresis between
the austenite phase and the martensite state is one thing to take note of because it demonstrates

that the transformation from austenite to martensite won't be the same or exact.
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Figure 2: SMA Length vs Temperature[27]

Table 1: Characteristic Temperatures of SMAs

Martensite start temperature upon cooling

Martensite finish temperature upon cooling

Ms

Mf
As | Reverse transformation starts temperature upon heating
Af | Reverse transformation finish temperature upon cooling

The spring's force is linearly proportional to its material's shear modulus at any given

deflection.[29] The expression for shear stress and strain relation in an SMA spring is described

as the following,

T—T, =Gy —v)+ % (E-&)+ % (T-T1,) (Shear Stress, Strain Relation)

) =-Dg (Phase Transformation Tensor)

§ =E(0eq,T) (Variable, Degree of Martensitic Transformation)



Where G is the elastic shear modulus, 7 is the shear stress, y is the strain, £ is the phase
transformation tensor, @ is the thermoelastic tensor related to the thermal expansion of the SMA
material, T is the temperature, and ¢ is the internal variable describing the degree or martensitic
transformation.[30]
Table 2: Properties of Nitinol Used in Calculations[31]
MPa
°C
CM CA (S] DM DA Mf MS AS Af SL(%) n
10.3 | 10.3 | 0.55 | 26.3 67 9 18.4 | 34,5 49 6.7 0.85

GPa °’C

2.1.1 Total Deflection Calculations
To calculate the total deflection of the shape memory alloy springs during actuation, the

formulas used are those of regular springs with their specific characteristics.

Tmax = % (Spring max shear)

Y = % = ;;RG (Hooke’s Law of Torsion)
a={ OZTRN%dx = 41::21\’ (Angular Deflection)
y=aR =00 (Total Deflection)

Where K is the Wahl correction factor, it’s related to the change in the coil of the spring, F
is the external force created by the spring, R is the mean radius of the spring, r is the radius of the
spring’s wire, N is the total number of coils of the springs, and as stated before is the shear
modulus. The shape memory alloy spring material used for this research is Nitinol (Nickel-
Titanium). This material was chosen due to previous studies made on NiTi alloys showing better
corrosion resistance, biocompatibility, high deformation recovery, and higher electrical resistance

for resistive heating in actuator applications.[32]



Table 3: Properties of Nitinol SMA Springs Obtained from Supplier

Wire size | Mandrel Size | Pitch | Transition temperature

Imm 8mm 1Imm 80°C

2.1.2 Spring Load Capacity Test

The ability of each spring to produce a certain amount of force was crucial in determining
whether the SMA spring could trigger the valve. To check that, initially, the spring was stretched
from an initial length of 13mm to a length of 42.5mm. Then one end of the spring was fixed with
a clamp, and the other was hooked with a fish weighing scale which was also fixed and tared to
zero (Figure 3). Then DC electrical power was supplied, connecting positive and negative lines at
both ends of the SMA spring to the power supply. The values are shown on the scale in kilograms

with the spring compression. Later it was converted into newton(force).

Figure 3: Setup for SMA Spring Load Capacity Test
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Chapter 3: Design Model for Room Temperature Testing

To be able to successfully create a working high-temperature valve from scratch, several
commercial valves were studied to understand their workability that best applies towards our
expected design. The commercial valve that was used to kind of recreate their mechanism is the
butterfly valve. This valve was chosen because in its design you see it uses a disk to regulate the
flow, and the disk is controlled outside of the flow by a torsion movement.[33] The design mimics
the movement of a butterfly valve, except for using smart materials to facilitate and simplify the
movement, with some improvements in flow control and automatic actuation. Manufacturing the
designed valve and testing it in a lab environment was necessary to show that the valve model was
suitable to regulate or control the flow through any pipe.
3.1 DESIGN CONSTRAINTS

When dealing with the aspects required for any design project, one must consider the scope,
time, cost, and quality. When testing, time is crucial, important tasks to complete in conjunction
with a timeline include ordering supplies, creating prototypes, and testing the prototypes. The
budget is a crucial consideration when creating a high-quality project. To guarantee a durable valve
prototype, selecting parts and adjusting were all considered in the manufacturing of a lifetime
product. In the case of this project to help stay inside the budget, a prototype made of PVC pipes
was created due to the fact that is an inexpensive material and it’s easy to work with. The budget
also needed to be taken into account when selecting a dependable actuator, which is why SMA
springs were chosen for the job, apart from being economically advantageous, their mechanical
properties met the requirements for the project. To be able to also have more accessibility to pieces
and to make modifications more easily, the designed valve for room temperature is a 3D printed

prototype valve made with photopolymer resin stereolithography (SLA). SLA method was
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selected because it’s easier to print, and modify, provides precise final resolution, and is less
expensive.
3.2 BOUNDARY CONDITIONS

Since the SOFC/GT system exhaust turbine space may only be modified to certain
parameters, the valve’s design must adhere to specific dimensions that cannot be exceeded, such
as a height of 5 inches. With the use of shape memory alloys, the valve should be capable of being
completely open and completely closed while controlling at least 80% of the flow. To mimic the
fluxes of the SOFC/GT system, this flow must be subjected from 60 L/min to 80 L/min. The goal
of the study is to demonstrate that the shape memory alloy springs can function as valve actuators
at room temperature testing to later on make changes to prove their workability in high-
temperature environments.

Table 4: Room Temperature Lab Prototype Boundary Conditions

Fluid Air
Volumetric Flow Rate 60 L/min — 80 L/min
Temperature 25°C
Pipe Material PVC
Valve Material Ceramic Resin

3.3 DESIGN APPROACH
The valve design is a crucial part of the project, and five factors were considered to achieve
the project goal.

Table 5: Factors Considered for Design

1. Airflow re-direction

2. Shape memory alloy placement for actuation
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3. Light rotating parts

4. Leakproof

5. Shape memory alloys springs wiring

3.3.1 First Design Iteration

The first design as seen in figure 4 is nothing compared to the butterfly valve. This is
because before settling into mimicking the butterfly valve. The team tested a different approach to
achieve the requirements needed. On figure 4 and figure 5 one can notice that it only is half a pipe
where this will be mounted on the pipe to control the flow. The rod and disc tested with this design
were made of stainless steel, the rod will go through the hole in the design, and after that the disc
will be attached to the rod with screws. The advantages of this design included cost effectiveness
because less material was needed to work with and convenient accessibility for installing the shape

memory alloy springs at the top of the design.

Figure 4: CAD Design of First Design Iteration
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Figure 6: Testing of First Prototype

The main issue when operating the experimental setup, as seen in figure 6, are air gaps and
small cavities resulting in leakages throughout the system, mainly on the top part of the design. To
be able to get good airflow results for this design, the valve needed to be completed seal all around
the sides and top of the design.

Figure 7 illustrates the prototype’s airflow direction, for this design and the following
designs. It is possible that leaks may occur through the mount as a result of the increased pressure

created by the valve when it closes. To adjust the mass flow rate and ascertain how much flow the
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valve can manage, the prototype was built with one inlet and two outlets. For the testing of the
valve mount, it was connected to a 3inch PVC pipe on both ends, with a Y-type connection.
Table 6 demonstrates the results of the first tests with an inlet of 20 L/min. Flow meters
were placed on the inlet and each outlet to measure the actual flow and how much can the valve
redirect the flow. The leakage found in the valve is minimal as observed, demonstrating the airflow
control. As the table shows that approximately 90% of the airflow in the system is conserved and

10% 1is lost due to leakages.

1
X
4
oS

Inlet I

Outlet 1

Leak

Figure 7: Flow Direction Schematic

Table 6: Airflow Results of First Design Iteration
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L/min
Test Run |Valve Inlet QOutlet1 |OQutlet2 |Leak
1 Open 20 9 10 1
Closed 10 10 0
) Open 20 11 9 0
Closed 10 10 0
3 Open 20 9 9 2
Closed 2 g 3
4 Open 20 11 9 0
Closed 10 10 0
Open 10 10 0
5 20
Closed 10 10 0

3.3.2 Second Design Iteration

For the second design iteration, the team jumped up to work on mimicking the work method
of a butterfly valve. As seen in figure 8, this design consists of having two sides that are attached
together by nuts and bolts. The benefits of this design are that it had more flow control, and it was
easier to work with if any changes are needed. To prevent the drawback of having leaks on the top
of the mount design and on the sides, sealant was used as a gasket on the sides of the design to

achieve better airflow results.
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Figure 8: CAD Design of Second Prototype

Figure 9: Testing of Second Prototype
After sealing the valve completely as shown in figure 9, table 7 shows that approximately
65.80% to 86.7% of the airflow in the system is conserved and 13.3% to 34.2 is lost due to
leakages. The sealing method used was butyl tape and O-rings.

Table 7: Airflow Results of Second Design Iteration

L/min
Test Run [Valve Inlet Outlet 1 |Outlet 2 [Leak
1 Open 60 22 22 16
Closed 22 22 16
5 Open 60 21 22 17
Closed 21 22 17
3 Open 60 22 21 17
Closed 22 22 16
4 Open 60 23 22 15
Closed 24 24 12
5 Open 60 25 24 11
Closed 25 25 10
Open 26 26 8
6 60
Closed 26 26 8

3.3.3 Third Design Iteration
Looking at the previous design iteration and the airflow results taken, it is shown that the

approach of mimicking a butterfly valve is the way to go to achieve all our requirements to have a
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successful working valve. With this we jump into the third design iteration, figure 9 shows that the
design changed a little from the one before. The new design offers instead of being two separate
parts, now it is a whole single part for the mount. The disc will be placed inside the mount by one

side while the rod slides down by the hole on top of the mount.

Figure 9: CAD Design of Third Prototype

Figure 10: 3D Printed Clear Resin Design
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Figure 11: Testing of Third Prototype

The benefits of this design are that know there are no leaks coming from the design. To
achieve this the team considered more aspects of the butterfly valve mechanism than the previous
iteration. After securely installing the valve in the laboratory prototype as shown in figure 11, table
8 shows that approximately 88.3% to 95% of the airflow in the system is conserved and 4.9% to
13.3% is lost throughout the system. The sealing method used was butyl tape and O-rings.

Table 8: Airflow Results for Third Design Iteration

L/min
Test Run |Valve Inlet Outlet1 |(Outlet2 [Leak
1 Open 60 28 26 6
Closed 26 26 8
5 Open 60 28 26 6
Closed 29 28 3
3 Open 60 28 28 4
Closed 26 27 7
4 Open 60 27 26 7
Closed 26 26 8
Open 29 26 5
5 60
Closed 26 29 5
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3.4 SAFETY ANALYSIS

The ability to prevent leaks made the final design iteration the best option for laboratory
testing conditions. This made it possible to reduce risks and control airflow for more effective
results. This implies that the system’s lifespan will lengthen.

The top portion of the design was created to protect the shape memory alloy springs from
the direct flow. This method makes it simpler to install the springs and set up the cooling system
to maintain them at room temperature, ensuring that the springs will only be acting when activated
and not respond to changes in external temperatures. Insulating the cables that will link the power
source and the SMA springs is another technique to reduce dangers. By doing so, we can prevent
issues caused by a short circuit or even an accident. All necessary safety precautions were taken
within the lab, including wearing the appropriate attire, gloves to prevent any electrical accidents,
eye safety goggles, etc.

3.5 SMA ACTUATION RESULTS

Before testing the valve with the shape memory alloy springs installed on the mount. The
workability of the springs had to be tested on their own. Therefore, relationships of voltage,
current, and time were done for when the spring is enlarged to 42.87 mm and how it compresses
back to its original length which is 13.05 mm, as seen in the next tables and graphs. A DC power
supply was applied, connecting the positive and negative wires at the SMA spring’s two ends to
the power source. In the spring, this electrical source produces heat, which after this the spring
starts to contract and get back to its former size. It was noticed how long it took for the springs to
compress to their initial shape.

Table 9: Constant Voltage but Variable Current on SMA springs
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Time When Fully
Set
Current Contracted
Voltage .
(min, sec)
5V 1amp 4:20
5V 2 amp 0:22
5V 3amp 0:10
5V 4 amp 0:06
5V 5amp 0:03

Current vs. Time
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1e0
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Time (sec)
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80
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40

20

1 2 3 4 5
Current (amp)

Graph 1: Variable Current vs. Time, For a Constant Voltage

Table 10: Constant Current with Variable Voltage on SMA springs
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Time When Fully
Set
Voltage Contracted
Current .

(min, sec)
1V 3 amp 1:50
2V 3amp 0:17
3V 3 amp 0:10
4V 3amp 0:09
5V 3amp 0:09

Current vs. Time
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Graph 2: Variable Voltage vs. Time, For a Constant Current
After the initial testing, it was discovered that the voltage setup is actually the maximum
voltage set up in the power supply, not the actual voltage that is actually applied to the springs.
In another words, there are times when the spring will return to its initial length without reaching

the maximum voltage set in the power supply. For this reason, additional testing was carried out
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to determine the actual current and voltage at which the shape memory alloy spring is activated.
The tables below demonstrate the various timings between voltage, current, and time actuation of
the springs, with set max voltage and current.

Table 11: Maximum Voltage Set at 1V

Max Max Found Found Time
Voltage Current Voltage Current (min, sec)
1V 1amp .80 1.00 4:11
1V 2 amp 1.00 1.24 1:20
1V 3 amp 1.00 1.23 1:18
1V 4 amp 1.00 1.25 1:14
1V 5amp 1.00 1.27 1:13

Table 12: Maximum Voltage Set at 2V

Max Max Found Found Time
Voltage Current Voltage Current (min, sec)
2V 1amp 78 1.00 4:19
2V 2amp 1.50 2.00 0:25
2V 3amp 2.00 3.00 0:14
2V 4 amp 2.00 2.99 0:12
2V 5amp 2.00 3.00 0:11

Table 13: Maximum Voltage Set at 3V
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Max Max Found Found Time
Voltage Current Voltage Current (min, sec)

3V 1amp 75 1.00 4:34
3V 2 amp 1.55 2.00 0:23
3V 3amp 2.33 2.99 0:09
3V 4 amp 2.71 4.00 0:05
3V 5amp 3.00 4.68 0:04

Table 14: Maximum Voltage Set at 4V

Max Max Found Found Time
Voltage Current Voltage Current (min, sec)

4V 1amp 74 0.99 4:36
4V 2 amp 1.47 2.00 0:22
4V 3amp 1.88 3.00 0:10
4V 4 amp 2.77 4.00 0:06
4V 5amp 3.30 5.00 0:03

Table 15: Maximum Voltage Set at 5V
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Max Max Found Found Time
Voltage Current Voltage Current (min, sec)
5V 1amp .76 1.00 4:28
5V 2 amp 1.49 2.00 0:22
5V 3amp 2.00 3.00 0:09
5V 4 amp 2.69 4.00 0:05
5V 5amp 3.30 5.00 0:03

The graph below shows how these two variables, current and time of actuation, are
inversely related. Less current denotes a longer actuation time, whereas higher current denotes a

quicker actuation time.

Actuation Time vs. Current
at 5V

Current (amps)
w

3 23 43 63 83 103 123 143 163 183 203 223 243 263

Time (sec)

Graph 3: Actuation Time vs. Current, at 5 Volts
3.6 CONCLUSION
To prove that the designed valve works, three different iterations of the design were 3D
printed using SLA technology and actuated with a SMA spring while redirecting a compressed air

flow of 60 L/min at room temperature. The third design iteration proved to be the best in flow
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control and actuation time. By making just one single print for the mount we manage to seal
completely all leaks coming from the valve itself. SMA spring prove to operate in the third valve
prototype, by achieving the fastest recorded actuation time which was around 3 seconds with 5
volts and 5 amps D.C electrical supply. By applying more current to the springs we can see a
quicker response. Test results show that SMA springs can be explored in valve systems to control
airflow during actuation.
3.6.1 Future Work and Recommendations

For future work by taking the results given by all the iterations, the designs can continue
to be modified and upgraded to achieve flow control at greater flow rates. The material used for
3D printing the valve can be changed to compare the results to the ones calculated in this chapter.
By playing around with different materials, the aspects and the characteristics of the prototypes
can be upgraded and be used in different applications. Since the highest temperatures possible to
work within the lab go from 80°C to 98°C, the recommendation is to make the necessary updates

on the designs to test at those temperatures and compare with room temperature results.
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Chapter 4: Design Model for High-Temperature Testing

This chapter consists of what was tested in the previous chapter. The goal is to design and
manufacture a bypass valve to control airflow in a SOFC/GT system. Considering the results from
the room temperature test, moving on to the high-temperature design. The idea of mimicking the
mechanism of a butterfly valve was still considered. The valve will be placed in the exhaust of the
turbine going into the recuperator inlet. A 2-inch or 3-inch hole will be drilled into the bottom of
that 8-inch pipe. The size of the hole will depend on the valve requirements. A cooling system is
thought to be connected to the SMA chamber in order to prevent overheating the springs and
compromising their workability. Figure 12 shows the location of the valve installation for the

project.

Location of valve installation

Figure 12: Location of the Valve in the Actual Hyper Facility courtesy of NETL
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4.1 DESIGN CONSTRAINTS

With the help of the previous studies and their design constraints. The project moves to
take into consideration the design constraints involving the manufacturing cost and material for a
valve that is able to withstand high temperatures in the range of 600°C - 1000°C. As stated, before
when dealing with the aspects required for any design project, one must consider the scope, time,
cost, and quality. For this chapter, the material changes to one that can be able to work in a high-
temperature environment, easy to find, and easy to manufacture. Due to the results given with the
SMA springs on the room temperature prototypes, they will be used to actuate the high-
temperature design valve. This research aims to significantly reduce the cost and weight of
traditional valve technology by developing a valve that uses smart materials in its operation.
4.2 BOUNDARY CONDITIONS

In the laboratory, the possible testing high temperatures vary between 80 °C - 98 °C. It is
impossible to test at higher temperatures without considering the airflows needed, because the
heaters purchased for this project only heat up to 400 °C and higher temperatures are only achieved
by reducing the airflow.[34] Since the SOFC/GT system exhaust turbine space may only be
modified to certain parameters, the valve’s design must adhere to specific dimensions that cannot
be exceeded, such as a height of 5 inches. NETL will prepare the system by reducing the diameter
to a 3-inch valve structure and reducing the length of the size of the drilled hole to install the valve.
In the previous study, it was able to be demonstrated that the shape memory alloy springs can
function as valve actuators at room temperature testing. The high temperatures of the system
require the use of a different production method and other materials than the room temperature
designs.

Table 16: Room Temperature Lab Prototype Boundary Conditions
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Fluid Air

Volumetric Flow Rate 60 L/min — 80 L/min
Temperature 650°C
Valve Material Stainless Steel 304

4.3 DESIGN APPROACH

The next figures show the design that will be applied in the 8-inch pipe of the exhaust of
the turbine located on the SOFC/GT system. The figures show a representation of how the designed
part will look like after it is manufactured and installed in the facility. The cylinder in the figure
represents the pipe in the NETL facility. The high-temperature design was made, by taking into
consideration the room temperature designs. The changes made were done to facilitate the SMA
springs installation and actuation. The team went on to have the SMA springs chamber to be
expanded in a vertical direction for easy fabrication and the addition of a cooling system to prevent
the springs from overheating and compromising their workability. The disc dimension is a 3-inch
diameter. To reinstate, the goal of this project is only to redirect a small portion of the flow that

goes towards a turbine and heat exchanger.
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Figure 13: Valve Design for the Hyper Facility

Figure 14: Rod and Disc Design for the Hyper Facility
Due to the fact that in the laboratory there is not that many things to be able to manufacture
the whole piece on our own. The team searched outside workshops for the design to be fabricated.

After several calls to different workshops and asking for quotes to manufacture said design. Larks
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Industries, a machine shop located in El Paso, Texas, was contacted for the job. The final
manufactured part was done in stainless steel 304, with a 0.5mm tolerance and a matt finish, as
seen in figure 4.3.3 and figure 4.3.4. The benefits taken out of this design are that is high-
temperature resistant, lightweight, corrosion resistant, pressure resistant, durable, has no leaks, and

is more spacious on top for SMA installation.

Figure 15: Manufactured High-Temperature Design
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Figure 16: Top View Where SMA Springs are Installed

4.4 SAFETY ANALYSIS

Chapter 3 safety analysis also is taken into consideration for this chapter. When working
in a laboratory with a high-temperature project, one must take several precautions, as one does for
any other research project. In the case of this chapter, a design documentation was made containing
all the tools and equipment used while building and testing the prototype of the final design that
will be installed in the SOFC/GT system. Quarterly reports were done throughout the whole
project’s timeline. Inside this documentation, it was briefly stated the status of the project as well
as the test results to inform the project sponsors of the progress of the project. Any type of testing
was beforehand discussed and analyzed to understand how it should be operated and what type of
data is taken out. Before shipping out the design to the NETL facility, the team wrote down made

a document with a brief description of how the valve needs to be installed in the HYPER facility.
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All this is made for the person that will be installing the valve to have an idea of how it needs to
be done and how it will work.
4.5 SMA ACTUATION RESULTS

The actuation was tested by doing lab trials on the SMA installation with different electrical
inputs before installing the valve into the HYPER facility. This was done to test out the workability
of the SMA springs on the design and for the team to conclude which parts of the design will be
needed to be insulated to have the SMA springs work perfectly. Figure 17 shows how the springs
are installed and the approach the team took on calculating the time vs. position results. The angles

were placed on the valve top, and time was recorded with a stopwatch.

Figure 17: Shape Memory Alloy Springs Installation

For the opening and closing of the valve, it is needed to rotate from 0° to 90°. So, it was
marked with a 15° interval, and the time required to reach each checkpoint was measured [Table
17 and Table 18].
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Table 17: Measured Times at Different Angles (10amp — 6amp)

Position 10amp 8amp 9amp 7amp 6amp
in degree [Time/15° Total time|Time/15° Total time|Time/15° Total time|Time/15° Total time|Time/15° Total time
0 0.8 0.8 1.2 1.2 1.9 1.9 2 2 1.6 1.6
15 0.7 1.5 1.1 2.3 0.5 2.4 0.8 2.8 13 2.9
30 0.3 1.8 0.25 2.55 0.3 2.7 0.5 3.3 1.5 4.4
45 0.15 1.95 0.2 2.75 0.25 2.95 0.2 3.5 0.65 5.05
60 0.15 2.1 0.2 2.95 0.25 3.2 0.2 3.7 0.65 5.7
75 0.3 2.4 0.55 3.5 0.3 3.5 0.25 3.95 0.7 6.4
90 0.45 2.85 0.8 4.3 0.4 3.9 0.4 4.35 0.75 7.15
Table 18: Measured Times at Different Angles (Samp — 2amp)
Position S5amp 4amp 3amp 2amp
in degree | Time/15° Total time|Time/15° Total time| Time/15° Total time|Time/15° Total time
0 8 8 6.5 6.5 14 14 22 22
15 2.5 10.5 2.25 8.75 7 21 22 44
30 1.5 12 2.25 11 6 27 24 68
45 1.25 13.25 2.25 13.25 3.25 30.25 24 92
60 1.25 14.5 2.25 15.5 3.25 33.5 15 107
75 1.5 16 2.25 17.75 3.5 37 11 118
90 2 18 3 20.75 4 41 9 127

Graphs 4 and 5 display the results of actuation speed with a constant voltage of 5 volts and
a range of electrical currents from 2 to 10 amperes. With an increase in electrical current, the
actuation time gradually shrank, with the lowest time recorded begin 2.85 seconds. Additionally,
it was observed that although the valve’s actuation time decreased as electrical input increased in
steps, it did not change noticeably after applying 7 amperes, with 7amps taking 4.35 seconds.
Compared to other portions, the actuation time is noticeably slower at the beginning 30°. This is
due to the fact that it takes some time to produce the heat required for the shape memory alloy

springs to begin actuating.
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4.6 CONCLUSION

The study proposes a high-temperature, and pressure bypass valve to control the airflow
going towards a turbine and heat exchanger during the startup of a Solid Oxide Fuel Cell/Gas
Turbine (SOFC/GT) hybrid system. To control the high temperatures that are exhausted from the
post-combustor, the bypass valve will be placed before the heat exchanger to regulate the airflow
going to the fuel cell and avoid thermal stress on the material.

The final manufactured design was tested in laboratory conditions and presented before
installation in the Hyper facility. The SMA springs' mechanical characteristics were identified.
The spring compression time is dependent on the electrical inputs that are delivered, and it
significantly decreases as the electrical current increases. The fastest reported actuation time used
a 5-volt, 10-amp D.C. electrical source, and it was roughly 2.85 seconds. The testing outcomes
have demonstrated that a valve system's SMA can be addressed in order to regulate airflow upon
actuation. The manufactured design was proven successful and is ready to be shipped out for
installation at the NETL HYPER facility.

This project's significance lies in its ability to inspire new high-temperature valve
development concepts. The likelihood of responding to changes and finding new possibilities rises
with innovation. This research generates fresh concepts that can be applied to numerous different
SOFC/GT hybrid system tests, each of which serves a distinct project objective and aids in its
accomplishment.

4.6.1 Future Work and Recommendations

For future work, the stainless-steel manufactured valve will be installed and tested at a

high-temperature environment in the actual SOFC/GT system. The team will visit the facility to

help with the installment of the valve to the system and see the actual SOFC/GT system working.
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Since the designed disc for the stainless-steel valve is 3-in in diameter, after installation and
recording the actual flow that is being redirected with the valve, the team can go ahead and design
a bigger disc to bring up the redirect flow to be greater.

For the shape memory alloys to later on just utilize one spring instead of multiple for
actuation, 2-way shape memory alloy springs can be researched and tested on the valve for
actuation. A cooling chamber will be needed to be designed and placed on top of the design, where
the shape memory alloys are installed, to have better control of the environment the springs are

subjected to for them to work perfectly fine during the closing and opening of the valve.
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SECTION 2: ADDITIONAL PROJECT

Chapter 1: Nanoindentation System Repair

In this chapter, you will read about what is nanoindentation testing and how the team will
be applying this material characterization machine to different ongoing projects at the research
laboratory. As the name of the chapter says, several issues were encountered at the beginning, and
several pieces on the system needed to be changed to have the nanoindenter up and running again.
This project was taken as an addition to the one presented in section 1.
1.1 BACKGROUND AND INTRODUCTION

Over the past ten years, nanoindentation has gained popularity as a mechanical
characterization tool. Nanoindentation enables the measurement of mechanical properties such as
the modulus of elasticity and hardness of materials in different shapes, sizes, and scales. All of this
is possible with known indenter geometry and material properties.[35] The indentation test
technique evaluates the mechanical properties of the specimens by diving an indenter tip into the
specimen surface and then imaging the impression. The local elastic modulus and hardness are
determined by applying contact mechanics analysis to the acquired force-depth response.[36]
Nanoindentation is widely used to assess bulk material [37], interfaces in composites [38],
nanostructured materials [39], thin films [40], and coatings [41]. That is why it is of major
importance to understand the fundamentals of the mechanical properties tested by nanoindentation.

Nanoindentation has many advantages. In addition to young modulus and hardness, it can
also be used to characterize other nanoscale mechanical properties such as shear strength [42],
creep [43], and fracture toughness [44]. The local characteristics of both homogeneous and

heterogeneous materials can be identified through nanoindentation. Due to the decrease in
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specimen size restrictions, the method has been widely applied to items where the manufacturing
conditions do not provide sufficient material for microhardness testing.

Elastic modulus can only be calculated using nanoindentation techniques on smooth,
isotropic solids. The indented material's surface ought to be totally level and adjusted to the
indenter tip. The surface finish will have a significant impact on the results of the nanoindentation
because the indentation thicknesses are in the nanoscale range. On the other hand, getting a
perfectly smooth surface is a difficult task. The indentation should be performed to a maximum
depth of approximately 20 times the surface roughness in order to mitigate the effects of
irregularity.[45]

1.2 PROCESS

Nanoindentation is an effective approach in which a defined indentation tip is pushed into
a specific location on the test sample, a force is applied, and the load is gradually unloaded until
the required depth is reached. A rest section is provided for materials to relax before unloading.
The operation can be done repeatedly, with increasing loads for each indent.

1. A calibrated indenter tip approaches the surface sample

2. The force-displacement data recorded is used to determine the point of contact

3. Once the sample is contacted, the force is linearly increased and the tip indents into the

sample’s surface.

4. The tip is held down at the maximum force for some time then the sample is unloaded.

5. At the initial point of unloading, the stiffness is measured.

6. The resulting load and displacement data along with the area from the calibrated

indenter tip allow for the determination of mechanical properties such as elastic

modulus and hardness.
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Chapter 2: Theory

The test material, the sensors, and actuators used to apply and monitor the mechanical
stress and indenter displacement, as well as the indenter tip, are the main elements of a
nanoindentation experiment. The final part is often composed of diamond and shaped into a sharp,
symmetrical shape, like the three-sided Berkovich pyramid as shown in figure 18.[46] The applied
test force and the indenter's depth are continually monitored during an instrumented indentation
test. Diamond, tungsten carbide, and sapphire are examples of typical indenter materials. Indenter
geometries that are commonly utilized include pyramidal with a square base (Vickers), pyramidal
with a triangular base (Berkovich and cube corner), and spherical, figure 18. Nanoindentation
analysis is straightforward, but data interpretation can be difficult. One of the most difficult tasks
is choosing the right indenter tip for the job and currently interpreting the results. That is why

choosing the correct tip for your tested material is really important.

/
/
\

S,
<
|

Berkovmh

Cube-Corner

40



Figure 18: Types of Indenter Tips[47]
Each tip comes with different properties designed to meet any kind of application.[48] The
different kinds of tips can be separated into sharp and blunt indenter types, depending on the
material you are planning to indent and the benefits you want to obtain from the tip, you can go

ahead and choose the tip that goes perfectly with your application, as seen on figure 19 and table

19.
Sharp Blunt
¢ Advantages ¢ Advantages
o Sharp and well-defined tip o Extended elastic-plastic
geometry deformation
o Well-defined plastic deformation o Load displacement results can be
into the surface converted to indentation stress-
o Good for measuring modulus strain curve
and hardness values o Useful in determination of yield
« Disadvantage point
o Elastic-plastic transition is not * Disadvantage
clear oTip geometry is not very sharp
o Spherical surface is not always
perfect

Figure 19: Difference Between Sharp and Blunt Tips

Table 19: Indenter Types Characteristics for Calculations

Effective Geometry
. Intercept A
Indenter Type Projected area cone correction
factor
angle (a) factor (B)
Blunt Sphere A = n2Rh, N/A N/A 0.75 1
) Berkovich A = 3hjtan*6 65.3 70.2996 0.75 1.034
Sharp
Vickers A = 4hjtan*6 68 70.32 0.75 1.012
Blunt Cone A = nhitan’a a a 0.72 1
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Nanoindentation involves making contact with a sample surface using an indenter tip while
measuring the force and displacement. A typical nanoindentation curve can be broken down into
two stages: loading and unloading. The first stage pushes the tip into the sample by increasing the
load. This can lead to both elastic and plastic deformation. The force peak was reached as the
maximum depth displacement. This is followed by an unloading phase during which the elastic
deformation is restored.[49]-[51] In a typical nanoindentation test, forces and displacements are
recorded when the indenter tip is pressed against the surface of the test material with a given load

and load profile. The response to this test is the load-displacement curve as seen in graph 6.

Force (uN)

I ' I . $ ! 1

Displacement (nm)

Note: Srepresents Young’s modulus

Graph 6: Typical Load-Displacement Curve in a Nanoindentation Test[49]
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, Indenter

Loaded

Figure 20: Schematic Illustration of the Unloading Process in Nanoindentation[52]
2.1 CALCULATION METHOD

In recent decades, various methods have been developed to analyze nanoindentation
curves.[53]-[55] The most common method to determine the modulus and hardness of any
material is based on the work of Oliver and Pharr.[56] Following this procedure, the hardness of
the nanoindentation as a function of the final penetration depth of the indentation can be

determined by the following equation:

Where P, 1s the maximum applied load measured at the maximum depth of penetration
(hmax), A is the projected contact area between the indenter and the specimen. Considering a
perfect Berkovich indenter tip, A can be defined as a function of the contact indentation depth hy
as:

A = 3V3h}tan®65.3 = 24.5k}
The contact indentation depth, hf, can be determined from the following expression:

P max

hfzhmax_g S
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Where the geometric constant, &, is equal to 0.75 for a pyramidal indenter. The contact stiffness,
S, is determined as the slope of the unloading curve at the maximum loading point,
G dP
= e

The reduced elastic modulus E.is determined by:

E_S\jﬁ
T2BNA

Where B is a constant dependent on the shape of the indenter. For a Berkovich indenter tip, f is
equal to 1.034. The samples elastic modulus, E, can then be calculated as:

1 1-v2 1-v7
+
E, E, E;

Where the elastic modulus and Poisson’s ratio are E; ; and v; ;, respectively, for the sample and

indenter. For a Berkovich diamond indenter E; ; is equal to 1140 GPa and v;  is equal to
0.07.[56], [57]
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Chapter 3: Troubleshooting and Maintenance
The nanoindentation system used in the laboratory is the Nanoindenter Hysitron TI 750

Ubi, by Bruker Company. The picture below shows an image of the system in question.

Figure 21: Nanoindenter Hysitron TT 750 Ubi System
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Figure 22: Inside Look of Nanoindenter System; a. XY Stages, b. High-Temperature Sample
Stage, c. Sample Stage, d. Optical Camara System, e. Piezo Transducer

The system is 11 years old, and previous research teams working with it used it improperly
when testing. As a result, when going back to applying this characterization machine to the
ongoing projects, the team had to contact a Bruker specialist for help fixing the system.
Troubleshooting went easy and quick in determining the source of the issues at hand. One main
issue that was encountered was that the system had not been calibrated regularly. When doing this
calibration after many years have passed, it was seen that the Berkovich tip installed in the system
was not responding the way it is supposed to. From here on, a quartz sample was indented using
that same Berkovich tip to have a look at the response and its load-displacement curve. By looking

at the results and sharing them with the Bruker representative it was clear that the tip became blunt,
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losing its sharper characteristics to get nice results. By looking into this the team moved into
purchasing a new Berkovich tip as well as a Flat Punch Tip to use when testing different materials.

When the first characterization tests began, it was noticed that the machine was not moving
easily and that the XY platform stages were getting stuck now and then. The team quickly
contacted the Bruker representative to notify them about this issue and how to go approach a
solution. The stages then needed to be removed and sent to Bruker headquarters to be properly
lubricated and revised for them to work without any issues. The stages were safely returned to the
laboratory and installed back into the system. One last modification that was set up on the system
was the purchase of a new piezotransducer scanner, this part is the one that indents into the sample
and records the results on load and displacement. This piece was changed to have a bigger range
on the sample stage for more samples to be tested at the same time in the same run.

After all the troubleshooting and maintenance were done, the nanoindenter is now ready to
be used for testing

Chapter 4: Lab Tests

In this chapter, it is discussed the achieved data taken from nanoindentation testing of
hollow polysiloxane microspheres. These spheres were created to fabricate syntactic foams.[58]
Polysiloxanes, also known as silicones, are a general category of polymers that have organic
groups, typically methyl groups, attached to the silicon atoms. They have a silicon-oxygen
backbone.[59] Syntactic foam gets its low density, high specific strength, low moisture absorption,
and other properties from the hollow microspheres. Syntactic foam microspheres have a burst
pressure that is strong enough to withstand the forces that are applied to them during the
formulation, mixing, and dispensing procedures. The fact that systems with spherical fillers always

have a lower viscosity than systems with fillers of any other shape is one of the main benefits of
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microspheres. Depending on the material, microspheres can withstand high temperatures, have
high strength-to-weight ratios, clean surface chemistry, a narrow distribution of particles, low
thermal conductivity, low dielectric constant, low dissipation factor, etc., which makes them an
essential material for strengthening. The density, wall thickness, and size of the particles make up
the characteristics of micro balloons. Syntactic foam microspheres typically have a diameter

between 1 and 50 m, a wall thickness between 1 and 4 m, a bulk density between 70 and 500

kg/m3, and an apparent density between 50 and 500 kg/m3.[60], [61]

&)

CAU-?ION: To avoid instrument damaée posih T
. position samples so the
cannot contact any sample when anemptin? to focug on or test tar:gtshde‘:'cree' ?:rl: i
sample. See user manual for more information. g

Figure 23: Nanoindentation Testing of Hollow Polysiloxane Microspheres
4.1 HOLLOW PARTICLES CHARACTERIZATION
Four samples of hollow Polysiloxane spheres were characterized using nanoindentation.
Graph 7 shows the load displacement curve for the 4 samples. These indentations were done with
a Berkovich tip, as seen it does not look like the typical load- displacement curve shown in graph

6. This is because the tests were done when the machine was still not up and running correctly, the

indenter tip used was blunt resulting in terrible readings.

48



450

400

350

300

Load

200

150
e Seriesl

e Series2
Series3

® Series4
50

0 1000 2000 3000 4000 5000 6000
Depth

Graph 7: Load-Displacement Curve for Hollow Particles Indentation

By following the results given on the graph above and by following the next figure to help
analyze the data collected. It is given that the sample do have a hysteresis response while being
indented. It is noticed that there are also no sudden compliance changes while recording the data.
As seen on the graph the hysteresis changes with the rate making it go back to 0 on the
displacement as the load decreases. One can also state by looking at the results that there is no sign
of residual deformation not recovering due to the indentation. By having all those facts taken from
the graph and looking at the figure below, the hollow particles indentation test result on the sample
tested to have a viscous elastic deformation. The team believes that these kinds of results were
achieved due to the fact of indenting with a blunt tip and for the state of the system when doing

these tests.
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Figure 24: A decision tree structure for identifying dominant modes of deformation in
instrumented indentation load—displacement data [62] E, elastic; B, brittle;

P, plastic; V, viscous
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Chapter 5: Conclusion

In conclusion, the nanoindentation system proved to be a good material characterization
for hardness and elastic modulus. The team was able to get some decent results when indenting
hollow polysiloxane microspheres. After those results, the system went under maintenance again
for a few days, and is up and running perfectly now.
5.1 FUTURE WORK AND RECOMMENDATIONS

For future work, nanoindentation characterization will still be used for indenting hollow
particles with a Berkovich tip as well as a Flat Punch tip. The data gotten from both tips will later
on be compared and analyzed to see which one is best for indenting on hollow particles. Since the
laboratory has many other projects taking place, it is recommended to take advantage of this
characterization system and use it in different materials, such as 3D-printed polymers and
ceramics. Once good and correct data is recorded, the hardness and young’s modulus of the

specimens tested with respect to the load-displacement curve will be calculated.
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Appendix

NOMENCLATURE
Shear Stress
Strain
Phase Transformation Tensor
Degree of Martensitic Trans.
Thermoelastic Tensor
Temperature

Wahl Correction Factor

Mean Spring Radius
Radius of Spring Wire
Shear Modulus
Angular Deflection
Total Number of Coils
Total Deflection
Poisson’s Ratio

Mass Flow Rate
External Force

Load

Distance

Area

Semi Angle
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Effective Cone Angle
Geometry Correction Factor
Hardness

Max. Applied Load
Contact Indentation Depth
Geometric Constant
Contact Stiffness

Elastic Modulus
Specimen Elastic Modulus
Indenter Elastic Modulus
Specimen Poisson’s Ratio

Indenter Poisson’s Ratio
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