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ABSTRACT

DESIGN AND ANALYSIS OF ACTUAL AND ALTERNATIVE EXHAUST GAS
RECIRCULATION SYSTEMS ON SOLAR TURBINES CENTAUR 40 3.5MWE GAS

TURBINE ENGINE FOR THE PURPOSE OF CARBON CAPTURE OPTIMIZATION

Power generation plants on land as well as in marine applications are massively
contributing to carbon dioxide emissions, causing accelerated climate change throughout the
globe. Decarbonization of the energy production industry is imperative, especially as energy
demand continues to grow. As the power grid decarbonizes through new energy solutions and
alternative technologies, retrofitting the current power generation system is an essential step in
bridging the existing infrastructure with the emerging one. One way to bridge the gap is by
retrofitting existing engines with exhaust gas recirculation systems for improved carbon capture
capability. This work discusses the design and deployment implications of an EGR system on a
3.5 MWe Solar Turbines Centaur 40 gas turbine at Colorado State University (CSU), utilizing
Flownex simulation software to model various system configurations. System requirements and
design considerations of a gas turbine EGR system are presented, along with detailed analysis of
a bottled gas manifold that will serve as a surrogate of an EGR system. Detailed analysis of the
cooling load, footprint, and steam production associated with multiple cooling systems are
explored as it pertains to actual EGR systems, as well as the combustion composition of the
recirculated exhaust gases. For the surrogate EGR system, careful consideration of the required
gas mass flow rates to reproduce the expected EGR composition is taken with respect to available
bulk delivery capacities and delivery technology. Both natural gas and diesel fuel compositions

are considered in system models to develop the EGR system as an applicable technology on both

il



land and marine based gas turbine power production plants. The optimal system design for
applying EGR to CSU’s Solar Turbines Centaur 40 gas turbine engine was determined to be the
surrogate gas system, as it avoids high cooling loads and space requirements that would be
restrictive if attempted in the available research facility. An exhaust gas system was constructed to
enable future experimental testing of the surrogate EGR system, which includes both internal and

external building modifications.
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CHAPTER 1- INTRODUCTION

1.1 Motivation

The global call to decrease carbon emissions, balanced with the increasing demand for reliable
and energy-dense power production, has driven the Navy and other maritime industries to consider
retrofit carbon capture (CC) technologies on their existing gas turbine powered vessels. These
systems can offer short-term carbon emission solutions while meeting expectations for mission
readiness and vessel performance. Gas turbines power the majority of the Navy’s fleet and have
characteristically high air-fuel ratios due to their working principle and material limitation that
make conventional carbon capture and storage (CCS) technologies prohibitively large and energy
consuming for onboard vessels. Exhaust gas recirculation (EGR) is a process that portions a
segment of exhaust gas to mix with intake air and reenter the engine inlet. EGR systems have been
proposed to increase carbon dioxide (COz) concentrations in gas turbine exhaust and thereby

substantially reduce the burden of point-source CCS systems.

Literature on large scale applications of EGR is limited, and designs of alternative EGR
systems intended to support turbine performance testing are virtually nonexistent. This study
evaluates design considerations of both real and alternative EGR systems. The alternative system,
also referred to as the surrogate system, includes utilizing bottled supply gases to match the GT
intake composition expected with EGR. These systems are considered for their specific
implementation on CSU’s Centaur 40 research engine through the lens of both marine and land-

based applications.



1.2 Carbon Dioxide Emissions

Greenhouse gases (GHG) are a major contributor to the acceleration of climate change, a
phenomenon majorly disruptive to weather, the environment, and various sectors of socio-
environmental sustainability. Carbon dioxide (CO>), as well as methane (CH4) and nitrous oxide
(N20) are known long-lived GHG, meaning they persist in the atmosphere for decades or centuries
once produced. Anthropogenically sourced GHG emissions accounted for a 49% rise in direct
warming influence between 1990 and 2022 [1]. The most significant contributor to GHG emissions
is COg, as it accounts for about 80% of the increased heat since 1990 and is produced at roughly

36 billion metric tons each year from electrical generation, transportation, and other processes [1].

Electric power generation is a primary contributor to CO2 in the atmosphere, accounting
for as much as 1,427 million metric tons emissions in 2024 [2]. Stationary power plants are integral
to the United States power grid and are largely reliant on gas turbine engines, as they accounted
for a majority of all power generation in the US in 2024, and their utilization is projected to
increase as the demand for energy grows. While combustion gas turbine engines are lean burning
by design, there are still considerable emissions. The most prominent emissions from gas turbine
engines are CO2 and NOx, due to the combustion characteristics of the hydrocarbon fuels. The
National Energy Technology Laboratory compiled a map showing the carbon dioxide emissions
of all operating gas turbines installed in the United States between 2010 and 2023, shown as Figure
1 [3]. The map shows CO; emissions of each GT installation ranging from zero to one million

tonnes per year.
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Figure 1: Map of CO; emissions from all gas turbines installed in the United States between

2010 and 2023 shown on a scale from 0-1,000,000 tonnes CO> per year [3].

Gas turbine engines can run on various fuels and have characteristic emissions profiles
associated with each fuel type. While many gas turbines are also capable of running on hydrogen
blends and other alternative fuels, they will not be discussed in this work. Rather, we will focus on
the main fuel sources currently used for energy consumption in the United States. Natural gas and
petroleum fuel sources account for nearly identical shares of the national energy consumption
across all energy consumption sectors, at 38% and 35% respectively [4]. This breakdown includes
electric power generation, transportation, industrial, residential, and commercial. In electric power
generation alone, natural gas accounted for 39% and petroleum less than 1% in 2022 [5]. The
navy reported emissions of 16.7 million metric tons of CO2 in 2021, which composed of 70%
operational and 30% installation sourced emissions [6]. The operational emissions sources are

petroleum-derived fuels: 50% jet fuel (JP-5) and 50% ship fuel (F-76) [6].



Given the major share of the energy production network and the marine sector that is
reliant on gas turbine energy production, it is valuable to determine the specific CO2 and NOx
emissions associated with GT combustion. Burns et al. found that the CO; mole fraction in exhaust
gas of a typical gas turbine burning natural gas to be around 3% without EGR [7]. This is similar
to offsite emissions testing results of CSU’s Solar Turbines Centaur 40 engine shown in Figure 2,
which shows that running at full load without EGR, the CO; mass fraction in the exhaust ranges

from 2.5% - 3.25% depending on natural gas or liquid diesel fuel.
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Figure 2: Results of offsite testing of the CSU dual-fuel gas turbine C40 engine showing
normalized NOx and CO; emissions from 50%-100% load. G indicates pipeline natural gas and
is measured for loads 50%-100%. L indicates liquid fuel Diesel tested on load range 80%-100%.

1.3 Decarbonization Motivation, Policy, and Technology
There are three recognized methods of decarbonizing power generation: pre combustion, post
combustion, and oxy-combustion [8]. While pre-combustion decarbonization methods present

promising alternatives for the energy transition, the current state of the energy generation network



has deep roots in fossil fuel consumption and demands we decarbonize through post combustion
methods. Despite combustion gas turbine emissions production associated with fossil fuels, they
are a necessary component of the U.S. energy economy and cannot immediately be replaced with
alternative methods or fuels. Therefore, the emissions produced from the existing gas turbine
infrastructure must be managed in a retrofit manner. Fortunately, stationary power plant emissions
present a unique and effective method of global decarbonization: point source carbon capture
(PSCC). PSCC captures emissions directly from their source, typically from separating the desired
emission from exhaust flues at power plants or industrial factories by means of carbon capture

systems, most notably amine absorption.

Processing exhaust gases for CO2 sequestration and utilization provides both environmental
benefits through emissions reduction as well as financial motivation through downstream carbon
usage. Captured CO; can be used either directly or indirectly in a multitude of ways such as
enhanced oil and natural gas recovery, fertilizer products, CO2 based synthetic fuel production,
etc. Carbon capture is proven to be a feasible and profitable method of emissions mitigation.
Between 2016 and 2023, 147 million metric tons of CO; were captured from industrial sources in
the US with the majority finding end use in enhanced oil and gas recovery, and 63.1 million metric

tons were stored through geological sequestration [9].

Policy action provides additional motivation to carbon capture, such as the United States 2022
Inflation Reduction Act which includes the 45Q tax credit for CCUS as well as the Clean Fuels &
Products Shot. These policies provide credits for capturing and sequestering carbon, at a value of
$60 per tonne of CO2 [10] and promote decarbonization of the fuel and chemical industry by

instating the 2050 net-zero emissions goal [11].



Typical percentages of CO, in GT exhaust flue are relatively low when considering the
high total mass flow of the exhaust, such as the 68,365 kg/hr exhaust flow of the Centaur 40 [12].
This is especially relevant when considering feasibility of post combustion carbon capture systems
(PCCCS). PCCCS size is determined by the volume of flue gas it must process, the scrubbing
percentage, and the amount of carbon in the flue stream. Burnes et al. found the relationship
between amine process carbon separation system size and concentration of CO; in the process gas,
shown in Figure 3. They noted that the absorber is the largest part of the amine system, which is
driven by the capture requirement and residence time required to complete capture [7].
Considering a commercially available CO; absorber, the capture capacity was found to be linear
once CO; levels of 10% are reached, but CO2 concentrations less than 10% are much more
influential to absorber diameter [7] . Doubling the CO; concentration from 3-6% could have more

significant gains on the PCCCS size and cost.
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Figure 3: Normalized CO2 capture amine absorber system diameter vs CO2 inlet purity [7]. The
plot shows that increasing the CO2 volume percent at the inlet directly relates to a reduction in
amine absorber system diameter.

From Figure 3, which shows mole percent CO versus normalized absorber diameter, it is obvious
that with a higher percentage of CO; in the exhaust flue, a smaller absorber is required for
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processing. Furthermore, Sammak et al. found the carbon capture absorber diameter to be
determined by flue gas flow and velocity, and packing height determined by the required level of
COz capture efficiency [13]. Therefore, a higher concentration of CO> in the exhaust gas coupled
with a lower flue gas mass flow will result in a smaller footprint, and subsequently cost, of the

PCCCS.

1.4 EGR Technology and Use in Post Combustion Carbon Capture

Exhaust gas recirculation (EGR) presents a solution to high capital expenses post combustion
carbon capture systems by increasing the concentration of CO; at the inlet, thus reducing the mass
flow of flue gas, reducing footprint and, subsequently, cost. Figure 4 is a representative EGR cycle,
developed by Burnes et al. [7]. It shows air and oxygen mixing and entering the gas turbine engine,
with exhaust gas being processed through a water separation unit and being split into two paths:

recirculation loop and exhaust and carbon capture processing system.

-y * Clean Exhaust
*] - Sequestered CO,

Wi
92 ‘[ » - .’ L J-lAGas Turbine
Air —» -[ ' HZ'O [] - Splitter
- Mixer

Exhaust Gas Recirculation (EGR) " - Liquid Separator

- Cooler
»

- Generator

Figure 4: Simplified schematic of EGR/gas turbine system model showing ambient air intake
mixing with recirculated exhaust before entering a gas turbine compressor. The Gas turbine
exhaust flow exists the turbine and enters a water separator unit, then a mass splitter where some
fraction of the exhaust is sent through the recirculation loop and some is sent to another splitter.
The final splitter directs gas to a CO> sequestration unit or into ambient air [7].

EGR is a common application on reciprocating diesel engines and is used for the purpose of NOx
emissions reduction [14], as NOx formation is dependent on peak in-cylinder temperature, and

EGR can contribute to temperature reduction. EGR systems typically function by reintroducing a
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controlled amount of cooled, dry exhaust gas back into the engine intake, displacing a portion of

the incoming air. In industrial applications, EGR systems are commonly comprised of the engine,

an EGR cooler, a diverter valve to control the amount of recirculation, and a reentry point.

In gas turbine engines, EGR has potential to greatly increase carbon concentration and reduce

NOx in the exhaust. However, as temperature is controlled in GT applications, oxygen depletion

with EGR plays a more prevalent role in NOx formation. Burnes et al. conducted a study using a

chemical reactor network in Chemkin Pro, a combustion simulation software, to simulate a 16.5

MWe Titan 130 industrial gas turbine operating at full load with 37 °C ambient temperature

condition, and found that a range of inlet O from 14% to 16% optimal for minimizing NOx levels,

shown in Figure 5. Similarly, EIKady et al. found that EGR can reduce NOx production but related

it to EGR given a constant relative flame temperature, depicted in Figure 6 [15].
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Figure 5: Ratio of corrected (15% O2, dry)
actual NOx to NOx at no EGR. NOx dips
between 14-16% O2 in the combustion

chamber, and then increases at more than
18% [7].
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[15].

From these results we can conclude that EGR has an impact in reducing NOx production, most

likely through regulation of available oxygen entering the combustor, as well as localized lower
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flame temperatures in the primary reaction zone of the gas turbine combustor as a result of
increased dilution. Inverse trends to NOx are seen for CO», as EGR is proven to increase CO»
concentration in the exhaust. ElKady et al. found that 35% EGR resulted in a 50% increase in
exhaust CO2, shown in Figure 7 [15]. Similarly, Burnes et al. found that 50% EGR resulted in a

100% increase in exhaust CO2, doubling the non-EGR concentration, shown in Figure 8 [7].
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Figure 7: Exhaust CO2 as a function of Figure 8: EGR parametric study with 100°F
flame temperature, showing a 150% increase inlet comparing Exhaust mass flow vs
in CO2 in the exhaust at 35% EGR [15]. Exhaust CO; mass fraction for a Cold End

Drive Gas Turbine. With increasing EGR%,
CO2 mass fraction increases notably from
0.03 to 0.06 with 50% EGR [7].

As size and cost relate to exhaust composition, Sammak et al. found that EGR reduces the size and
cost of the flue gas cleaning system, estimating a 7% reduction in overall CCP cost at just 30%
EGR [13]. The main factors in the reduction in size and cost are the increased CO> concentration
in flue gas and reduced volume of gas to be processed through the carbon capture system because
of EGR.

While EGR is proven to increase COz in the exhaust stream, it also reduces O2 levels both
in the exhaust and at the inlet by displacing ambient air with combustion products, of which oxygen

is consumed at stoichiometric conditions. Lowered oxygen levels can impact proper combustion,



even leading to blow out. It is advantageous to find the maximum recirculation capacity to
maximize CO> concentration without depleting O levels below acceptable inlet requirements.
There exists some literature that defines minimum O; levels for robust combustion maintenance

with EGR [15].

Elkady et al. conducted their experimental studies with an oxidizer composition of 3%
CO2, 17% Oz and 80% N> to simulate 35% - 40% EGR on a single dry low NOx (DLN) nozzle
combustor with the conditions of General Electric’s F-class heavy duty gas turbines [15]. They
found lower oxygen levels correspond to higher fuel to oxidizer ratios and less consumption of
CO, resulting in high CO emissions due to flame starvation [15], and therefore set O levels at the
stated percentage. Burnes et al. found that an EGR limit of 50% is required to maintain robust
combustion. The red band in Figure 9 denotes the approximate range of O> level where robust

combustion can be sustained and should not be exceeded without the addition of supplemental O,.
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Figure 9: EGR parametric study with 100°F inlet modeling supplemental O> vs O> mass fraction
(MF) into the burner for cold end drive gas turbine system [7].
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Introducing the carbon capture system as a retrofit application to an existing GT power
plant or industrial facility is a competitive method of point source decarbonization, however the
additional load required to run the carbon capture systems - amine-based absorption in this
particular study - can reduce overall efficiency. Fortunately, opportunities exist to offset the power
loss in carbon capture system operation, including bottoming cycles and boiler systems, as it is
already necessary to cool the exhaust for integration with carbon capture systems [13]. Giilen and
Hall [16] studied the system efficiency and cost of gas turbine combined cycle (GTCC) systems
designed to optimize post combustion carbon capture. They found that by combining two
bottoming cycle modifications with high supplementary firing in the heat recovery steam generator
(HRSG) and recirculating HRSG exhaust gas, it is possible to achieve a nearly 65% reduction in
COz capture penalty and 35% reduction in capital cost when compared to an existing gas-fired
GTCC power plant with post combustion capture [16]. When considering a retrofit of a single
cycle gas turbine to increase carbon capture feasibility, HRSG bottoming cycles present a feasible
opportunity to reduce operational and capital cost. This work will consider HRSG opportunity in
the EGR system, utilizing the heat recovery cycle in dual purpose at the heat recovery point. The
heat from the exhaust flue will be transferred to the HRSG system for steam turbine power, leaving
the processed flue cooled for recirculation into the inlet of the gas turbine. An alternative use of
the exhaust flue waste heat might be in a boiler system, which could provide an opportunity for

hot water generation or other applications that can directly integrate onboard navy vessels.

The literature circulating on EGR and its application in optimizing PCCC is mostly limited
to theoretical studies and analyses. In 2009 General Electric published a study describing
experimental work evaluating the performance and risks of using DLN technology in EGR. They

developed a research combustor to explore the performance of nozzles operating in low O»
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environments, and used N> and CO; to simulate EGR conditions. They found that up to 35% EGR,
GT combustors can operate with high efficiencies and can determine CO; levels of more than 10%
by volume, but that EGR levels are limited by CO emissions regulation [15]. In 2014 GE published
a patent on power generation system utilizing EGR and a HRSG bottoming cycle [17]. Another
GE publication presented in 2025 showed the analysis of EGR in its ability to improve and enable
a post-combustion carbon capture plant with the natural gas combined cycle [13] using Promax
and Aspen Process Economic Analyzer. They referenced an earlier (2024) Front End Engineering
Design study [18] analyzing the design to retrofit an existing electric generating plant in Bucks,
Alabama with carbon capture and combined cycle technology. Thielens et al. conducted
experimental studies on a MTT EnerTwin micro gas turbine with power generation on the 1-3.2
kWe scale, adding an external EGR loop to the micro GT and finding exhaust CO2 concentration
to reach up to 7.9% at 84% EGR with a notable reduction in NOx emissions, and limitations being

combustion instability and CO production [19].

1.5 Objectives and Overview

Carbon emissions have been presented as a major contributor to global emissions, and
require immediate, urgent action to greatly reduce or eliminate them. Carbon capture presents an
opportune technology for reducing point source emissions from power plants and naval vessels,
but complications are presented in the low carbon percent in the exhaust relative to total mass flow
specifically for gas turbine carbon capture applications. It has been proven in the literature that
exhaust gas recirculation can increase carbon concentration in the exhaust, which directly reduces
the size and cost of carbon capture systems. Detrimental impacts of EGR on plant efficiency can

be managed through use of combined bottoming cycles or offset with carbon credits and reuse.
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The preceding review of the existing literature on EGR and gas turbines shows that many
studies conducted are limited to modeling and design analysis of combined cycle systems, while
experimental research is limited to micro turbine generators on the scale of 30-200kWe [20] with
low pressure and temperature ranges [19] that make extrapolating data to represent full scale GT,
which is of interest in this study, unreasonable.

It is crucial to understand EGR implications on single cycle gas turbine engines and their
overall plant footprint and operational limitations. The objective of this thesis is to address the
implication of EGR on single cycle gas turbine engines for the purpose of improved post-
combustion carbon capture and investigate alternative EGR strategies and methods that can
facilitate testing of EGR when research establishments are resource or size limited. With this
context in mind, the research objectives are as follows:

e Explore the design and analysis of retrofit EGR systems to be applied to existing
gas turbines for the purpose of improved carbon capture.

e Design a surrogate EGR system for large scale testing and validation of EGR in
affecting exhaust CO; concentration on a GT engine.

e Construction of a test facility to investigate EGR on overall engine performance to
aid subsequent versions of EGR system modeling.

e Analyze various model types for both actual and surrogate EGR while considering
limiting operational obstacles in real-world applications.

The contents of this document are as follows: Chapter 2 describes the experimental
methods, including the system configuration, the combusted gas composition used for modeling,
and an overview and definition of each flow model simulation. Chapter 3 presents the results of

the recirculated EGR model including heat exchange options and requirements and flow
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redirection methods. Chapter 4 presents results of the surrogate EGR simulation study, namely the
gas flow and pressure requirements for each surrogate gas, and the associated piping system
configured to the research facility. Chapter 5 presents the design process and completed
manufacturing work contributed toward final commissioning of the exhaust system for the Centaur
40. Finally, Chapters 6 and 7 will summarize simulation conclusions as well as offer

recommendations for future work.
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CHAPTER 2 - METHODS

2.1 Experimental Methods

The flow schematic of the gas turbine engine assembly with a fully cooled EGR system is
pictured in Figure 10. The schematic incorporates fuel supply and skid, the gas turbine, and CCS
system, as well as the EGR system including a heat exchanger, variable exhaust gas diverter,
recirculation loop, and mixer. This network represents the EGR and CCS unit as it would be

applied in the real world.

Liquid Fuel Skid

=8

EGR
Heat Exchanger Diverter

Exhaust Carbon
® » Capture
System

WaterIn Steam OQut

EGR Flow

Figure 10: Flow chart of actual EGR schematic modeled in this study, showing inlet air mixing
with recirculated exhaust, entering the gas turbine and exhausting into a heat exchanger, before
splitting between the EGR recirculation loop or carbon capture system.

Determining the location of the system components is dependent on the goals of the system.
Various configurations are possible when utilizing EGR, but for integration with a CCS system,
full variability of EGR percentage, and to optimize heat recovery processes, the prime orientation

is demonstrated in Figure 10 and examined in this paper.

In Figure 10, the entirety of the exhaust gas is cooled before the diverter valve. The
recirculating exhaust gases should be cooled as low as possible, ideally to ambient temperatures,

to avoid excessive reduction in gas turbine performance [12] and to integrate with the CCS unit,
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which requires inlet temperatures in the range of 45°C-55°C [13], or depending on carbon capture
technology. Additionally, maximum heat recovery opportunity exists through cooling the full
exhaust flow prior to parting off for recirculation. Cooling the exhaust gas to target temperatures
will result in water drop-out thus avoiding excessive moisture damage when exhaust gases enter
the engine [21] and excessive heat damage from exhaust gases entering the CCS equipment.
Condensed water can be collected after the heat exchanger in real world applications, as is
simulated in this study. After cooling, a diverter valve splits the exhaust stream into flow that is
recirculated and flow that is directed to a generalized CCS system. In some cases, the diverter may

need to be assisted by an auxiliary fan to achieve the desired recirculation rates.

Note that it is not within the scope of this work to analyze CCS system type or performance or
gas turbine combustion, merely the upstream gas handling practices. Previous studies have
discussed the impact of EGR on combustion characteristics and CCS system behavior with flue
gas composition. For more information on the mixing component of the system, reference

Jeremiah, Harrod, et al. [22].

A surrogate EGR system offers an alternative to the demands of recirculating, cooling and
treating hot exhaust gases required for actual EGR. In marine applications, the cooling
requirements are more reasonable, given the abundance of seawater. However, in the lab setting,
and other applications where the presence of a large thermal sink is impossible, the cooling
capacity may be difficult and expensive to achieve. A more feasible study may be to simulate the
EGR using surrogate gases — specifically, the direct introduction of bottled CO; and additional N>
into the engine intake. The volume of surrogate gases required to simulate EGR in this way is
substantial, but combustion characteristics and engine performance can be assessed without the

previously stated demands of true EGR loop.
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The envisioned surrogate EGR system is depicted in Figure 11. Here, the heat exchanger and
recirculation loop depicted in Figure 10 are replaced with a surrogate gas supply and blending

skid.
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I Turbine
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Skid
[ S
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Figure 11: Flow chart of surrogate gas EGR schematic as is modeled in this study, showing
ambient air inlet mixing with surrogate gases mixed and vaporized, entering the gas turbine and
exiting through the exhaust.

The surrogate gas system consists of a reservoir for each gas, labeled as CO» trailer and N trailer
in Figure 11, as well as the surrogate gas mixing skid, which includes gas processing/handling
components such as electrically heated vaporizers and an EGR/air mixer. Vaporizers are required
to change both surrogate gases from liquid to gaseous phase to allow proper mixing with ambient
intake air. Both CO; and N> will be delivered in liquid form due to the high-volume requirement
for the surrogate system, which requires the gases delivered in their most dense form (liquid) to

allow for maximum time capacity during an experimental test.
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2.2 Experimental Equipment

Figure 12: Solar Centaur 40 3.5 MWe gas turbine engine in research facility located at CSU
powerhouse energy campus.

Figure 12 depicts a Solar Turbines Centaur 40 gas turbine in the process of commissioning. This
engine is rated at 3.5 MWe and is equipped with dual-fuel SoOLoNOX injectors permitting operation
on natural gas, diesel, and a variety of alternative fuels. The Centaur 40 engine contains an 11 stage
axial compressor with a 10:1 pressure ratio, an inlet airflow of 18.7 kg/s, a 3 stage clockwise
reaction turbine, a 445°C exhaust temperature, and a 12910 kJ/kWe-hr heat rate [12]. The engine
is coupled to a 13.8 kV 60 Hz generator and the power produced will be dissipated by resistive
load banks. Since it is entirely independent from the electrical grid and the university does not rely
on the unit for its own power demand, it will be dedicated solely for research purposes, allowing
for singular test flexibility. The simulation results presented herein will inform the design and

implementation of EGR delivery systems on this Centaur 40 unit for future experimental studies.
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2.3 Modeling Software Selection

Flownex is a simulation environment that enables the study of flow and heat transfer systems

and how they will behave in application. Flownex is used in this study to evaluate the feasibility

of EGR in the lab environment and design the EGR delivery system. Existing case studies use

Flownex simulation environment to solve heat transfer and flow related issues including a study

on a Gas Turbine combustor design [23], a Combined Cycle Power Plant [24], as well as journal

publications such as K. Zolinska et al. on the study of waste heat recovery using the Flownex plate

heat exchanger element [25], and Muksin et al. in their simulation coupling Flownex and

LabVIEW to study an experimental power reactor [26].

2.4 Ambient Conditions and Combustion Composition

The following assumptions are made to simplify simulations in this study:

Inlet and outlet pressure conditions will be considered as atmospheric for CSU’s research
facility at 84 kPa.

Ambient air humidity is neglected.

Ambient Temperature is 20 °C.

Combustion composition for the fluid in simulations is determined by a combustion model
depicted in Figure 13.

The GT inlet mass flow is 18.7 kg/s.

The GT pressure ratio is 10:1.

Two fuels will be modeled in Flownex, one being a standard composition of natural gas according

to the North American Energy Standards Board, and one a representative of diesel fuel. As

mentioned in Chapter 1, natural gas is a primary fuel used in gas turbine power production. As
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such, its chemical composition is utilized to perform realistic simulations in this study. It is well
known that natural gas composition varies throughout the vast U.S. pipeline network. The
composition utilized in the following studies will be a direct replication of the composition dictated

in Table 1.

Table 1: Chemical composition of Natural Gas, outlining the union gas system and typical ranges
for these values, which accounts for variance from different sources [27].

Methane 949 87.0 - 96.0
Ethane 25 18-51
Propane 02 0.1-1.5
iso - Butane 0.03 0.01 -0.3
normal - Butane 0.03 0.01-03
iso - Pentane 0.01 trace - 0.14
normal - Pentane 0.01 trace - 0.04
Hexanes plus 0.01 trace - 0.08
Nitrogen 1.6 1.3-56
Carbon Dioxide 0.7 01 -1.0
Oxygen 0.02 0.01 - 0.1
Hydrogen trace trace - 0.02
Specific Gravity 0.585 0.57 - D.62
Gross Heating Value (MJ/m®), dry basis 37.8 36.0 - 40.2

Natural gas is the main fuel used for land-based power generation, but its composition varies
depending on supplier and location. For simulation purposes, a fuel was created in Flownex with

the chemical composition cataloged in Table 1.

The mole percent listed in Table 1 was converted to mass fraction using molecular weights of the

species and mixture and their relationship as expressed in [28], solved in EES.

Equation 1 Yi = xiMW;MWpix

Diesel fuel is modeled as its combustion products, solved by a simple combustion balance

combusting the chemical formula diesel C12Hz3 with air, assuming stoichiometric conditions.
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Table 2: Diesel combustion products for simulated exhaust composition with no EGR as mass

fraction.
Ar 0.0127
CO: 0.0520
N2 0.7440
(0 0.1690

Each fuel will be processed through a recirculation model in Flownex with a combustion
component to determine recirculation composition utilized, shown in Figure 13. To validate the
combustion component in determining exhaust composition with EGR, CO», O2, and NOx values

will be compared to values accepted in literature, namely the studies mentioned in Chapter 1.

Label Description e
1 Ambient Air ) ()
Intake w | M T
2 Mixer £1 5 5 g
3 Compressor — D v gre—ghe—rri—ii— I PP
4 Fuel Injection l ' "‘:)"r ‘?“;‘9 10
5 Combustion o »ﬁé 13 § © 5 9 »
Chamber | ” /- s\, L ©
6 Turbine w LS ——» _,.,,__..*_»,,_.1
7 Turbine Outlet b % z . "
8 Splitter ) wsr
9 Exhaust/CCS v 4
10 | Fluid Conversion
11 Heat Exchanger
12 Water Separator
13 Fluid Conversion

Figure 13: Flownex model of EGR recirculation loop with chemical reaction component. Model
replicates gas turbine compressor, combustion chamber, and turbine to provide accurate
combustion product compositions for EGR.
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Figure 13 shows the Flownex model used to determine combustion composition for input
into subsequent simulation studies. This model was validated by utilizing known inlet and outlet
conditions of the gas turbine to characterize each component using the “change design” feature in
Flownex. Given a constant mass flow, outlet temperature, and pressure ratio found in the Solar
Turbines Centaur 40 specification sheet [12], boundary conditions (BC) are set. Using the designer
feature to maintain outlet temperature while solving various conditions, such as combustion
chamber outlet temperature and fuel injection mass flow, allowed the characterization of the
compressor, combustor, and turbine in the system. In an effort to reduce complexity of the system
and focus on the combustion characteristics recirculation loop was added with dimensionless
components rather than geometric pipes to simplify system, and the recirculation loop was split,

only cooling the recirculated gases with the simplest heat exchanger component.

The combustion chamber was modeled with a custom loss component- set to 0.1 flow
admittance, and a CEA adiabatic flame chemical reaction component. The CEA adiabatic flame
element calculates the exhaust composition and maximum temperature for a chemical reaction
given the chemical composition specified [29]. The CEA element reactions are calculated with a

secondary program, the NASA-Glenn Chemical Equilibrium program CEA2 [29].

2.5 Actual EGR Modeling

As depicted in Figure 10, the EGR schematic consists of an ambient air entry, mixer, gas turbine,
heat exchanger, and exhaust recirculation splitter. The gas turbine will not be modeled in this
section, as the focus is at the recirculation system level and the gas turbine sequence adds

unnecessary complexity.
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The EGR model is a representation of the real-world conditions. Figure 14 depicts the baseline
EGR model with indirect cooling, water drop out, and fan simulated redirection. Each component

is labeled with a number, which is described in Table 3.
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Figure 14: Actual EGR Flownex Model with component descriptions corresponding to Table 3.

Table 3: Actual EGR Flownex Model Indicator Chart Corresponding to Figure 14.

Label Description
1 Ambient Air Intake
2 Intake Duct
3 Mixer
4 Intake Duct
5 Compressor Inlet Boundary Condition
6 Centaur 40 Gas Turbine
7 Turbine Outlet Boundary Condition
8 Heat Exchanger Primary
9 Heat Exchanger Outlet Node
10 Cooling Water Inlet
11 Heat Exchanger Secondary
12 Heat Exchanger Outlet
13 Exhaust Ducting
14 Water Separator
15 Exhaust Ducting
16 EGR Diverter
17 Exhaust Ducting
18 Ambient Exhaust/ CC Inlet
19 EGR Loop Ducting
20 EGR Loop Ducting
21 EGR Loop Ducting
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The application-based EGR system was modeled with a heat exchanger, recirculation
diverter and fan, and re-entry mixer. The applied EGR system Flownex model depicted in Figure
14, illustrating the full circulation loop and indicating where the gas turbine is placed along the
circuit. The model is a simplified representation of the recirculation system and therefore does not
include an active gas turbine component. However, the exhaust composition at point 7 in Figure
14 is set to represent the first cycle exhaust composition before recirculation, as described in Table

2 which imitates the role of the turbine at the first cycle.

2.5.1 Heat Exchangers

The heat exchange component is a major factor in the full EGR system. Two methods of
cooling exhaust gas will be considered in this work: (1) indirect cooling and (2) direct contact
cooling using a bulk air cooler. Indirect cooling presents opportunity for heat recovery steam
generation, which can increase system efficiency by providing additional power generation from
the exhaust flow. Direct contact cooling is known to have a high heat transfer rate but is associated
with other complications such as fully saturating the exhaust air and requiring a large water

makeup flow due to evaporation and drift.

To understand a reasonable footprint requirement for a heat exchanger in this application,
a manufacturer was contacted to provide a size and cost estimate for the specified cooling range.
The heat exchanger design is theoretically able to cool the exhaust gas from 445 °C to 35 °C with
a fin-tube heat exchanger with a footprint of about 10x10 feet for the price of $215,000. This

standard will be kept in mind for comparison to heat exchangers designed in this study.

First, we will consider indirect cooling through the generic heat exchanger element in Flownex,

pictured in Figure 15.
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Figure 15: Indirect Contact Cooler Flownex Model showing the generic heat exchanger element.

This heat exchanger model is used when the geometry is unknown and calculates heat transfer
using the effectiveness-NTU method [29]. The generic heat exchanger serves as the initial model

and is modeled to process dry air through the primary component.

Another form of indirect cooling model is the fin-tube heat exchanger element in Flownex.
Fin-tube heat exchangers are commonly used in water-air heat transfer. Air typically passes

through the fin side of the heat exchanger, where the fins increase the available surface area to

increase heat transfer.
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Figure 16: Fin-tube heat exchanger element model in Flownex simulation Environment.

This method of indirect cooling provides an opportunity for steam recovery since the air flow and
water coolant do not mix. Therefore, the entirety of the steam produced can be directed to a
recovery unit. The finned-tube heat exchanger element is modeled in a discretized fashion rather

than a lumped system, or as a series of many heat transfer components [29].

Direct contact cooling is modeled using the bulk air cooler element in Flownex. Direct
contact cooling is a common practice in industrial heat transfer. In direct contact coolers, water is
injected near the top of a container. The water can be injected as a film or, more commonly because
of the difficulty of maintaining film condition, a spray. The spray interacts with splashboards near
the top of the cooler, called packing, to increase the surface area contact between water and air.
The packing determines the heat exchange capability of the setup. The hot exhaust air enters the
cooler near the bottom of the package. Cooling towers can be natural draft towers or forced dratft,
the later being more common as well as effective. In forced draft towers, fans can be located either

at the top or the bottom of the cooling tower.
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The bulk air element available in Flownex is modeled using the factor of merit model, rather than
the Merkel method which is used in the similar cooling tower method. Common F values in the

factor of merit calculation are listed in Table 7.

= Table 4: Bulk Air Cooler Flownex Model
T 4 Indicator Chart Corresponding withFigure
) —£) 3 17.
M | Label Description
v—> t — 6 1 Hot Exhaust Air
2 M -
T 2 Bulk Air Cooler
- ' T 3 Cooled Exhaust Air
.
4 Cooling Water Injection
MF 9
M1 5 Makeup Water Inlet
Figure 17: Bulk air cooler complex system 6 Cooling Water Outlet
modeled in Flownex.

The required water makeup for the cooling system is calculated using the designer feature in
Flownex. The designer feature allows the user to solve for one independent variable, while proving

a range of values for the associate dependent variable.

The direct contact cooler in this study will be simplified and modeled as water injected directly to
air flow for use in full recirculation systems. Modeling direct contact cooling in this manner allows
for additional fluids to be used, as the bulk air cooler fluids are restricted to two-phase H>O and a

mixed Steam-water-air fluid.
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Figure 18: Simplified Direct Contact Cooler Flownex Model.

Table 5: Direct Contact Cooler Flownex Model Indicator Chart Corresponding to

Figure 18.
Label Description
1 Hot Exhaust Flow
2 Exhaust Ducting
3 Direct Contact Water Injection
4 Exhaust Ducting
5 Water Separator
6 Exhaust Ducting
7 Mixer Point EGR & Intake
8 Intake Ducting
9 Ambient Intake Air

Table 6 explains each component in the simplified direct contact cooler model depicted in Figure

18.
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Table 6: Typical F value in Factor of Merit Model Calculation for Heat Exchange [29].

Type of tower/chamber Typical F
Vertical Towers
No packing:
High water loading 0.5-0.6
Low water loading 0.6-0.7
With packing:
High water loading 0.55 - 0.65
Low water loading 0.65-0.75
Industrial packed tower 0.7-0.38

2.5.2 Cooling water

Cooling exhaust gas comes with auxiliary concerns. The cooling water for a closed cycle
system must enter through a secondary cooler after it passes through the exhaust stream. All the
previously stated cooling methods will need a chiller for the cooling fluid in the closed loop
system. Direct contact cooling will require the additional consideration of make-up water to
replace evaporated cooling fluid. The cooling water heat load will be studied in a parametric table,

based on the universal heat transfer Equation 2.

Equation 2 Q=m=C,+dT2

2.5.3 Redirection methods

Splitting the gas flow between recirculating back to the inlet or exiting to the carbon capture
system is an important consideration. Two methods of EGR redirection will be analyzed: (1)

blower/fan component and (2) orifice driven pressure differential.
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The blower presents an obvious option for flow redirection. They are readily available off-the-

shelf components with an extensive selection of flow rates and pressure drop.

Figure 19: Greenheck centrifugal industrial blower designed to operate in a broad range of
applications including clean and hazardous air. PLG model with 900-71,000 cfm capacity and up
to 8 in wg allowable [30].

While blowers are common in industrial applications and readily available for system integration,
they can present challenges. The presence of water in the exhaust flow may present problems,
especially with electric motor configurations. Even with belt driven blowers, water and exhaust
particulates can compromise the fan blades. Additionally, blowers in the exhaust flow present a
parasitic power load on the overall system, which can diminish the overall efficiency. Lastly,

complications with startup or maintenance of the fan can complicate the EGR process.

An alternative to using a blower for flow redirection is to use an orifice along the EGR
loop to create flow restriction, ultimately causing the desired flow diversion. This method would
require a remotely controlled, variable capability valve for remote control of a variable EGR
system. The need for variability is a demand from both lab setting testing and from industrial level

plants, to allow for response to changing demands of the plant.
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Figure 20: EGR Flownex model using orifice to regulate pressure differential and flow through
the system. Orifice located at the center of the EGR loop.

If the desire is for variable EGR flow capability, then an actuated, proportional control or automatic
valve would be necessary for the system. Controlling EGR redirection through flow restriction
would also influence outlet velocity, which must be considered when choosing the post combustion

carbon capture system, as flow velocity is a driving factor in size specification.

Alternatively, if one fixed EGR rate is desired, a simple nozzle or flow restrictor could set

the EGR rate given fixed exhaust mass flow.

2.5.4 Opportunity for HRSG with steam production

Heat recovery steam generation (HRSG) is a common application used in many power
plant setups. HRSG provides and avenue to improve plant efficiency through heat reclamation and
reuse in powering a bottoming cycle turbine. High cooling loads present opportunity for HRSG
use and will be evaluated in this study. The quality and volume of cooling water post exhaust
cooling will be measured and analyzed to determine HRSG opportunity for the different cooling
methods analyzed through a parametric table. By adjusting cooling mass flow as the independent
variable, the dependent variable quality will vary as well, allowing determination of the maximum

amount of steam as a function of cooling water mass flow.
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2.6 Surrogate EGR Modeling

2.6.1 System Components and Given Parameters

The surrogate EGR apparatus was designed with vaporization, mixing, and flow control

capabilities to approximate actual exhaust gas composition prior to injection into engine intake.

The fluid model is a mixture of air and EGR, which is comprised of CO; and N». Figure 21

illustrates a simple model of the surrogate system, with component representations called out in

Table 8. This model informs required surrogate delivery gas pressures and pressure drop

throughout the system for various pipe sizing cases.
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Figure 21: Surrogate EGR Flownex Model.

Table 7: Surrogate Gas System Flownex
Model Indicator Chart Corresponding to

Figure 21.
Label Description
1 Ambient Air Intake
2 Intake Ducting
3 Mixer
4 Intake Ducting
5 Compressor Inlet Boundary Condition
(4] C O Trailer Exit Boundary Condition
7 (Gas Piping
8 N2 Trailer Exit Boundary Condition
9 (Gas Piping
10 Surrogate Gas Mixer
11 (Gas Piping
12 Diffuser Pipe
13 Surrogate Gas Inlet Boundary Condition
14 (Gas Piping Connector to Mixer

The ambient air intake is fixed in the model at mass flow 14.44 kg/s, and temperature 20°C.

The compressor inlet is set to a mass flow rate of 18.7 kg/s, according to manufacturer
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specifications [ 12]. The mixed surrogate gas mass flow rate at point 10 is set to 4.26 kg/s. Although
the model is considered a 50% EGR case, in which an even split between EGR and intake air might
be assumed to conserve mass flow at the compressor inlet, the surrogate system uses some
percentage of ambient air to supplement the bottled gas requirement by supplying the combined
oxygen content from the air intake and the EGR streams. Hence, the mass flow rates of ambient

intake air and surrogate gases are 14.44 kg/s and 4.26 kg/s, respectively.

At the vaporized gas inlet points 6 and 8, the gas temperature and flowrate are fixed. The
flowrate is fixed to represent surrogate requirements depicted in Figure 32
Figure 33 and will be controlled by upstream regulators. The temperature is specified by vaporizer
values and the pressure was solved with the restricted range of existing vaporizer technology. The
two gases blend at the surrogate gas mixer, which is modeled as a pipe Y-junction at point 10. The
flow is mixed at pipe 11 where it travels 100 feet [30.48 meters] into the building. Pipe 12 models
a cone shaped diffuser, where the pipe grows from its size at point 11 to the ideal mixing diameter,
presented in §3.3 of Jeremiah, Harrod, et al [22]. At the mixer, the surrogate gas blend converges

with ambient air and flows into the compressor at the specified mass flow rate 18.7 kg/s.
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CHAPTER 3 - RESULTS OF ACTUAL EGR MODEL

Chapter 2 discussed assumptions, conditions, and methods for all of the simulation studies.

Chapter 3 will discuss the results of those studies and their implication at the system level.

3.1 Combustion Model

The combustion model in Figure 13 is set to approximate the Solar Turbines Centaur 40 engine
compressor, combustor, and turbine. Using the CEA adiabatic flame chemical reaction element to

combust a typical chemical composition of natural gas, the results in Table 9 are found for 0% and

50% EGR.

Table 9: Composition Results of EGR Loop with Chemical combustion component for Natural

gas fuel.

Component 0% EGR 50% EGR

Carbon dioxide 0.031939 0.056966

Nitrogen 0.759347 0.724823
Nitric Oxide 0.000087475 0.000086614

Nitrogen Dioxide 0.000010021 0
Oxygen 0.18314 0.12113
Water 0.025477 0.096994

The 50% EGR case is similar to the composition found in literature. At 0% EGR the
concentration of COz in the exhaust is about 3%, which is similar to findings both in Burnes et al.
[7] and findings of the Centaur 40 offsite testing results shown in Figure 2. At 50% EGR, the
fraction of CO» in the exhaust multiplies by a factor of 1.78, nearly double the non EGR case,

which is also similar to the findings in Burnes et al. [7] of nearly doubling the concentration. The
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~10% error in the Flownex model versus other literature studies is likely due to inaccuracies in the
element characteristic setting process. However, the relative similarity in CO» change validates the

model as accurate for use in the simulation experiments conducted in this thesis.

3.2 Actual EGR System Model

The purpose of the actual EGR Flownex model is to assess the practicality of the applied
system and determine the feasibility of conducting full scale experiments on a Centaur 40 gas
turbine. Key parameters informing these assessments are the pressure loss in the turbine exhaust,
the cooling load required, the EGR diversion valve design and auxiliary fan power, and fluid

composition and vapor quality.
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Figure 22: Real EGR System with indirect cooling using a generic heat exchanger pressure drop.

Shown in Figure 22 is a breakdown of the pressure throughout the system. It was necessary to
maintain within the maximum pressure drop threshold, as specified by the OEM . This study found
that the total pressure drop across the system was 0.658 kPa. This is well within the manufacturer’s
allowable pressure drop limit; therefore, the designed ducting geometry would be an acceptable

feature in an EGR system for this GT.

35



3.3 Bulk Air Cooler

Validity of the bulk air cooler component is restricted to a maximum air inlet temperature
of 373°C, as the critical point of water is at 374°C. Despite the actual turbine outlet temperature
being 445°C, the exhaust outlet temperature is modeled at the maximum allowable temperature.
This gives a sense of the heat exchanger function within the component specific range of validity.
In actual application with exhaust temperatures of 445°C, the difference from the model would be

lower cooling capacity at the cooling rates specified in the model.

The typical ratio of mass flow to cooling water for bulk air coolers is between 0.4-2 [29]
as specified within the range of validity. Given the exhaust mass flow rate of 18.7 kg/s, the liquid
flow rate based on the typical ratio should be 7.48 kg/s-37.4 kg/s, both of which are modeled in

Figure 23 and Figure 24, respectively.
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Figure 23: Complex model of direct contact cooler in Flownex minimum typical flow ratio.

As seen in Figure 23, the cooling water inlet flow rate is set to 7.48 kg/s and 15°C. Given the
exhaust inlet temperature and the cooling flow rate, the make-up water requirement is specified at

2.137 kg/s. The designer tool in Flownex was utilized to solve this value, holding constant the
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pond level mass imbalance shown at the bulk air cooler element. A pond level imbalance of zero
indicates the element is functioning without overflowing or emptying the existing pond of water

inside the heat exchanger.
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Figure 24: Complex Model of direct contact cooler in Flownex maximum typical flow ratio.

In Figure 24, the upper validity range limit for liquid to gas flow ratios is set at 37.4 kg/s. All the
same input parameters as the simulation depicted in Figure 23 are held constant, including cooling
water temperature of 15°C, exhaust air temperature of 373°C, and fluid compositions. At this

cooling rate, the exhaust reaches a cooled temperature of 56°C.

Comparing the results of simulations resembled in Figure 23 and Figure 24 it is obvious that
increasing the cooling fluid flow rate reduces the exhaust temperature. The relationship between

cooling water mass flow rate and exhaust temperature can be examined in Figure 25.
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Figure 25: Exhaust air temperature as a function of cooling fluid mass flow rate at 15°C and
ambient pressure.

As shown by the complex DCC model, increasing the cooling water mass flow increases the
cooling capacity of the element. However, the water begins to condense at 44 kg/s of cooling flow,
requiring a drainage of excess pool water. With cooling mass flow rates less than 44 kg/s, the
makeup water requirement is directly related to water loss in the system due to evaporation of the

cooling fluid.

The makeup water requirement is shown in Figure 26, and pictured on the chart is the
threshold for the end of boiling and the beginning of water condensation in the heat exchanger.
Once the boil-off mass flow rate reaches zero, make-up water requirement reverses, as the
condensed fluid must be drained from the pond to maintain a constant level within the heat

exchanger.
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Figure 26: Boil off mas flow rate as a function of cooling water flow rate. Boil off is directly
related to and equivalent to makeup water requirement, given the system mass flow is in balance
and the water has not begun to condense.

It was found that makeup water flow is primarily effective in maintaining the pond water level
within the bulk air cooling, and, within the model, does not have a relevant impact on the outlet

cooling and exhaust temperatures.
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Figure 27: Humidity ratio and Mass fraction of H20O in exhaust gas at constant relative humidity
as a function of Exhaust wet bulb temperature in °C.
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As shown in Figure 27, the mass fraction of water in the exhaust is reducing with the decreasing
wet bulb/temperature, as well as humidity ratio, but the relative humidity is remaining constant.
This model assumes fully saturated air leaves the cooler, therefore the relative humidity is constant
at fully saturated. We can conclude from the reduced mass fraction and humidity ratio that as a
result in reducing temperature, the colder air is able to hold less water than hotter air, therefore
leading to an overall reduction in water content in the exhaust. This is desirable due to
complications with high water content in the exhaust later down the line, but the greatest reduction
in H2O mass is achieved at excessively large cooling flow rates. As water air separators can achieve
similar H,O mass fraction (MF) reductions, it may be more desirable to choose a separator if an
abundance of cooling water is not an available resource. The capital expenses and tradeoffs must
be compared with information about the site to make the most advantageous system process
decision.
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Figure 28: Heat load to rechill water exiting bulk air cooler and recirculating back into inlet in
semi-closed loop system.
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In Figure 28 the heat load to cool the recirculating cooling fluid is shown as a function of cooling
water exit temperature, which is directly related with cooling fluid mass flow, after it has been
used to cool the exhaust air flow. While it might be expected that the cooling load to reduce once
the cooling water reaches its lowest temperatures, mass flow is a driving component of cooling
load and indicates the cooling load is still quite significant, even as the temperature difference
drops. However, even at the low mass flow rates the system will likely be operating in a real
application condition, the cooling load is still significant and would need to be considered in its

impact on overall system efficiency.
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Figure 29: Simplified DCC model results in full EGR loop, showing that the complex model of
the direct contact cooler is relatively similar to the simplified direct contact cooling model.

Figure 29 shows the close similarity between the complex model of the direct contact cooler and
the simplified model of the direct contact cooler. While this does present an opportunity to use the
simplified model in complex fluid networks, the complex direct contact cooler model provides

valuable information on both fluids inlet and exit conditions. The simplified model flow results
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are showed in Figure 30, and we can see that with a cooling rate of 7.48 kg/s, the exhaust air is

cooled to 70.3°C from 445°C.
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Figure 30: Real EGR simplified direct contact cooling system results of minimum typical gas to
liquid cooling ratio 0.4, at 7.48 kg/s.

It was found that the cooling load is directly dependent on the mass fraction of the process
fluid. Higher mass fraction of water increases cooling load, and is especially for the indirect cooler.
Adding a water separation unit did not significantly reduce mass fraction of water and had a

negligible effect on overall system cooling capacity in the simplified direct contact cooling model.

3.4 Recirculation Redirection Blower Method

The fan load redirection duty and power requirement will be explained based on a selected
component available for commercial use. In this study, the Greenheck centrifugal industrial fan
line was selected from, specifically the PLG model line due to the high CFM capacity of the line
in addition to the design considerations for hot air, high mass flow, and hazardous air processing
[30]. The specific fan selected for this application was the PLG model capable of handling the
17,000 CFM gas redirection load demanded by the EGR system while consuming about 22kW of
power [31]. The fan load required to redirect 50% of the exhaust gas was determined by the

volumetric flow rate, solved for by fixing mass flow rate and creating a split exhaust stream in the
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Flownex model depicted in Figure 22. The fan selected for this application was the PLG-27 which
has a wheel diameter of 27 inches [31]. The specific fan was selected by a quick analysis
considering the required process volume, a minimum static pressure, and the installation elevation

accounted for in a product specified correction factor.

3.5 Recirculation Redirection Orifice Method

Figure 31 depicts the orifice results of simulating a diffuser in the recirculation loop to

control mass flow.
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Figure 31: Flownex model of the exhuast gas recirculation system utilizing a restrictive orifice in
the EGR loop as a method of gas redirection. Significant mass flow, pressure, temperature, and
geometry values and results called out on the drawing page.

The EGR loop is shown in Figure 31 at the same diameter as the exhaust pipe. Changing the
diameter of the orifice restricts flow through the EGR loop, resulting in varying mass flow. It is
important to note that this model does not consider the flow impact of scrubbers, heat exchangers,
or other auxiliary components that would be necessary to conduct actual EGR testing. All
components other than the exhaust pipe and EGR loop are non dimensional components, with no

impact on pressure changes throughout the system.

A parametric study of the model was conducted, changing the orifice diameter from 10

inches to 50 inches, shown in Figure 32.
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Figure 32: Plot corresponding to Figure 32 changing EGR diameter to simulate an orifice with
changing diameter as a method of EGR control. Plot shows that EGR flow changes with orifice
diameter, with smaller diameter resulting in less mass flow through the EGR loop.

As shown in Figure 32, changing the orifice diameter results in a varying mass flow, validating an
orifice as a feasible method of EGR redirection in actual EGR testing. The orifice diameter variable
is used to simulate a change in area, or the opening and closing of a passageway for exhaust flow
through the EGR loop. The measured pressure drop throughout the recirculation system ranges
from 0.23 kPa at the smallest diameter to 0.17 kPa at the widest orifice diameter, a range well
within the acceptable pressure drop of 0.99 kPa.

3.6 Steam Production Calculation for HRSG Opportunity

To determine the cooling load required to reduce the exhaust temperature from 445 °C [12]
to a target value of 20 °C, an energy balance was conducted. The required exhaust air cooling load

was determined by the energy balance calculation described in this section is 8.3 MW.
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The temperature and pressure of the cooling water inlet was set at 15 °C and 101 kPa respectively.
The temperature of the hot exhaust air with mass flow 18.7 kg/s was set to 445 °C [12] with
ambient pressure and a 2% humidity ratio, and a goal exit temperature of 20 °C and 0% humidity.
The enthalpy of both the air and water was solved by using the engineering equation solver (EES)
psychrometric library. Given the stated variables, the cooling load to reduce exhaust air from 445
°C to 20 °C was solved using the following equations. Equation 3 finds heat load given efficiency,

mass flow, specific heat, and temperature difference.

Equation 3 Q =exmgy;, * p,air (Tair_in — Twater_in)

Equation 3 solves for the sensible heat transfer, considering only the difference in temperature
between the hot exhaust air and cooling water. When efficiency (€ ) is set to 1, the heat transfer is
found to be 8.8 MW. Equation 3 solves for heat transfer in terms of enthalpy at defined humidity

ratios of 2% at turbine exhaust and 0% in the cooled state, assuming all water has dropped out.

Equation 4 Q = Mgy * (Hair_in — Hair out)
Equation 4 solves for the sensible heat transfer given the change in enthalpy of the air before and

after cooling and calculates 8.3 MW heat transfer.

Since Equation 3 does not account for enthalpy change during the cooling process, the solution
found through calculating Equation 4 will be referenced to solve for total steam generation
capacity. Given the stated assumptions and calculation process, the cooling load was estimated to

be 8.3MW.

Determining the capacity for steam generation, assuming the cooling fluid is liquid water,
was then calculated assuming all the cooling water is vaporized at 100 °C. The turbine exhaust air

is cooled by sensible heat transfer as well as latent heat transfer from evaporating water, therefore,
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Equation 5 can be used to find the mass flow of cooling water to reach the exhaust cooling heat

load, when Equation 6 is true.

Equation 5 Quir = Myater * (hvap water + Ah)
The enthalpy of vaporization of water was calculated from the engineering equation solver

thermophysical properties library.

Equatlon 6 Ahwater = mwater * Cp water * ATwater

Assuming all the water is evaporating to steam, the calculated mass flow value represents the steam
production capability of the system that could be used in a HRSG application. The mass flow of
water was found to be 3.2 kg/s when the inlet temperature is 15°C and the water fully evaporating
to steam. The stated capacity for steam generation can be utilized in the consideration for the
efficacy of a HRSG application. In application, an additional burner could be implemented to add

additional heat, however, the reduction in Oz in the exhaust would need to be considered.
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CHAPTER 4 - RESULTS OF SURROGATE EGR MODEL

In Chapter 3, the results of the actual EGR system components were analyzed. In Chapter 4, the

results of the surrogate gas flow requirements and surrogate system model will be analyzed.

4.1 Surrogate Gas Requirement Calculations

The surrogate gas requirement was first calculated by analyzing the recirculated exhaust
gas composition for each EGR% and converting the values from mass fraction to mass flow, using
the gas turbine inlet air flow of 18.7 kg/s [12] for the conversion. Once the mass flows of nitrogen,
argon, oxygen, and carbon dioxide were determined for each EGR%, the surrogate gas requirement
was reconstructed to reduce the actual surrogate gas flowing. As supplementing exactly half the
inlet airflow to recreate 50% EGR would be very difficult and require a large amount of gas flow,
a portion of the inlet air that would be considered “displaced air” if the system was actually
recirculating flow, was considered as EGR. Using this method, the surrogate gas flow requirement
was reduced, as a portion of the nitrogen and carbon dioxide already present in ambient air was
considered as a fraction of the EGR flow. The adjusted values and actual gas delivery requirements

are shown in Figure 33.
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Figure 33: Surrogate Gas Requirements in Mass Fraction as a function of EGR%.

As seen by the Figure 33 plot, the air never converges with the surrogate gases, this is because of
the ambient air replacement method for reducing surrogate gas flow. Despite the effort to reduce
experimental gas flow, the capacity of gas required in this application is on an industrial scale.

Local bulk gas suppliers were surveyed for available gas capacity and delivery capabilities.
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Figure 34: Surrogate gas requirements by EGR% at full engine load.
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Figure 34 plots the surrogate gas requirement for CO; and N; as a function of EGR %. The high
flow rates required are due to the high volume of air typically processed by the engine and would
increase and decrease with higher and lower engine classes, as air flow rates increase and decrease.
Nitrogen holds a higher percentage of the surrogate gas composition, at 11901 kg/hr mass flow
required for 50% EGR, or 361,970 SCFH. The largest bulk delivery option for gaseous Nitrogen
is 130,000 SCFT, which can only deliver about 20 minutes of the required amount in the 50% case.

Therefore, nitrogen must be delivered in liquid form and vaporized with an ambient air vaporizer.

The liquid mass flow required before vaporization for the 50% N> case was found to be
1992 CFH. The available liquid nitrogen capacity supplied by Airgas suppliers is 43482 kg, or
about 50 tons. Given the required mass flow rate of nitrogen and the available tanker capacity, N

surrogate supply at the 50% EGR case limits runtime to about 3.6 hours.

The CO; tanker capacity was determined based on a 20ton CO2 estimate (within a 50 ton
trailer). Assuming typical liquid CO> transport conditions of 362 psi (25 bar) and -15°C, the
standard gaseous capacity of the tank is 45,351 SCF. The required CO> surrogate volume flow is
66,509 SCFH, allowing about 13 hours of runtime at the 50% EGR full load case, as shown in

Figure 35.
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Figure 35: Plot of surrogate gas testing runtime given tanker capacity at various EGR%.
4.2 Gas Vaporization
Gas vaporizers are necessary to transition the compressed liquid CO> and N> into gaseous phase.
Ambient air vaporizers are used for nitrogen, which do not require any heat input to vaporize the
gas, only natural convection [27]. Carbon dioxide must be vaporized with heat input, and has an

associated footprint, along with the N2 vaporizer, that must be accounted for in packaging design

[32].
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Figure 37: Nitrogen ambient air vaporizer.

Figure 36: CO; electric vaporizer. [32] [33]

Gas vaporizers are shown in Figure 36, the carbon dioxide vaporizer, and Figure 37, the nitrogen
vaporizer. The component sizing and footprint analysis of the gas vaporizers will be conducted
based on the two selected options available for commercial use. The ambient air nitrogen
vaporizer’s largest model has a max flow rate of 186,600 SCFH. Given the Nitrogen flowrate is
361,970 SCFH, two vaporizers are required to accommodate the required flow rate. The
dimensions of each are WxDxH : 101x114x534 inches, and total weight is 9,070Ibs. The CO»
vaporizer largest size available has a maximum flowrate of 6434 1b/hr of CO». The surrogate gas
requirement of CO> is 7613 Ib/hr. Therefore, two electric CO;, vaporizers are required to
accommodate the total required flowrate for the 50% EGR case. The dimensions of each vaporizer

are LxWxH:56.75x65.75x31.0625 inches.

4.3 Surrogate Gas Flownex Model

The Flownex model of the surrogate gas delivery system was paramount in deciding the
required gaseous delivery pressures and allowable pipe diameters. The model also informed
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Reynolds number in the piping system, suggesting that a designated mixing skid was not required,

as the flow is turbulent and therefore creates a homogeneous mixture in the transport piping.
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Figure 38: Surrogate gas system with minimum pipe diameters showing gas delivery pressure
requirements, pressure drop, and Reynolds number.

The surrogate system in Figure 38 shows the set diameter for each pipe element, as well as the
solved for average pressure and pressure drop in each element. Furthermore, it shows the Reynolds
number and length of the longest pipe sections, suggesting that no mixing skid is needed for the
gas. From this figure, the gas delivery pressure for COz is at least 77.1 psi to overcome pressure

drop throughout the piping system. For Na, the delivery pressure must be at least 88.5 psi to
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overcome pressure drop throughout the system. As both of these values are well within deliverable

range specified by Airgas suppliers, the piping system design is acceptable.
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Figure 39: Surrogate Gas system at large pipe diameters.

The surrogate gas delivery system model shown in Figure 39 shows the pipe diameter of each
element as well as the average pressure and pressure drop. As seen from this model, the delivery
pressure requirements are much lower than compared to the minimum pipe sized system, at 12.9
psi for CO2 and 13.7 psi for N2. As the delivery pressures are also well below the maximum
pressure before additional pumping systems need to be incorporated, this piping setup is another

acceptable design. Similarly with the minimum pipe study, the Reynolds number after gas mixing
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points is shown on the plot, and is well above the turbulent region, indicating good mixing and
flow. This negates the need for a gas mixing skid, as the fluids have ample time to mix as they

transport from the gas delivery tanks to the mixing point before the compressor inlet.
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CHAPTER 5 - COMMISSIONING RESULTS

The previous chapters dictated modeling efforts and results of the actual and surrogate EGR
systems. Chapter 5 will describe commissioning of the exhaust system on the Solar Turbines
Centaur 40 in CSU’s research facility at the Powerhouse Energy Campus, including design
challenges and restrictions specific to the location. Since the Powerhouse is categorized as a
historic building in the city of Fort Collins, there are restrictions that prohibit the permanent change
of the street-facing building image. This presented a challenge in designing a functioning exhaust
stack for the gas turbine. Furthermore, the internal structure of the building presented design
challenges is routing and installing the exhaust, as major structural components could not be
altered without major reconstruction, and had to be incorporated into the design or worked around.

The specific commissioning restrictions, objectives, and results will be addressed in this section.

5.1 Construction Objectives

To facilitate investigation of EGR on the Solar Turbines Centaur 40, an integral effort of
this research was to complete commissioning of the exhaust system. Several challenges were
presented in the process of installing the exhaust system, most notably in the geometry and features

of the existing research facility building. The commissioning tasks consisted of the following:

e Exhaust pipe extension installation to bridge distance from package installation point
to silencer installation point.

e Design and manufacture of exhaust pipe extension stand to support weight during
thermal expansion.

e Installation of Silencer, including mounting to acceptable height and alignment with

turbine.
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e Installation of exhaust chimney extension and associated roof protection thimble.
e Design and manufacture of adjustable chimney cart.

e Designing specifications for internal insulation of exhaust system, and installation.

Several obstructions to the originally intended installation sequence for the gas turbine exhaust
system arose due to the existing building conditions. The need for a pipe extension was determined
by a few factors, 1) the installation sequence 2) the existing building geometry and features and 3)

building safety standards.

To understand the full system layout, a SolidWorks model of the full assembly, including the
exhaust system, gas turbine package and components, and building features, is shown in Figure

40.

AL LTI

Figure 40: SolidWorks model of full assembly, including gas turbine package and ducting and
components as well as full exhaust system.

Each component in the commissioning process will now be explained in sequence.
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5.2 Silencer Positioning and Mounting

Given the limited space availability of the research facility, the turbine package was
installed where it best fit the floor space of the facility. This was at the southwest corner of the
CSU powerhouse campus, situated under roof monitors, open window recesses, and near legacy
engine skid footprint on the ground, with varying floor material and geometries. This arrangement

required integration consideration of both the roof and ground conditions.

Due to the legacy engine footprint, there was a considerable amount of ground
discontinuity, shown in Figure 41 as the red section of ground. This, coupled with the existing
structural beams running east-west and north-south, and the requirement of concentricity between
the turbine exhaust and silencer intake, the location of the silencer was mostly pre-determined.
Additional considerations were the proximity of the silencer to the south wall and the requirement
for accessibility to pass through the building, as well as the fire extinguisher line at the ceiling

partially obstructing the mobility of the silencer.

uu}

Figure 41: Internal building exhaust system comprised of expansion bellows, exhaust pipe
extension, and silencer.
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Foremost, the distance of the silencer from the package face was determined to be 90.5
inches to avoid collision with the uneven floor and supporting roof beams, and to allow adequate
space between the silencer and closest wall according to the standard 36 inches, as shown in Figure

42.

Figure 42: Silencer final position from south wall of research facility, maintaining standard 36
inches required for passageways.

The final location of the silencer required the fire control line to be routed around the silencer by

Front Range Fire, which was done in advance of the installation process dictated in section 5.6.

5.3 Chimney Exhaust Extension

To channel the exhaust fumes through the silencer and roof to the ambient air outside, an
exhaust pipe chimney extension was needed. The chimney extension was designed to extend the
top of the silencer through the roof, and to terminate below the street-view visibility plane to adhere
with county historical building codes, described further in section 5.9. The required length was

found to be 60 inches, and was modeled as a continuation of the silencer, maintaining the inner
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diameter and wall thickness of the existing geometry. Once the part was modeled, it was sent to

inExhaust for manufacturing, the drawing pictured in Figure 43.
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Figure 43: Exhaust Pipe Chimney extension drawing sheet from inExhaust.
5.4 Thimble Component and Installation
As the exhaust had to terminate through the roof, it was required by standard building code
that the exhaust be insulated from combustible roof material through use of a thimble. Therefore,
a custom thimble had to be manufactured based on the given specifications. The custom part

drawing sheet is pictured in Figure 44.
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Figure 44: Thimble drawing sheet from inExhaust.

5.5 Roof Reconstruction

To accommodate the added weight and allow for the proper installation of the thimble, it
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As shown in Figure 44, the thimble insulates the exhaust pipe extension from the top of the thimble
through the roof. The thickness of the roof was determined by plunging and measuring through
the roof membrane to measure insulation and overall pitch and combining that with the thickness
of the concrete decking blocks. The thickness was found to be between 3.75-4 inches, and the
concrete decking panels to be 3” tall, summing to a roof thickness of 6.75-7 inches. This is

represented in the 7-inch dimension between the outer and inner flashing shown in Figure 44.

was deemed necessary to replace the concrete decking with steel sheet decking. Additionally, one
section of cross member support was removed and reinforced to accommodate the exhaust

extending through the roof, as the original cross member would have completely obstructed the



passage. In this endeavor, Corbel Engineering was contracted to redesign the roof support, the final

drawings shown in Figure 45.

G CORBEL

(CSU ENGINES LAB - NEW
EXHAUST PENETRATION

THROUGH ROOF
o B e

Figure 45: Corbell engineering roof redesign for additional load bearing of thimble installation.

The design depicted in Figure 44 was executed in a joint effort between the CSU powerhouse team

and hired contractor, Hillside Construction.

5.6 Silencer and Thimble Installation

The assembly sequence of the silencer, chimney pipe extension, decking, and thimble was
paramount in the successful completion of this installation phase. First, the silencer was moved
out of the way to allow the installation of the new roof support system, pictured in Figure 45. Once
roof supports were installed, the silencer was moved back into place. The roof membrane was
opened and concrete decking tiles removed to make way for the new decking. The silencer,

weighing approximately 8,542 pounds, was lifted through the opening in the roof into place by a
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crane. Then, the chimney pipe extension was lifted onto the roof and lowered into place, where it

was installed with gasket and hardware, pictured in Figure 46.

Figure 46: Decking and thimble installation process.

Once the chimney pipe extension and silencer were in place, the thimble was lifted and lowered
onto the support beams, shown in Figure 46. Figure 47 shows the thimble in place with the upper

and lower flashings installed.

Figure 47: Thimble and pipe extension 2 ) ) ) )
installation process. Figure 48: Completed installation of pipe

extension and insulation thimble at roof.
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After the thimble was fully installed, the remaining decking was installed and the roof membrane

was sealed with high heat materials, shown in Figure 48.

5.7 Silencer Shims for Vertical Alignment with GT Package

The GT package installation guide required the entire package be mounted on a 2-inch-
high platform of grout. To maintain the axial alignment of the turbine exit with the silencer
entrance, the silencer was mounted on shims, shown in Figure 49. The shims were designed with

an outer geometry and center hole to match the silencer feet for easy mounting.

Figure 49: Two-inch shims under silencer feet, required to lift the silencer to match concentricity
of the turbine exhaust, as the GT package was installed on 2 inch slabs, raising it above
concentricity.

During the initial alignment process of the silencer, markings were made to indicate the final
location of the feet, pictured in Figure 48, to allow for realignment during the final installation

process.
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Once the silencer final location was known, center holes were drilled into the ground to place
concrete anchor bolts. The shims were placed in the marked location, with the anchor bolt through
their center hole. Then the silencer was lifted above the concrete bolt and lowered back down onto

the shims, where it was then torqued into place.

5.8 Exhaust Pipe Extension Design and Installation

The dimensions of the horizontal pipe extension (EP1) were designed to be a continuation
of the existing components, maintaining the inner diameter and wall thickness of the silencer. This
also ensured additional protection from possible hazardous ejections. The designed pipe extension

is pictured in Figure 50.

Figure 50: SolidWorks model of horizontal exhaust pipe extension design sent to manufacturer
for production.

To ensure lead time and manufacturing did not delay the final installation of the exhaust system,
the horizontal pipe extension was ordered to the manufacturer before the final silencer position
was known. To account for the possibility of lateral adjustments during the installation process,
the pipe extension was specified longer than required, at 70.5 inches long, pictured in the

manufacturer drawing in Figure 51.
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Figure 51: Horizontal exhaust pipe extension manufacturer drawing sheet.

As mentioned in section 5.2, the distance between the silencer and turbine package faces
was determined to be 90.5 inches. After accounting for the expansion bellows lateral installation
distance of 24 inches, it was found that the exhaust pipe extension needed to be 66.5 inches from

face to face. The pipe was cut to the determined length.

In anticipation of a variable length, the manufacturer included the flange face separately to be

welded on site and included a floating flange to allow for easy alignment during installation.

When planning the installation of EP1, it was necessary to consider the entire system and the
impact adding a custom retrofit part might have on the original equipment manufacturer (OEM)
design. One notable complication was in support of the additional pipe extension. It was specified
in the OEM installation documents that additional ducting above a particular weight must be
independently supported. Further, the expansion bellows, which exists between the turbine

package and pipe extension, has a maximum allowable displacement, noted in Table 10.
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Table 9: Expansion Bellows joint allowable displacement.

Axial Axial Radial
c . Extensi Lateral M t
MODEL LINE ompression xtension Movement ovemen
From From Allowable (+/-) Allowable
Installation | Installation (degrees)
2.0in 0.625in 0.50 in
Centaur 40/50-Taurus 60/65/70 (5.1 cm) (1.588 cm) (1.27 cm) 0.0

It was known that the vertical expansion of the silencer could be as much as 0.5 inches, with
varying local expansion, and axial expansion to be as much as 0.2 inches. Given the allowable
displacement stated in Table 10, this would be acceptable, but it does not consider the addition of

EPI.

As EP1 exceeded the allowable dependent weight support threshold, it was necessary to conduct
thermal and static calculations on the system to determine the total displacement of the system.

Through modeling, the impact of adding a component to OEM design was clear.
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Figure 52: Static simulation of exhaust assembly without thermal load.
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As shown in Figure 52, the silencer can withstand the additional weight of the pipe extension
without buckling or bending beyond the acceptable displacement. However, when the exhaust
system reaches operating temperature, as modeled in Figure 53, the displacement is beyond the

acceptable limit and compromises the expansion bellows.
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Figure 53: Study of EP1 Displacement on Silencer with thermal and static considerations.

Furthermore, a stress studies were conducted on the silencer supporting the weight of the
cantilevered pipe extension and bellows, one without thermal load (Figure 54) and one with

thermal load (Figure 55).
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Figure 54: Stress study of silencer with
cantilever weight of exhaust pipe extension
and bellows without thermal load performed

in SolidWorks.

Figure 55: Stress study of silencer with
thermal load performed in SolidWorks.

It can be determined from these studies that the silencer cannot support the weight of the exhaust
assembly (pipe extension and bellows) when under thermal load, as is indicated by the yield

strength marker in Figure 55.

In response to this deformation problem, a stand was designed and manufactured to allow
both vertical and horizontal movement while maintaining support. When reaching operational
temperatures, the silencer can expand as much as 0.5 inches vertically and 0.2 inches horizontally.
This is compounded when considering the thermal expansion of the carbon steel pipe extension,
which can be up to 0.24 inches horizontally and 0.17 inches vertically, as determined by a thermal

simulation shown in Figure 56 .
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Figure 56: Thermal expansion study performed on horizontal pipe extension in SolidWorks; with
thermal load across all surfaces set to temperature 445 °C.

To allow horizontal movement, a saddle and roller assembly was selected to fit the diameter of the
pipe extension. For vertical movement, two heavy duty springs are mounted beneath the roller.
The springs are installed partially compressed, allowing for maintained support through vertical

movement.
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Figure 57: Exhaust Pipe Extension stand SolidWorks CAD model.

Figure 57 depicts the design for support the horizontal exhaust pipe (EP1) in the exhaust system.
The exhaust system material will expand as the temperature of the exhaust system rises and
stabilizes with combustion. The bellows is in place to accommodate lateral movement from
expansion. EP1 was added to overcome the existing building limitations of the research facility,
which requires analysis of the silencer in its ability to support the additional weight. Solidworks
FEA studies were conducted to observe the material behavior of the silencer at a range of
temperatures, from ambient to operating. At ambient temperature, the silencer is fully capable of
supporting the pipe extension, but the problem of displacement presents itself when at operating

temperature.
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Figure 58: Images of installed Exhaust pipe extension support.

5.9 Mobile Cart for Chimney Extension Design and Installation

The chimney will be exhausting gas at operating temperature 445°C. This presents complication
both in terms of heat transfer and exhaust fumes when considering the surrounding building and
roof material. To prevent exhaust gas from melting surrounding roof membrane, which is rubber
based, or exhaust flue entering into nearby building windows, the chimney height was set to 128
inches above the roof membrane. The actual chimney is 84 inches in height, as shown in Figure
59, but it rests on top of the chimney pipe extension, which terminates about 34 inches above the

membrane.
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Figure 59: Drawing sheet of chimney extension supplied by custom manufacturer inExhuast.

In addition to heat and exhaust concerns, street visibility of the exhaust chimney stack was a
consideration in the system design. A design challenge of maintaining exhaust chimney function
while adhering to historic building defacement restrictions presented itself in this phase of the
commissioning process. Historic buildings, of which CSU’s Powerhouse Energy Institute is, must
maintain a historically accurate street view. This regulation demanded that the chimney be out of
sight for all or some of the time, but safe exhaust ducting practices and building codes demanded
an extended chimney during testing operations, as the Solar Turbines Centaur 40 exhaust was
required to terminate at an appropriate height to not destroy the roof membrane and to adhere with
building codes, which placed it above the visibility limit. To both terminate the exhaust at a safe
height for building structure and adhere to the city’s historical society requirements, a temporary

chimney with a mobile uplifted and demounted positions was deemed necessary. The chimney
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design iterated through a series of functional designs, which included a telescoping system, a
hinging system, and finally, a mobile chimney cart with vertical height adjustment. The mobile

cart design is pictured in Figure 60.

Figure 60: SolidWorks model of mobile, vertically adjusting chimney cart assembly in upright
(left) position and lowered (right) position.

To facilitate repeated vertical movement on the roof, support wings were added to the chimney
stack as mounting points for the lifting jacks mounted to the stand on opposite sides, as seen in
Figure 60. To ensure the wings were adequate in material and geometry to support the entire 240

pound stack, force analyses were conducted in SolidWorks, as seen in Figure 61 and Figure 62.
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Figure 61: Stress study of winged chimney with thermal temperature load and gravity acting.
Scale max set to yield strength of material.

Figure 61 shows the results of a stress study conducted on the winged chimney. The scale is set to
put yield strength of the material as the maximum, so any red areas on the figure are exceeding the
yield strength. The study shows that the mounting points of the lifting jacks undergo a high amount
of stress at temperature and exceed the yield strength. However, the deformation is maintained
within the ultimate strength of the material. Furthermore, deformation results shown in Figure 62

show minimal deformation at the mounting point and the surrounding area.
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Figure 62: Deformation study of winged chimney with thermal load and gravity acting.

The maximum displacement of the study in Figure 61 is 0.39 inches. Given the size of the chimney
and the slight predicted deformation and stress maintenance being below the ultimate strength
point, the studies indicate that the chimney can support itself while withstanding the max operating

temperature of 445°C.
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Figure 63: Solidworks FEA stress plot with gravity load, no heat load.
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As shown in Figure 63, the chimney FEA stress plot is shown under conditions of weight load but
without heat load. The stress points are well below the yield point of the material, showing no
stress when heat is not applied. Figure 61 indicates that the chimney wings would be reaching the
material yield point, causing deformation at the mounting plates if supported in that manner during
full engine firing, reaching operating temperatures. However, when not at operating temperatures,
the chimney weight can be fully supported by the wings and cart assembly, as shown in Figure 63

and pictured in Figure 64.

The cart design depicted in Figure 60 as a solution to the visibility restriction was

manufactured and installed on the roof, as shown in Figure 64 and Figure 65.

Figure 64: Mobile cart for raising and Figure 65: Mobile cart of raising and
lowering exhaust stack. lowering exhaust stack view.

As is shown from the manufactured model in Figure 64 and Figure 65, deformation of the chimney

around the support wings proved to be negligible. The chimney cart allows the chimney to be
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upright and in place during testing and lowered and out of the way when not testing. It can easily
be installed and removed by two people in less than 15 minutes. The installation of this component

completes the exhaust ducting components of the commissioning process.

5.11 Insulation Motivation and Installation

The exhaust gas temperature of the Solar Turbines Centaur 40 can reach up to 445°C,
therefore the exhaust system must be insulated to reduce safety hazards such as contact burns and
proximity heat exposure. To ensure proper fitting of insulation blankets, the exhaust system was
canvased and modeled in SolidWorks showing each protrusion, including custom lifting lugs
added during the silencer installation process. The drawing was then sent to the insulation

manufacturer, Insultech, for custom fiberglass blankets.

Figure 66: Image of exhaust system insulated with insultech blankets.

As pictured in Figure 66, the insulation blankets are fully installed. The blankets covering the

silencer and horizontal pipe are 2-inch-thick silicone coated fiberglass cloth blankets with internal
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wire mesh, and springs and rings closures. They will reduce the contact temperature from 445°C

to below 73°C (164°F), with a 96.95% insulation efficiency.

5.12 Commissioning Summary

The exhaust system is fully commissioned. The exhaust is ducted continually from the
turbine package exhaust through the silencer and terminates outside the building. The chimney and
mobile cart assembly is stationed on the roof and has been tested to ensure proper function. The
exhaust system is fully insulated to prevent injury and comply with building specific safety

recommendations.
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CHAPTER 6 - CONCLUSION AND DISCUSSION

Exhaust gas recirculation is a promising technology and step toward retrofitting existing
gas turbine infrastructure to bridge the gap between the available decarbonization strategies of
today and the zero-carbon systems of the future. As technology improves and the renewable fuel
network matures, a zero-carbon energy industry becomes nearer, but there is still a long way to go.
This study contributed to the progression of decarbonization strategies through system modeling
and physical commissioning that laid the foundation for future experimental testing of EGR for
decarbonization. The results of this study find that simulated EGR through surrogate gases is more
feasible than actual EGR at the CSU Powerhouse campus, given the available resources and

restrictions, as described below.

EGR for carbon capture is a feasible option for large scale power plants and has been
theoretically proved to increase net efficiency of large systems. However, some complications of
this system prove it impossible in some applications, such as for the laboratory setting at CSU’s
Powerhouse energy institute. The high mass flow requirement for cooling fluid coupled with the
required cooling load is beyond what is feasible at our facility. The cooling load to reduce the
exhaust gas from 445°C to 20°C is about 8.5 MW of cooling load, which is a massive load to take
on as an auxiliary system component. Furthermore, it was found that the mass flow rate for a
typical bulk air cooler is between 7.48 kg/s and 37.4 kg/s, depending on the selected exhaust
temperature reduction, with the higher flow rate only achieving a temperature reduction to 56°C,
despite the cooling mass flow being double the GT air flow (potentially due to heat transfer
capacity restrictions of the modeled system). The makeup water requirements for the stated typical
bulk air coolers were found to be 2.137 kg/s and 0.272 kg/s of water to account for boil off mass

flow. When the effects of drift are considered, these values are likely to increase even further.
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Furthermore, if the cooling water is recirculated in a direct contact semi closed system, which
would be optimal for reducing required resource cost in water usage, cooling loads and water
purification systems would have to be considered. Cooling loads to recirculate the cooling fluid
were found to be about 1.75 MW to maintain a cooling fluid flow of just 9 kg/s, less than half the
mass flow of the exhaust air. Given the high resource requirements necessary to implement and
cool a true EGR system, it is not feasible with the limitations of the specified research facility

without major reconstruction of infrastructure.

However, surrogate exhaust gas recirculation presents a feasible alternative to actual EGR
while still allowing for experimental testing of the theory. It was found that the gas delivery rate
for CO2 and Nz is 3453 kg/s and 11901 kg/s respectively to replicate 50% EGR. This value is
calculated from an adjusted EGR requirement that considers the composition of ambient air in the
intake as a partial contributor to the EGR makeup. The experimental surrogate flow run time
limitations of available bulk air trailers was found to be 3.6 and 5.5 hours, with nitrogen being the
limiting factor due to its high mass flow requirement. The Reynolds numbers in both surrogate
pipe size cases examined were well above the turbulent flow range for turbulent flow in
pipes, 10,000, at 3792844 and 1610620 for each case directly after mixing the gases, suggesting
the two gases become fully mixed as they travel together through the pipe. This removed the need
for a surrogate gas mixing skid, as the gases can be assumed to be fully homogeneously mixed by
the time they reach the ambient air mixer point. The required gas delivery pressures for CO2 and
Nz were solved to be 77 and 88 psi at the most, which is well within the allowable delivery pressure

specified by Airgas.

This simulation-based study assessed the practicality and the performance implications of

implementing an EGR system for a gas turbine to enhance exhaust CO> concentration and thus
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permit the use of smaller, less-energy demanding carbon capture systems. Two system layouts
were evaluated, 1; an applied “real-world” EGR system requiring exhaust gas cooling to extract
condensate prior to recirculation, and 2; a laboratory appropriate configuration using high flow
rate CO:2 and N: as surrogate gases to simulate EGR without the power and space demand
associated with actual recirculation. The systems were modeled in Flownex to determine
appropriate component sizing and analyze the impact on exhaust pressure loss, required redirection
flow and power, heat transfer load and water requirements to cool the exhaust gas, and the impact
of various boundary condition inputs on the overall system. Given the high resource cooling and
scrubbing requirements of the actual EGR system, my recommendation is a surrogate gas system
that will simulate EGR for the purpose of testing its impact on the Centaur 40 at CSU. In the case
of implementing EGR for carbon capture for a land-based power generation facility, actual EGR
with heat recovery and a bottoming steam generation cycle would be most energy efficient. For
the case of naval application of EGR for carbon capture, further consideration must be made
weighing the usefulness of an indirect heat recovery and generation unit given the available
onboard space, as direct contact cooling may be a more feasible way to cool the exhaust for

recirculation without implementing a secondary power generation cycle.

To facilitate testing of the engine with an EGR loop, extensive commissioning procedures
were required to fully install the engine to operating status. The commissioning work completed
in pursuit of this project involved design, manufacturing, and installation of the exhaust system
and auxiliary components. The exhaust system included the alignment and installation of the
provided expansion bellows and silencer, as well as the design, manufacture and installation of the
horizontal exhaust pipe extension, the silencer extension pipe, the exhaust thimble and roof

reconstruction, and the chimney stack and mobile cart. The exhaust system was fully completed to
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the specifications for normal engine operation. The completion of exhaust commissioning enables

the recommended EGR testing method of surrogate gas injection.
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CHAPTER 7 - FUTURE WORK

The future work in this study is two-fold, first in the actual EGR system and second in the

surrogate EGR system.

To understand the full load and requirements of the actual EGR system, it is necessary to
consider a fully closed loop system for the indirect cooling method. Additional work would include
calculating fouling in the pipe system as well as loss of effectiveness due to corrosion from exhaust
particles. Furthermore, the implications of CO; scrubbers on pressure drop and power consumption
are necessary to consider in the case of implementing real EGR. Additionally, sizing and selecting
a component to replicate the orifice would be necessary in validating the method of using flow
restriction to change pressure and redirect flow. The most likely application would be a variable
butterfly or solenoid valve. Finally, a secondary heat exchanger system to cool the recirculating
gas should be sized and considered, as well as a water purification unit to ensure recirculating gas
is not accumulating any undesirable solids or chemical adjustments. A valuable continuation of the
real EGR system would be in studying repeat firing and the efficiency implications of a complete

HRSG system in conjunction with EGR.

The surrogate system requires specifications for every aspect of the gas delivery system,
including surrogate gas tank footprint, cost of operating, and bill of materials for system assembly.
The design of the surrogate gas delivery system for application in impending on-site testing is

currently in progress.

Once both designs are fully considered in terms of resource availability and cost, it will be

necessary to compare them to make an informed financial decision and recommendation to small
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lab or small power generation facilities, as to pave the way for EGR system research and wide

scale implementation for carbon capture.

Flownex provides an opportunity to model the selected EGR system to its fullest extent,
including the capability of modeling a digital twin of the EGR GT system. Digital twins are virtual
models representative of a real-world system. Creating a digital twin of the EGR and GT system
would provide insight into how different components would react in the real world given various
input changes. It would be possible to model a digital twin of the Centaur 40 with EGR but would
require extensive modeling and knowledge of the transient solving condition in Flownex.
Furthermore, each individual component would need near-exact replication, as any small
individual component inaccuracies can compound into major inaccuracies as a full system.
Furthermore, there is the complication of individual components and fluid restrictions, as some
components cannot process two-phase or mixed fluids. One example is the direct contact cooler
component that only allows water-steam-air in the solver, creating complications given the process
exhaust is comprised of various combustion products in addition to pure air. These complications
can be circumvented with the data-transfer link utilized between components, if some inaccuracy
is allowable. In all, it would be possible to create a digital twin to replicate the GT EGR system,

given careful consideration of all modeling sensitivities and inaccuracies.

The final step in future work is to implement surrogate EGR for testing on the Solar
Turbines Centaur 40. This includes procurement of N, and CO: gas tankers and vaporizers that
can deliver a surrogate mixture at the scale necessary to imitate actual EGR. Furthermore, piping
infrastructure design and installation is necessary to integrate a surrogate gas injection with the

engine. The surrogate gas manifold will need to account for variable EGR rates and allow for
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injection gas volume and composition regulation. Finally, exhaust flue composition testing must

be created for accurate EGR data acquisition.
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APPENDIX A - FLOWNEX COMBUSTION MODEL

Appendix A describes the method for modeling a gas turbine engine in Flownex using
known conditions about temperature output and pressure ratio. Utilizing these variables along with
“change design” conditions for certain components in Flownex sets the basic turbine and
compressor components to replicate real-world function. This model can be used to measure fuel
injection requirements, combustion composition, and component response to various conditions
such as inlet temperature. The process will be described in a series of steps that one can follow

along with the Flownex simulation software.

Step 1: Initialize Components

This process is useful when inlet and outlet conditions are known, but the compressor and
GT charts are unknown. Pressure ratio, mass flow, inlet temperature, and exit temperature must be
known. Isentropic efficiencies are assumed. The component circuit is displayed in Figure 67, with
components labeled by number as follows; 1: Boundary Condition, 2: Simple Compressor, 3: Basic

Pipe, 5: Simple Turbine.

3 b,
O 5 & 9 )
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Figure 67: Component system circuit required to initiallize simple compressor and simple turbine
component characteristic charts in Flownex.
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The initial boundary condition, labeled 1 in Figure 67, represents the inlet air, and must be known
as the ambient condition specified for the outlet temperature measured or listed in the engine’s
technical specification sheet. For our purpose, component 1 will have a set temperature of 20°C

and pressure of 100 kPa. Figure 68 shows the property window setup for BC 1.

.| Boundary Condition - 58 (Boundary Co... 1 x

[E]24

-/ General
Identifier Boundary Condition - 58
Description
Solving

-I Boundary Conditions
Steady state only O
Pressure boundary condition | Fixed on user total valudz
Pressure 100 kPa E
Temperature boundary co... | Fixed on user value E
Temperature 20 oC E
Steady-state continuity o... | Calculate mass source E

- Flow Source/Reference Conditions
Specify sourcefreference ...  No

Figure 68: Property window settings for initial boundary condition corresponding to BC 1 in
Figure 66.

The fluid for BC 1 and the system circuit is specified by selecting the node associated with BC 1,
and setting the fluid option in the property window to Air, found following the fluid drop-down

menu in the sequence, Pure Fluids, Gases, Air.

The basic centrifugal pump, labeled component 2 in Figure 67, will be adjusted before and after
the initialization run. Before initialization, the efficiency at BEP, fixed mass flow, and design for

mass flow options in the property window must be set.
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Figure 69: Property window settings for basic centrifugal pump corresponding to component 2 in

To initialize the compressor component, proceed with the following sequence:

1.

The efficiency at BEP can be assumed 0.8 for the primary initialization or adjusted to a measured

efficiency if available. The mass flow should be set to 18.7 kg/s, as specified in the technical

O

:_| Basic Centrifugal Pump (Basic Centrifu... — O X

24

g

Select fixed mass flow

General
Identifier
Description
Solving

! Connected Nodes

Upstream node

Downstream node

Fluids

Fluid data reference

Pump Design/BEP Conditions
Head at BEP

Volume flow at BEP
Dimensionless speed option
Effidency at BEP

Fix efficency at BEP when fixe...
Pump design criteria

Number of stages

! Pump Operating Conditions

Speed option

N/N_BEP - Speed ratio
Reference Pump Inputs
Change default reference values
Fixed Options

Fixed mass flow

Design for mass flow

Prevent flow reversal

Mass flow

- Advanced

Spedfy advanced inputs

Basic Centrifugal Pump

Moae

Node

Air | Gases (Pure Fluids) {Ma...
0 m [
0 mifs |v
Apply reference chart ~
0.8 0-1 |~

Yes
Specify number of stages |~
]

g

Specify speed ratio [ZI
1

No s
a

Change design |Z]
O

18.7 kajs [+ ]

O

Figure 67.

91

Set dimensionless speed option to “apply reference chart”

Set efficiency at BEP to guess value 0.8 or measured value

Set design for mass flow option to “change design”

Set mass flow to 18.7 kg/s as specified in technical specification sheet [12]



specification sheet [12]. Once fixed mass flow is selected, the design for mass flow option will
appear, and should be set to change design. The change design feature will allow the component
to “solve” itself to create a characteristic “chart” given external references and boundary

conditions.

Component 3 in Figure 67 is a node, and is used in junction with a major component, such as a

compressor, to specify the conditions at that point. The node conditions are specified in Figure 70.

Mode - 8 (Node) Properties L) »

54
= General

Identifier Mode - &

Salving

Description
= Fluids

Fluid data reference Air| Gases (Pure Fluids) {...
- Solver Guess Values

Specify guess values Mo
- Boundary Conditions

Elevation 0 m
= Geometry

Geometry spedfication Mot specdified
- Heat Transfer

Heat input 0 kw
- Radial Pressure Gradient

Radial oressure boundarv ... | Mo

Figure 70: Property window settings for node corresponding to point 3 in Figure 66, showing no
heat transfer at that point.

As shown in Figure 70, the heat input is set to zero, specifying the process is assumed adiabatic.

The custom loss pipe, labeled component 4 in Figure 67, is representative of the combustion
chamber in the gas turbine engine, and must have set resistance and exit temperature values, as

shown in Figure 71.
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Flow Resistance - 101 (Flow Resistanc... I b4

ElET

= General
Identifier
Description
Solving
=l Connected Nodes
Upstream node
Downstream node
= Fluids
Fluid data reference
= Resistance Data

Flow admittance

Mumber of increments

Dizcretization scheme
=1 Yolume and Inertia

Volume

Indude momentum ine

= Operational Inputs
Opening
= Heat Transfer
Heat option
T exit
= Fixed Options
Fixed mass flow
Prevent flow reversal
= Advanced
Spedfy advanced inputs

Figure 71: Property window of pipe component corresponding to label 4 in Figure 66, showing

= Flow Resistance Definitions
Flow resistance behavi. ..
Indude density variati.

Admittance scaling factor
=] Discretization and Differencing Schemes

[=] Non-terative transient solver inputs
Spedfy admittance I...

Flow Resistance - 101

Mode - 37
Mode - 48

Air| Gases (Pure Fluids) {...

Quadratic E
es E
0.01

1

1

Central difference
0 m? E
Mo E
Mo

1

Fixed exit temperature E

0 oC [«

no heat transfer specification.

The custom loss component replicates resistance in the combustor. The resistance is set under the
flow resistance definition at an assumed 0.01 value. Next, the heat option under the heat transfer
section is set to ‘fixed exit temperature’. This allows the user to set the exit temperature of the

combustor. For the initialization run, the exit temperature should be set to zero.

The boundary condition, labeled as component 5 in Figure 67, is paired with the simple turbine
component 6. It is necessary for the simple turbine component initialization that the boundary

condition steady-state continuity setting in the property window be specified as ‘apply element

fixed mass flow’, as shown in Figure 72.
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Boundary Condition - 49 (Boundary Co... 1 »

[E]24

= General
Identifier Boundary Condition - 43
Description
Solving [ ]

=/ Boundary Conditions
Steady state only _
Pressure boundary condition | Fixed on user total valuelz
Pressure 1000 kPa ‘:
Temperature boundary co... | Mot spedified E
Steady-state continuity 0...  Apply element fixed m...|
= Flow Source/Reference Conditions
Specify sourcefreference ... | Mo

<

Figure 72: Property window of boundary condition paired with simple turbine, corresponding to
components 5 and 6 respectively in Figure 66.

Utilizing the ‘apply element fixed mass flow’ setting associated the boundary condition with the
next component, in this case the simple turbine. The boundary condition specified in Figure 72
specifies the pressure for the simple turbine, allowing it to solve under the ‘change design’ setting.
As shown in Figure 72, the pressure is set to 1000 kPa, which is found by the compressor pressure
ratio 10:1 specified in the engine technical spec sheet [12], and calculated from the inlet pressure

set at BC 1 in Figure 68.

The simple turbine, labeled 6 in Figure 67, is specified as shown in Figure 73.
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= Ellipse Input Selection
Ellipse input option

=l Elipse Flow Coeffident Inputs
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.| Simple Turbine - 98 (Simple Turbine) ... 1 X
54
= General
Identifier Simple Turbine - 98
Description
Solving [~}
Connected Nodes
Upstream node MNode - 48
Downstream node MNode - 54
Fluids
Fluid data reference Air| Gases (Pure Fluids) {...
Simple Turbine Inputs
Loss option Ellipse-aw

1
Calculate from design p..

Pressure and temperat_lrE

Inlet pressure at desig... | 0 kPa E
Inlet temperature atd... 0 o E
Pressure ratio at desig... 1
Diesign mass flow rate a kafs
= Elipse Exponent Inputs
Ellipse exponent option | Calculate from design p.. E
Design isentropic effid... 0.8 0-1 E
= Operational Inputs
Isentropic effidency 0.8 0-1 E
Speed 10000 rpm E
= Fixed Options
Fixed mass flow [
Design for mass flow Change design
Prevent flow reversal B
Mass flow 18.7 kafs
= Advanced

spedify advanced inputs O
Figure 73: Simple turbine property window, corresponding to component 6 in Figure 67.

The pre-defined property window settings in Figure 73 are as follows; design inlet pressure is set
by the boundary condition at 1000 kPa, design mass flow rate is set by the centrifugal pump, and
the ellipse flow coefficient inputs are set by the system after the initialization run. The user must
set design isentropic efficiency and operational isentropic efficiency to 0.8, which is a starting
assumption and can be reconfigured to represent actual efficiency performance given more detailed
engine information. The user should also set the speed to 10000 rpm, or the assumed operating
speed, and select fixed mass flow and set to 18.7 kg/s, as specified by the specification sheet [12].

Set the design for mass flow option to ‘change design’ for the initialization run.
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The exhaust pipe in the system is modeled by the custom loss flow pipe, labeled component 7 in

Figure 67. The property window settings for this component are shown in Figure 74.

Flow Resistance - 51 (Flow Resistance... 1 *

B2+
= General
Identifier Flow Resistance - 51
Description
Solving ]
= Connected Nodes
Upstream node Mode - 54
Downstream node Mode - 57
1= Fluids
Fluid data reference Air| Gases (Pure Fluids) {...

|- Resistance Data
=l Flow Resistance Definitions

Flow resistance behaviour  Quadratic
Indude density variatio... Yes
Flow admittance 10
Admittance scaling factor | 1
=l Discretization and Differencing Schemes
Mumber of increments 1
Discretization scheme Central difference
=l Yolume and Inertia
Volume 0 m?
Indude momentum iner... | Mo
=l Mon-iterative transient solver inputs
Specify admittance li... | Mo
= Operational Inputs
Opening 1
= Heat Transfer
Heat option Fixed heat transfer
Heat input 4] kg

= Fixed Options
Fixed mass flow

Prevent flow reversal
= Advanced
Specify advanced inputs

Figure 74: Property window settings for the exhuast of the combustor model, associated with
component label 7 in Figure 66.

The flow admittance should be set to 10, simulating no resistance in flow from the exhaust pipe.

The exit boundary condition, labeled component 8 in Figure 67, represents the end of the

combustion system. The parameter window settings are shown in Figure 75.

96



Boundary Condition - 55 (Boundary Co... 1 »

ElLl

= General
Identifier Boundary Condition - 55
Description
Solving .-}

= Boundary Conditions
Steady state anly [
Pressure boundary condit... Fixed on user total value E
Pressure 100 kPa E
Temperature boundary c... | Mot specified E
Steady-state continuity o... | Calculate mass source E
=l Flow Source/Reference Conditions

Spedfy sourcefreference... | Mo

Figure 75: Parameter window settings for exit boundary condition, corresponding to component
8 in Figure 66.

The exit BC specified in Figure 75 should have pressure specified at 100 kPa, matching the inlet

BC, noted in Figure 68.

Now that the components are set, the system can be initialized. Solve steady State once.

The results depicted in Figure 76 should appear if fixed exit temperature of “combustor” pipe is

set to zero.
P
T P - .
b _
b i 0.000 kW L
I FM : 3 I
I e
355.015°C 355.014°C 115.775°C

Figure 76: The gas turbine model initialized in Flownex, showing temperatures and power results
associated with individual components.
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Step 2: Set Compressor and Turbine Characteristic Charts

The second phase of the engine system modeling process is to set characteristic charts for

the compressor and turbine.

If the combustor exit temperature is known, set that value under exit temperature in the property
window of component 4 in Figure 67. If the actual exit temperature is not known, a guess value
can be estimated, with the solver variables depending on the system inlet and outlet temperatures
and the pressure ratio. First, find barrier guess values for exit temperature of combustor, referenced

in Figure 77.

Flow Resistance - 101 (Flow Resistanc... 1 b

[EILT

= General
Identifier Flow Resistance - 101
Description
Solving [~
= Connected Nodes
Upstream node MNode - 37
Downstream node Node - 48
= Fluids
Fluid data reference Air| Gases (Pure Fluids) {...

= Resistance Data
= Flow Resistance Definitions

Flow resistance behaviour = Quadratic
Include density variatio... Yes
Flow admittance 0.01
Admittance scaling factor | 1
= Discretization and Differencing Schemes
Mumber of increments 1
Discretization scheme Central difference
= Yolume and Inertia
Volume a m?
Include momentum iner... Mo
[=] Mon-terative transient solver inputs
Spedfy admittance li... | Mo
=l Operational Inputs
Opening 1
= Heat Transfer
Heat option Fixed exit temperature P
. T P _ P
T exit 0 S . =) %
= Fixed Options &) a

Fixed mass flow

Prevent flow reversal
= Advanced
Specify advanced inputs

IBEO5°C 365.014°C 115.775°C

Figure 77: Combustion chamber component model property window and component in Flownex
system prior to combustion th exit temperature determination.
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To determine the appropriate combustor exit temperature that achieves the known exhaust
temperature of 445 °C [12], the Flownex designer can be used. The designer functions using a
user-set numerical range and a target value. The temperature range is determined by manually
entering guess values into the exit temperature until a target range is determined. The range 800
°C—-900 °C for the combustor exit temperature achieves the known outlet node temperature of 445

°C [12] at point 7 in Figure 67, and is used for this process.

Given the designer tool configuration shown in Figure 78, the designer tool solves for the unknown

variable using the Newton-Raphson method, solving within the specified range.

Ef Designer Configuration — m] x
Designer Configurations

Description Relaxation Parameter Max Iterations Convergence Criteria Solve Steady State Solve Transient Transient Time (s)

Turbine Exit Tem... 0.9 25 1E-06 True False ]
Equality Constraints Independent Variables
Component and Property Target Value Unit Component and Property Minimum Maximum Unit
{COMPOMENT}Node-... 445 =C

Figure 78: Designer configuration window solving for combustion chamber exit temperature
between 800 °C to 900 °C to achieve target value 445 °C as specified by Solar Turbines Centaur
40 specification sheet [12].

The designer tool solved for a combustor exit temperature of 845 °C using the method described,
but study of the Solar Turbines Centaur 40 operating system by Kinglsey Atomboh found a more
accurate exit temperature to be 962 °C (1236 K). In future modeling, the exit temperature should

be adjusted to accurately reflect the temperature at the combustor exit, set at 962.85 °C.
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Running the designer tool should converge to show the component temperature and heat transfer

results depicted in Figure 79.

- 10221.827 kW y/ |

Figure 79: Results of running preliminary system circuit in Flownex with fixed combustion
chamber exit temperature, showing turbine and compressor component characteristics set to
produce the desired outlet temperature.

The compressor and turbine charts are now set to produce the appropriate combustion chamber
outlet temperature given known system inlet and outlet temperatures. Now, the system model can

be reconfigured to allow for dynamic conditions after the following steps are completed:

1. Deselect fixed mass flow and remove boundary condition from simple turbine component.
2. Deselect fixed mass flow from compressor component.

The property table after deselecting the simple turbine fixed mass flow component is shown in
Figure 80, and should be similarly represented in the compressor component. Additionally, the

boundary condition corresponding to component 5 in Figure 67 should be deleted.
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.| Simple Turbine - 98 Copy(001) (Simpl... 1T e

ElEL
= General
Identifier Simple Turbine - 98 Copy...
Description
Solving a
= Connected Nodes
Upstream node MNode - 48 Copy
Downstream node MNode - 54 Copy(001)
1= Fluids
Fluid data reference Air| Gases (Pure Fluids) {...
= Simple Turbine Inputs
Loss option Ellipse-aw
Mumber in parallel i
[=] Hlipse Input Selection
Ellipse input option Calculate from design

=] Hlipse Flow Coeffident Inputs
Inlet condition specifica... | Pressure and temperat. IZ

Inlet pressure at design,.. | 1000 kPa E
Inlet temperature at de...  355.014 ae E
Pressure ratio at design...  9.9961

Design mass flow rate 18.7 ks

[=! Ellipse Exponent Inputs
Ellipse exponent aption Calculate from design

Design isentropic effide... 0.8 0-1
= Operational Inputs T P P
Isentropic efficency 0.8 0-1 - _
Speed 10000 rpm 9 _.}
= Fixed Options M 10221.827 kW

Fixed mass flow |
Prevent flow reversal | § —DL.—PW . g _.,W
j—p —_——p 5| —_— —_—
= adwvanced ! =

Specify advanced inputs O 355.482°C 845 761°C 445000 °C

Figure 80: Simple turbine component property window and system model solver results with
compressor and turbine initialized and set, allowing for variable mass flow, inlet temperatures,
and inlet pressures.

After the compressor and turbine have been initialized and set, the user can change intake
temperature and mass flow variables to produce various system results while maintaining gas

turbine operating characteristics representative of the Solar Turbines Centaur 40.

Step 3: Add combustion

Adding combustion to the gas turbine system model is the last step in creating a digital replica of
the engine. Figure 81 shows the model with a the CEA adiabatic flame component added to

replicate the combustion chamber chemical reaction.
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Figure 81: Component system circuit for gas turbine model with chemical reaction in the

combustion chamber, represented by the CEA adiabatic flame component and custom loss pipe
component.

The model combustion chamber properties must be set to replicate a GT chemical reaction. The
boundary conditions labeled as component 4 and 7 in Figure 82 represent the fuel injection and

combustor exhaust, respectively.

Iz Boundary Condition - 5 (Boundary Con... 1 »

[El]2¢

= General

Identifier Boundary Condition - 5

Description T P |

Solving [ ] 1 (‘\ MSF 5 :\‘I 7 ¢ Z
= Boundary Conditions - C 11 Cﬁ

— FM
Steady state only ) | 3 T
Pressure boundary condit... | Fixed on user total value E

Pressure 1000 kPa E —> _bw_n_’ e_.\-_’w—.\-
Temperature boundary ... Mot spedified E
Steady-state continuity o...  Calculate mass source E
1=l Flow Source/Reference Conditions 4 c‘ .
Specify sourcefreference... | Mo (]

Figure 82: Gas turbine system modeled in flownex with boundary condition at point 7
represented in the property window, with combustor exit presure set to 1000 kPa.

The combustor outlet BC at point 7 in Figure 82 is set to the specified pressure ratio 1000 kPa
[12]. Point 4 in Figure 82 represents fuel injection to the combustion chamber. In order to add
natural gas to the system model, natural gas/air mixture must be created as a new fluid in Flownex.

Figure 83 shows the mixed fluid dialog window, where the air/natural gas fluid can be created.
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Mixed Flu

Gas Midture | Liquid Mixture

ds - Fuel Air Mix.mfl

Gas Mixture
Available

Two Phase Fuid and Gas Mixurs

Gases

Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
- CH40 - Methanol {Master}
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -

C2H4 - Ethylene {Master}
C2HB0H - Ethyl Alcohal {Master}
C2HE - Ethane {Master}

C2HE0 - Dimethyl Ether {Master}
C3H8 - Propane {Master}

C4H10 - Butane {Master}
C4H10 - IsoButane {Master}
C4H8 - Cis-Butene {Master}

C4H8 - lsobutene {Master}
C5H12 - Isopentane {Master}
CEH12 - Pentane {Master}
CBH14 - Hexane {Master}
C6H14 - Ischexane {Master}
C7H16 - Heptane {Master}
CBH18 - Octane {Master}
CYH20 - Nonane {Master}

CH4 - Methane {Master}

CI2 - Chlorine {Master}

CIF3 - Chlorine Trifluoride {Master}
D - Deuterium {Master}

D20 - Heavy Water {Master}

H2 - Hydrogen {Master}

H25 - Hydrogen Sulfide {Master}
HCI - Hydrogen Chloride {Master}
He - Helium {Master}

Mixing Methods

Conductivity

Viscosity

Background Fluid

Figure 83: New mixed fluid dialog window displaying the elements used to create the fuel air

For a proper chemical reaction to take place, the new mixed fluid must include all possible
combustion inputs and products, with JP-10 as the fuel to represent natural gas. The background
fluid is set as N2 to avoid confusion when viewing the combustion products. The N fraction is
large, so additional N> combustion products would make a negligible difference in product results

when compared to Air, for example.

Set the new fluid and define the mass fraction for the ambient air intake and fuel injection points

Lt

W
W

[ Wike

|‘.‘\.|'ilke

(Gases - N2 - Nitrogen {Master}

Particles and Liquid Misture

Gas and Liquid Mixture

Selected

Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -
Gases -

Air {Master}

Ar - Argon {Master}

CO - Carbon Monoxide {Master}
02 - Carbon Dioxide {Master}
H20 - Water {Master}

JP-10 {Master}

N2 - Nitrogen {Master}

N20 - Nitrous Oxide {Master}
NO - Nitric Oxide {Master}
NO2 - Nitrogen Dioxide {Master}
02 - Owygen {Master}

Test

Help

mixture for the combustor chemical reaction.

as shown in Figure 84.

103




Boundary Condition - 3 Copy(002) (Bo... 1T *

[El]24

= General
Identifier
Description
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Figure 84: Property window of the combustor fuel injection boundary condition showing fluid
flow mass fraction breakdown at point 1.

The fuel injection boundary condition at point 1 in Figure 84 should be set to represent 100% Air,

and the boundary condition at point 4 should be set similarly to 100% fuel JP-10 to represent a

pure fuel injection. When specifying the fuel mass fraction, it is important to set the flow

source/reference conditions rather than the generic boundary condition mass source.

To replicate the combustor in the Flownex model, the following procedure should be followed:

1. Set the flow source fraction to 100% JP-10.

2. Change compressor and simple turbine to “fixed mass flow-change design” but do not reset

the mass flow. It will solve itself given the new fuel input

104



3. Add boundary condition to simple turbine, and set pressure to 1000 kPa, or the pressure
ratio specified relative to ambient. Set the mass fraction steady state continuity to “apply

element fixed mass flow” as shown in Figure 85.

IE Boundary Condition - 1 {(Boundary Con... 1 b4

E]24

= General
Identifier Boundary Condition - 1
Description
Solving (]
=/ Boundary Conditions
Steady state only ]}
Pressure boundary condi... | Fixed on user total value E
Pressure 1000 kPa E
Temperature boundary c... | Mot specified E " .
= Mass Fraction i p P
Spedfy mass fraction Mo E 1 9 MK 5 2\ 116)
Steady-state continuity o...  Apply element fixed ma.. E | Mo 9 3 / 6 \ y N 5 - T
= Flow Source/Reference Conditions \__p' _.w_“__.sg_”_.w_.\_
Specify source reference... Mo 8
=l Flow Source Fraction
Specify flow source fr... Mo 4 9 MSF

Figure 85: Property window of boundary condition at point 7, showing the pressure set to 1000
kPa, representing the defined pressure ratio in the Solar Turbines Centaur 40 specification sheet
[12].

To determine the required fuel injection mass flow to maintain the turbine outlet temperature of

445 °C, the designer can be used. The designer tool setup is shown in Figure 86, solving for a

target exhaust temperature of 445 °C given fuel injection boundary conditions 100 g/s — 500 g/s.

B Designer Configuration — [m] »

Designer Configurations

Description Relaxation Parameter Max Iterations Convergence Criteria Solve Steady State Solve Transient Transient Time (s)
Turbine Exit Tem... 0.9 25 1E-06 True False 0
Equality Constraints Independent Variables
Component and Property Target Value Unit Component and Property Minimum Maximum Unit
{COMPONENTNode-... 445 aC {COMPONENT}Bounda... 100 500 afs

Figure 86: Designer dialog window solving for combustor fuel injection to maintain exhaust
temperature of 445 °C.
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The designer should converge, adjusting the simple turbine mass flow to account for the additional
mass from fuel injection. Once the designer has converged, deselect fixed mass flow from turbine
and compressor to fix the new configuration, and remove the boundary condition associated with

the simple turbine.

This concludes the process for creating a Flownex model to replicate the compressor, combustion
chamber, and turbine of a gas turbine engine given mass flow, pressure ratio, combustion chamber

outlet temperature, and turbine outlet temperature. The completed model is shown in Figure 87.

T P P

M7yin-c 837.080°C 444 733°C

) wse
B 9212671 KW

247959 g/s

Figure 87: Completed component system replicating a Solar Turbines Centaur 40 GT with
compressor, combustion chamber, and turbine.

The model can be adjusted to account for different known engine variables. It should be noted
that this model is a rough replication of the system, and various real-world differences exist, such
as the actual ambient air intake value inaccuracy. In addition to entering the combustor, intake air
is channeled to auxiliary uses in the GT, such as air cooling, sealing, and other accessory functions.
The model assumes all intake air is entering into the combustor, which will result in more fuel-
lean combustion than in actual engine performance. Additionally, this model doesn’t account for
fuel injection adjustments by the engine to maintain an adiabatic flame temperature or adjustments

made to the pilot flame to reduce blowout, which also has a notable impact on combustion product
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composition. Therefore, the stated model sensitivities should be considered when analyzing model

results.

This model can be used as the basis for creating a complete EGR loop in Flownex, in which a

recirculation channel with cooling, scrubbing, and water separation can be added.

A preliminary model of the EGR loop added onto the GT system is shown in Figure 88.
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Figure 88: Preliminary model of GT with EGR loop, including exhaust diversion, cooling, and
water drop out.

The system layout depicted in Figure 88 can be used as a starting point for creating an actual EGR
system in Flownex. The model utilizes various components that create compounding inaccuracies
and should be reconfigured in a second iteration of the recirculation loop. The depicted model
cools only the recirculated portion of the exhaust, which does account for the CCS low temperature
requirement, resulting in a false system cooling load result at point 11 of Figure 90. It is important
to consider the boundary conditions at point 10 and 13 in Figure 90, which utilize data transfer

links to allow two types of fluid in the circuit. The data transfer links are needed to allow both
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gaseous and liquid H>O in a single circuit, which accounts for fluid requirements of the GT circuit,
namely the compressor and turbine which do not allow for liquid fluid, as well as the heat transfer
component used, which requires liquid fluid to replicate a realistic cooling circumstance. The
model also neglects to include a scrubbing component necessary to remove corrosive compounds

from the exhaust flue before entering the GT.
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APPENDIX B — INDIRECT HEAT EXCHANGER MODELING

The indirect heat exchanger can be simply modeled as the composite heat exchanger component
in Flownex. It has been found that the generic heat exchanger component is not suited for phase
change and therefore cannot be accurately used to model heat exchange and the effect on cooling
water. Preliminary modeling has been done on this front, but further study is needed to accurately
replicate a realistic heat exchanger. However, it is known that the heat exchanger should be
comprised of the composite heat exchanger transferring heat between the upper process section
(exhaust air) and the lower cooling section (cooling fluid), both fluids flowing through pipes with
defined geometry, or alternatively, non-dimensional flow restriction component pipes. The
boundary conditions are defined individually, noting that T=Temperature, P=Pressure, M=Mass

Flow. An example layout for configuring this model is shown in Figure 89.
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Figure 89: Indirect contact heat exchanger Flownex model using the composite heat transfer
component with upstream exhaust air and downstream cooling fluid flowing through pipes with
specified boundary conditions.
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The heat transfer component should be configured to represent a realistic heat exchanger. It is
suggested to use the constant h value method for each stream rather than the NTU-effectiveness
method, and to set the “temperature differencing scheme” setting to ‘“average temperature
difference” for convection on the upstream and downstream sides of the CHT component.

Additionally, flow components connected to the CHT should be incremented.
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APPENDIX C — MOBILE EXHAUST STACK CART

Operating the chimney stack mobile cart assembly is best done with two people. There are two
positions the chimney stack should be in, standby and firing. The standby position is assumed
when the engine is not being run and the stack is positioned as far east as possible next to the brick
wall to eliminate visibility from the street. The firing position is assumed when the engine is
undergoing testing and the chimney stack has to be mounted to and supported by the chimney pipe

extension flange. The chimney stack mobile cart assembly is depicted with red labels in Figure 90.

Figure 90: Exhaust stack and mobile cart assembly installed in the firing assembly.

The chimney stack can be raised and lowered by cranking jack stands A and B in synchrony until

the desired height is achieved. The jack stands will self lock, and will not “self crank” or unwind
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along the travel path. When in the standby position, the stack should be lowered to the lowest
possible height. Similarly, while rolling into position, the stack should remain as low as possible
until lifting is required to clear the mounting flange height. The jack stand should never be removed

from the jack mount.

The cross members shown disassembled in Figure 90 should be attached at the open side of the
cart with the associated hardware. These members should be in place when the cart is stationary
in standby and when moving. The cross members should be removed to allow for cart and chimney
stack disassembly when the stack is mounted in the firing position. When the chimney stack is
installed on the exhaust pipe extension flange in the firing position, the mobile cart assembly
should be detached from the stack and rolled to its non-firing standby position. This is done by

removing the mounting bolts at the wing mount to release the cart from the stack.

The wheel lock on each castor wheel should be in the open position when moving and locked when

stationary or when lifting and lowering the stack.
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