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ABSTRACT

Fuel cell/gas turbine hybrids show promise of high efficiency power 

generation, with electrical efficiencies of 70% or better shown by modeling, although 

these efficiency levels have not yet been demonstrated in hardware. Modeling of such 

systems is important to optimize and control these complex systems. This work 

describes a modeling tool developed to examine steady-state operation of different 

hybrid configurations. This model focuses on the area of compressor-turbine 

modeling, which is a key component of properly controlling fuel cell/gas turbine 

hybrids. Through side-by-side comparisons, this model has been tested and verified 

by Dr. Wolf of Brayton Energy [1], This modeling tool will be used in further work to 

evaluate various configurations of turbines and fuel cells in hybrid configurations, 

focusing on both the performance and cost of such systems.
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LIST OF ABBREVIATIONS

SOFC: Solid Oxide Fuel Cell

TIT: Turbine Inlet Temperature

MF-T-P: Stands for Mass Flow (**/), Temperature (K ), and Pressure (atm). This is
the primary vector passed throughout the Simulink models.

Matlab Terminology:

Block: Term for a Simulink grouping of code visualy represented by a box or 
block.

Fminsearch: fminsearch finds the minimum of a scalar function of several 
variables, starting at an initial estimate. This is generally referred to as 
unconstrained nonlinear optimization.

Fzero: Find root of continuous function of one variable

Algebraic loop: An algebraic loop generally occurs when an input port is 
driven by the output of the same block, either directly, or by a feedback 
path through other blocks.

u = average tip speed of turbine blades.

Excel, Matlab, Simulink, Mathworks, Abaqus, Fluent, Getdata, Homer, are all 
registred trademarks.
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This study focuses on modeling new and different configurations of electrical 

power production. Modeling of such components as fuel cells and gas 

compressors/turbines is vitally important to understanding how these components 

work together in complex systems. While there have been several physical fuel 

cell/gas turbine hybrids built and operated, the technology is far from being 

economically feasible, due to both construction costs and complexity of the system. 

Computer modeling allows us to have insight into these complex systems and thereby 

better build and efficiently operate such power systems.

1.1. HYBRID FUEL CELL TECHNOLOGY

Fuel cell gas/turbine hybrids can theoretically approach efficiencies of 70 to 

79% [2], However, in practice, operational inefficiencies allow actual efficiencies to 

only be on par with current diesel generators (50% compared to 40%) while being far 

more expensive to both build and operate. The purported advantage of running a fuel 

cell hybrid lies in the low pollutants created, as compared with traditional internal 

combustion (IC) engines. While low temperature fuel cells may one day be used in 

personal electronics and vehicles, high temperature fuel cells seem far more applicable 

to stationary electrical power production. High temperature fuel cell turbine hybrids 

have higher operational efficiencies and the exhausted heat is sufficient to drive a 

bottoming cycle, producing additional electricity, as well as exhibiting better tolerance 

to impurities. However, the possible configurations of such systems seem endless, 

considering the many options of using heat exchangers or injectors, pressurized or 

non-pressurized fuel cells, and which and how many bottoming cycles are used. Each 

additional component added to the systems also adds complexity and cost, and trade

offs between better efficiency and final cost of electricity also needs to be considered. 

Thus building a modeling tool to study the performance of such systems is of great 

importance.

Chapter 1. INTRODUCTION
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Chapter 2. LITERATURE REVIEW

2.1. History

Fuel cells were originally invented in 1838 by Sir William Grove. 

Experiments in 1906 focused on direct conversion of coal to electricity. However, the 

first successful technical application of fuel cells was on board the NASA Apollo 

spaceship during the 1960’s [3]. Today, fuel cells are being researched and developed 

in hopes of reducing pollutants and supplying more efficient and reliable electricity.

Various fuel cells differ most noticeably with the material used as the 

electrolyte. The most critical difference, however, is the operating temperatures of 

these different electrolyte technologies. Low temperature fuel cells, mainly proton 

exchange membrane fuel cells, are quick to turn on and operate and can be built very 

small; however, their efficiencies (when including the thermodynamics of making the 

fuel) are less than a standard internal combustion engine. High temperature fuel cells 

are slow to turn on, often taking one or two days to preheat all components, and do not 

currently respond quickly to load changes. These include solid oxide fuel cells 

(SOFC) and molten carbonate fuel cells (MCFC). While the operating efficiencies of 

high temperature fuel cells alone are only slightly better than internal combustion 

engines, exhaust temperatures are sufficiently high to run bottoming cycles which 

produce additional electricity. In addition to the production of electricity, the turbine 

also provides cooling air to the fuel cell, reducing parasitic loads on the system. This 

sharing heat energy defines what a hybrid truly represents.

There exist several technologies for medium temperature fuel cells where turn

on time is between that of low and high temperature fuel cells. However, these 

medium temperature fuel cells in a hybrid configuration cannot produce efficiencies as 

high as those shown in high temperature fuel cells because the temperatures are 

inadequate for efficient operation of the turbine cycle. As a result, high temperature
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fuel cells are best suited to large, stationary, continuous power applications, while low 

temperature fuel cells may be used in mobile and on-demand power situations.

2.1.1. Brief History of Fuel Cells and Hybrids

While the theoretical efficiency of hydrogen fuel cells is 79%, operating 

inefficiencies, especially for the production of hydrogen, cause actual efficiency to be 

much lower (often below 30% for systems demonstrated to date [4]) [2]. Raising the 

operating temperature of fuel cells lessens the theoretical efficiency as given by the 

Nernst Potential, but greatly lessens the operating inefficiencies, especially those 

associated with the reforming of the fuels into hydrogen. Additionally, when the hot 

exhaust gasses can be used for further electrical production, the theoretical efficiency 

of this hybrid system once again approaches 79%.

“A fuel cell operating at around 800/900/1000°C can approach the 

theoretical maximum efficiency. At these temperatures heat engines are also 

at their best -  they do not require exotic materials and are not too expensive 

to produce. As A.J Appleby has put it:

‘Thus, a high-temperature fuel cell combined with, for example, a steam 

cycle condensing close to room temperature is a ‘perfect’ thermodynamic 

engine. The two components of the perfect engine also have the advantage of 

practically attainable technologies. The thermodynamic losses (i.e. 

irreversibilities) in a high-temperature fuel cell are low, and a thermal engine 

can easily be designed to operate at typical heat source temperatures equal to 

the operating temperature of a high-temperature fuel cell. Thus, the fuel cell 

and the thermal engine are complementary devices, and such a combination 

would be a practical ‘ideal black box’ (or because of its low environmental 

impact, a ‘green box’) energy system.’ (Blomen et al., 1993, p. 168). [2, 5].”
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2.1.2. Brief History of SOFC Hybrids

Solid oxide fuel cells (SOFCs) use a solid ceramic electrolyte to conduct 

oxygen ions operating between 800 and 1100°C. This allows hydrogen and carbon 

monoxide to be used as fuels, which can be produced from methane (natural gas) at 

the operating temperature of the fuel cell. The solid ceramic electrolyte does not 

require water vapor management, can be used in any orientation, and can be 

manufactured in a variety of configurations such as round tubes (preferred for 

pressurized systems) or flat plates, and, more recently, flat tubes or delta tubes in order 

to decrease manufacturing cost while increasing surface area. Ceramic manufacturing 

has become very advanced, and many of these geometries can be manufactured by 

simply extruding the ceramic through a mold. New manufacturing processes are being 

developed to drastically lower the cost of production. It is interesting to note that the 

fuel cell stack is only half of the cost of the finished product; the remainder is from the 

many components (blowers, valves and piping) needed to supply air and fuel to the 

fuel cell stack. The primary disadvantage of SOFCs is that the ceramic is inherently 

brittle and susceptible to fracture through physical strain or thermal stress. Great care 

must be taken when warming or cooling a SOFC, or even during load fluctuations.

2.1.3. The Need for Modeling

Due to the current level of product development, building a fuel cell system is 

very expensive and time consuming. Additionally, SOFC fuel cells are very fragile 

and susceptible to thermal shock, poisoning, and control issues. As such it would be 

impractical to continually build and test these expensive fuel cells systems. Computer 

modeling allows researchers to investigate many different scenarios and 

configurations without constructing physical equipment. Through the modeling of 

fuel cells and hybrids, new and novel configurations can now be discovered, fine 

tuned, and controlled before spending time and money to physically build the system. 

Researchers have also begun to test and verify their own models by comparing results 

of completely independent models. Thus, both models gain verification of their



5

benefits or learn of their weaknesses. All models are limited by their assumptions, and 

the product development requires building and testing a physical system to verify the 

models.

2.2. Modeling Platforms

In beginning the present modeling efforts, it was important to carefully choose 

the modeling platform in which to implement, build, and study complex fuel cell/gas 

turbine hybrid systems. Important attributes and features of a modeling platform 

included: ease of use, ability to write custom functions, ability to output data, the 

usefulness of built-in functions, and the ability to share the program and results with 

others. Early on it was determined that this study would not be interested in micro

level dynamics, hence computational fluid dynamics (CFD) and finite element method 

(FEM) packages were not considered. Microsoft Excel was initially considered for the 

ability to share future programs with the multitudes of people using Excel and the 

macros feature which allows custom code to be written. However, in order to join and 

contribute meaningfully to the modeling community, a more specialized and powerful 

program would be needed. Reports from UC Irvine encouraged learning 

Matlab/Simulink, and further encouragement was gleaned by a three day Simulink 

class offered by UC Irvine [6].

2.2.1. Microsoft Excel®

Microsoft Excel is widely known as a spreadsheet application; however, the 

ability to write and use macros increases the power of Excel, limited only by a 

programmer’s ingenuity and time. Excel’s built-in functions are primarily focused on 

statistics and finance, as such an engineering modeler would need to write many 

custom functions. Excel was initially chosen based on the prior and current work of 

Dr. Wolf of Brayton Energy [7], Dr. Wolf has spent many years of his professional 

career fine-tuning his modeling ability using Excel. However, much of his proficiency 

with Excel stems from his expert intuition on system behavior and what assumptions
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are correct in different scenarios. It is understood that for steady-state modeling, 

Excel can perform equally well to other packages. However, if time-dependent 

modeling were needed it would be extremely difficult, if not impossible, to convert 

Excel to do so. It is for this reason Matlab/Simulink was used.

2.2.2. Matlab/Simulink®

Matlab/Simulink® is a powerful and popular modeling package. This is the 

choice of the National Fuel Cell Research Center (NFCRC) at the University of 

California at Irvine [6], the Thermochemical Power Group (TPG) at the University of 

Genoa, Italy, National Energy Technology Laboratory (NETL) in Morgantown West 

Virginia [8], and many researchers around the world. Matlab was designed primarily 

to compute matrices and does so with great efficiency. Simulink was built on top of 

Matlab and has a visual “connect-the-box” interface. Simulink’s true power is its 

ability to solve systems of equations, algebraic loops, and step forward in virtual time. 

Simulink can also use all of Matlab’s functions. There is a vast collection of built-in 

functions and add-on toolboxes for use with Matlab. These built-in functions and add

on toolboxes have been optimized for stability and speed. Critics of Matlab know that 

user-programmable scripts, termed M-files, are not compiled but rather interpreted 

when run. This causes M-files to run more slowly than a compiled C program would. 

While this is true, Matlab’s built-in functions are often more efficient than code 

written by a non-professional. Additionally, when M-files are called over and over 

again, they will be cached into memory for fast retrieval. The visual interface of 

Simulink can offer visually intuitive displays, helping both the researcher and lay 

people understand what is being studied.

2.2.3. Others

Finite element method (FEM) and computational fluid dynamic (CFD) 

programs are extremely powerful, yet this study is not interested in either the micro 

structure or fluid dynamics of a turbine, fuel cell, or heat exchanger, (e.g. the fuel cell
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stack geometry or compressor vane geometry). However, these programs are very 

useful in studying such processes as fuel mixing, combustion stabilization, and gas 

transport through a fuel cell electrolyte. Therefore, packages such as Fluent®, 

Abaqus® and others were not considered for this work. It may be possible to 

incorporate their detailed analysis in the future, as was seen at NETL [8], but this 

involves extreme computing power while only gaining insight into very specific 

processes.

2.3. Current State of Modeling

Research groups around the world are using custom-built models to study new 

fuel cell/turbine hybrid configurations. Many groups are carefully studying fuel cell 

performance; however, these groups lack expertise in turbo-machinery and their 

models inadequately model gas turbine components. Gas turbine experts understand 

that higher efficiencies of a gas turbine occur at higher turbine inlet temperature (TIT), 

but do not understand that fuel cells require variable gas flow for cooling and 

operation. At least part of the difficulty stems from the dramatically different 

response times of the systems, with fuel cells requiring hours to achieve thermal 

equilibrium in ways that do not damage the stack, while turbines respond in fractions 

of seconds. The current state of modeling is far from exact, and typically, modelers 

are not eager to share their model’s weaknesses.

2.3.1. Homer®

Homer® was developed by the National Renewable Energy Laboratory 

(NREL). It is free to download and use, but is limited in the depth of analysis. Homer 

is intended for use in evaluating capital and investment costs of hybrid energy 

systems, and is mostly used by small systems users evaluating the feasibility of 

installing renewable energy systems. The user tells Homer what energy sources are 

available, such as diesel engines, wind power, hydro, solar and also the availability 

and costs of the power. For instance, solar energy is free but will fluctuate throughout
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the day, hydro and wind power may change seasonally, and electricity from a local 

utility grid may be (and generally is) less expensive at night than during peak hours. 

Homer can study the costs of operation and even supply charts showing when different 

options are more cost effective at rising oil prices or different interest rates [9], 

Homer basically computes what power and heat is needed and what options can 

supply the power while studying the costs. Homer does not consider the 

thermodynamics of a hybrid system, where the components (fuel cell and gas turbine) 

share gas flow and heat. Therefore, Homer is a very useful program, but it is not 

suitable to the study of the integral workings of fuel cell/gas turbine hybrids.

2.3.2. Steady-State/Thermodynamic Models

Many groups around the world have developed steady-state models. While 

these models may be good to simply evaluate on- or even off-design point of a system, 

they are unable to predict how the system will start up or shut down, or even load 

follow throughout the day or year. Primary use of steady-state models is to evaluate 

the feasibility of new systems. A near endless number of possible configurations 

could exist, built with different components and numerous heat exchangers. Through 

studying the thermodynamics of the system, peak and off-peak efficiencies and 

temperatures of components can be optimized. Economic insight can also be gained 

by evaluating the cost of the components needed, and what components require high 

temperature materials.

However, recently published work is focusing on transient modeling. While 

transient modeling may seem more useful, nearly all studies begin with steady-state 

models simply to understand the potential of the given systems. Dr. Thomas Wolf of 

Brayton Energy, has developed an extensive steady-state model, which, coupled with 

his expertise, has produced very insightful data for several systems (see APPENDIX 

D: Brayton Energy Hybrid Configurations).
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2.3.3. Transient/Control Models

Transient modeling is necessary for understanding the dynamics of a system. 

This includes daily and seasonal fluctuations in ambient air temperature, natural gas 

composition, and most importantly, electrical demand. When discussing transient 

modeling it is very important to determine the time step, or time interval, of interest. 

If one was to study the seasonal fluctuation of a system, choosing one to five minute 

time steps may be appropriate. However, species concentration changes occur on a 

millisecond time scale, but modeling an entire season only moving a millisecond 

forward at a time could take years. Heat capacity, which is a measure of the storage of 

heat in an object, is also a very important parameter in transient analysis. If excess 

heat is generated in one part of the system this heat will flow into other parts of the 

system until it reaches equilibrium.

Studying startup and shutdown dynamics is a very difficult task. Fuel 

reforming and fuel cell operation will only begin occurring when temperatures are 

sufficiently high. However, combustion can take place at any system temperature. 

Further, heating of the fuel cell stack (the ceramic), must be done slowly and with 

extreme care. For example the Thermochemical Power Group of the University of 

Genoa, Italy has been studying the startup procedure for a Rolls Royce’s pressurized 

fuel cell [10]. There has been concern that without including a catalytic reforming 

surface, the methane gas will not begin reforming into hydrogen. The Rolls Royce 

system has the advantage of using injectors, rather than heat exchangers or high 

temperature blowers, to not only transfer heat energy to the other stream but to also 

transfer steam and unused fuel. The steam is most helpful for initiating the reforming 

process.

The National Fuel Cell Research Center (NFCRC) is also studying transient 

systems, with an emphasis on load fluctuations. NFCRC has had the opportunity to 

demo and test several fuel cell systems, and collect data from their operation. Their 

modeling activity has focused on predicting the heat distribution as the fuel cell is
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asked to produce 5% more or less power. There are very interesting dynamics that 

occur because of the delay in fuel transport. When less power is needed, more fuel is 

temporarily in the fuel cell. This causes the cell voltage to increase momentarily. 

NFCRC has had good success modeling transients collected from tested systems. This 

work was done primarily by Roberts and Brouwer [11].

It is apparent that most models developed focus on specific problems in 

discrete systems, but it is very difficult to know just how accurate these models will 

predict the performance of other systems. It is agreed that modeling of heat capacity, 

gas delays (plenums), and species reforming are vital to predicting the behavior of a 

system. However, modeling such complex behavior often takes a long time on a 

computer, so long that the computer will not be able to keep up with real time. (It 

could currently take a computer five days to simulate only 24 hours of operation of a 

fuel cell turbine hybrid.)

2.3.4. Physical Hardware with Simulated Fuel Cells

In order to bridge the gap of modeling systems to real physical systems, 

physical hardware and simulated hardware are studied together. This is often called 

“hardware in the loop”; however, this usually applies to electronics where the majority 

of the “loop” is modeled. With fuel cell/gas turbine hybrids the same idea could rather 

be called “simulated hardware”, as the majority of the system will be physical 

equipment and a computer will be used to simulate one component. There are two 

groups implementing simulated hardware: the National Energy Technology 

Laboratory (NETL) and Rolls Royce. These two groups have chosen to simulate 

different systems in an effort to understand how a future system may behave. It is 

now important that the computer be able to calculate results in a timely manner, so 

that the simulated component can behave as close to reality as possible.

NETL in Morgantown, West Virginia, has built a large fuel cell hybrid test 

facility to allow easy swapping of system components. Currently NETL has a split 

shaft compressor/turbine, a heat exchanger, and several plenums to represent the gas
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delays of a fuel cell. NETL has chosen to simulate the fuel cell of a hybrid system. 

The plenum representing the fuel cell contains a quantity of ceramic plates to simulate 

the heat capacity of a true fuel cell, and a burner to adjust the exiting temperature. 

Basic operation obtains mass flow, temperature and pressure readings from the fuel 

cell plenum inlet. This data then goes to a computer, where the computer calculates 

the electrical power that would be produced, and the temperature of the gas exiting the 

simulated fuel cell, and feeds the appropriate amount of fuel into the system. This 

provides a proper match of the actual exiting temperature.

Rolls Royce began a project to design a modular, turbo-charged fuel cell. The 

fuel cell is operated at pressures of several atmospheres. In this system, the benefit 

lies in not gaining power from the compressor/turbine, but from the increased power 

density of the fuel cell stacks. Rolls Royce appreciated how important it is to match 

the compressor characteristics to the air flow requirements of the fuel cell (this lesson 

being learned from Siemens pressurized hybrid (see section 2.4.1)). Rolls Royce 

employed its partner company Allison Mobile Power Systems, and proposed a two- 

spool compressor. Using advanced computer models Allison Mobile was able to 

predict the performance of the compressor, in the form of compressor maps. Rolls 

Royce then used these compressor maps to simulate the turbo-charger while testing 

the fuel cells. This was done by running a large compressor and having bleed and 

bypass valves controlled by a computer. The computer then studied the gas flow, 

temperature and pressure at the inlet of the turbine, and calculated the air flow, 

temperature and pressure produced by the compressor. By controlling the valves the 

large compressor is made to behave similarly to the proposed turbo-charger. It should 

be noted that this test system is extremely inefficient and in no way can even power 

itself, due to consuming large amounts of compressed air. However, it does show that 

if the actual turbocharger behaves as predicted, the modular turbo-charged fuel cell 

system should work great!
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2.4. Current State of Fuel Cells

No solid oxide fuel cells are commercially available at this time. All systems 

are in pre-commercial demonstration programs, which are used to prove how well the 

fuel cell system works, and discover what needs to be improved. While computer 

modeling helps sort out controls and thermal issues, only physically building a system 

allows for complete verification of what is expected from the models and shows what 

unexpected issues still exist in the system. Below are descriptions of fuel cell hybrids 

that have been tested or are in development.

2.4.1. Siemens at Irvine, CA

Siemens claims to be leading the way in solid oxide/gas turbine (SOFC/GT) 

technology, being the only company to have developed and demonstrated a 

pressurized hybrid. The PH200 system is a 220 kW pressurized hybrid (PH) system 

(SOFC/GT) that was delivered to Southern California Edison (National Fuel Cell 

Research Center at the University of California, Irvine) in May 2000.

“The hybrid system includes a pressurized SOFC module integrated with 

a microturbine/generator supplied by Ingersoll-Rand Energy Systems 

(formerly Northern Research and Engineering Corp.) The system has a total 

output of 220 kW, with 200 kW from the SOFC and 20 from the 

microturbine generator. This system is the first-ever demonstration of the 

SOFC/gas turbine hybrid concept. This proof of concept demonstration is 

expected to demonstrate an electrical efficiency of -55%. The system is 

being tested at the NFCRC to determine its operating characteristics and 

operating parameters. As of January 2002 the system has operated for 900+ 

hours and has demonstrated 53% electrical efficiency. It will be operated for 

several more months to gain experience for the design of prototypes and 

commercial products. Eventually, such SOFC/GT hybrids should be capable 

of electrical efficiencies of 60-70% [12].”
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As it is not stated clearly above, the fuel cell is located between the compressor 

and the turbine (in place of a conventional combustor) and is operated at elevated 

pressures. This system used tubular stacks, which, while not able to be packed 

densely, would be able to resist pressure changes due to the round design, and promote 

better heat distribution. This system did not require an external water supply to 

facilitate reforming but relied on reforming occurring in the fuel cell stack [13]. While 

the SOFC/GT hybrid was able to operate 900 hours and later extended to 3,200 hours, 

many unforeseen control problems were discovered, most of which pertain to off- 

design operation. After building and operating this system, the importance of 

choosing components that work both on- and off-design was explicitly clear, most 

noticeably in matching airflow characteristics between the fuel cell and 

compressor/turbine. (Note that this system had used a split shaft compressor/turbine 

for additional control.) Other challenging problems include the following: precise 

control of the fuel compressor to match the pressure and flow of the air compressor, 

auxiliary air controls, oil lubrication, uneven fuel distribution which created localized 

hot spots, and control of the combustor at different operating conditions [13], 

Furthermore, the location of components and the length of connecting pipes were 

found to be very important, as additional pipes add delays, pressure losses and heat 

losses to the system. While this system was very expensive to build, much was been 

learned by its demonstration. Most excitingly, the system was able to demonstrate 

53% electrical efficiency, with hopes of improving to 70%.

2.4.2. Siemens Westinghouse’s Future Project

In 2003, Siemens began plans to build a new pressurized hybrid expected to 

produce 300kW, named the PH300. Additionally, research and planning have gone 

into a large scale power plant that would also be a pressurized hybrid designed to 

produce 7.5MW, named PH7500. Design also began on an atmospheric hybrid named 

the AH500. The PH300 is the same concept as the PH200, but will be improved from 

the lessons learned above. Mainly, the airflow of the turbine will be designed to
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match the fuel cell’s needs, and the combustor will be redesigned to perform well over 

a very wide range of air flows. The AH500 is a more simple design where the fuel 

cell operated at atmospheric pressure and fuel cell exhaust heat is recycled by a heat 

exchanger into the compressor/turbine loop. The AH500 also includes a combustor to 

be used during startup and peak power demands. Without the combustor being fired, 

the AH500 is expected to produce 537kW, with 15% of the power produced by the 

turbine with an overall electric efficiency of 54%. Using the combustor, 639kW will 

be produced, with the turbine supplying 30% of the electric demand at an efficiency of 

49% [13].

The PH7500 is Siemens proposal to “Future-Gen”, where coal gasification 

would supply syn-gas to the fuel cell, and 90% of the produced CO2 is separated and 

contained. This system involves many complexities, not least of which may be the 

proposed 30 to 1 compressor with a desired adiabatic efficiency of 90%, which is not 

intercooled! However, two spools would be used. Several combustors are again 

needed to perform over diverse airflows with little pressure drop, and heat exchangers 

are scattered throughout the system. “At design point, the SOFC supplies 83% of the 

power plant output operating at roughly 60% of SOFC peak power [14].” One of the 

most important control issues is to match the anode and cathode pressures to protect 

seals from leaking. Lastly, meeting the required safety precautions can be 

challenging.

As of the fall of 2006 Siemens has now cancelled future research of all but the 

PH7500 system.

2.4.3. Rolls Royce Partnership with the University of Genoa, Italy

Since 1997 the Thermochemical Power Group (TPG) at the University of 

Genoa, Italy, has been modeling fuel cell hybrid systems. Rolls Royce has been 

teamed with TPG, researching an 80kW pressurized fuel cell test system. Rolls Royce 

began this project in 2003 and soon discovered how difficult it is to find existing 

components such as compressors, turbines, heat exchangers and injectors to
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accomplish their desired goal. Fortunately, within the sub companies of Rolls Royce, 

Allison Mobile Power Systems was able to develop a new compressor and turbine, 

called a turbocharger, and another company designed a custom injector to facilitate 

heat recycling. The turbocharger is a two-spool compressor designed to reach 10 

atmospheres. However, little or no electrical power is expected to be produced, hence 

the term turbocharger.

The choice of using injectors over heat exchangers or blowers (fans) was to 

simply lower the cost and complexity of the system [15]. Injectors function by 

accelerating a working fluid past a recycle fluid. In this process some of the recycle 

fluid mixes into the working fluid at the cost of a large pressure drop to the working 

fluid stream. Modeling of injectors is difficult and is best done by studying and 

testing the exact injector of interest. Rolls Royce has begun assembly and testing of 

its 80kW test stand, including the injectors. As of September 2005, testing two 15kW 

stacks with simulated heating for the remaining 50kW was successfully completed. 

The heat distribution and gas flow of the proposed system was demonstrated to be 

very even.

In the final product, the 250kW of fuel cell stacks will be enclosed in a 

pressurized chamber connected to a single turbo charger. Rolls Royce has learned 

from Siemens Westinghouse’s PH200 and recognizes that the turbocharger and heat 

recycle components must be very closely tuned to the characteristics of the fuel cell; 

hence Rolls Royce’s decision to design and build the custom turbocharger and 

injectors. Besides using injectors, Rolls Royce’s design is unique in using a two-stage 

turbo charger [16]. Each stage is on a single/fixed shaft, but only the low-pressure 

shaft is connected to a generator, leaving the high pressure shaft free to respond to 

transients within the system. It is yet to be seen if this configuration will provide the 

intended increase in the surge margin of the compressors.

Startup of a SOFC is often difficult, as methane will not reform into hydrogen 

until the fuel cell is heated above 600C [17], but without hydrogen the fuel cell will
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not generate its own heat as it does during normal operation. Using a modeling tool, 

Transeo, developed by Alberto Traverso of TPG, it is believed that the Rolls Royce 

system will be able to start up without the need for external steam production or 

external reformers. This is done using the injectors to recycle heat and combustion 

products back into the fuel cell creating or retaining an operating temperature.

2.4.4. Other Systems

Other companies have built and proposed many different designs for fuel cells, 

most of which are not hybrids, but consist only of the fuel cell stack and support 

systems. Demonstrations of simple fuel cells have been made by Fuel Cell Energy, 

Plug Power, and many others. Boeing and NASA both have an interest in using a fuel 

cell hybrid in large airlines to supply supplemental electricity to power passengers’ 

electronics, while in flight and on the ground [18] [19]. Additionally, there are 

concerns of NOx pollution produced while the airplane engines are run on the ground.

NASA and Boeing are hoping that a fuel cell hybrid can be placed into the tail section 

of an airline. There are concerns as to size of the fuel cell (being able to fit into the 

space already available) as well as the cost and weight of such a fuel cell. What 

makes this system interesting is that the airflow through the fuel cell during flight is 

supplied from the exhausted air supplied to the cabin. Essentially the compressed air 

of the hybrid system comes from the jet engines, which is currently supplying 

passengers with fresh air, then being exhausted to the atmosphere.
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Chapter 3. MODELING EXPERIMENTS

The Ramgen Fuel Cell Turbine Hybrid project at the University of Alaska was 

funded to create an ideally matched fuel cell turbine hybrid, given the fact that the 

turbine could be designed to match mass flow and temperature conditions of the fuel 

cell. The question remains, however, as to what is the ideal configuration of the 

turbine, a question best addressed in modeling. And while fuel cell turbine hybrid 

models have been built at other places (the University of California Irvine (UCI) and 

the University of Genoa, Italy (UGI)); these models are not publicly available. The 

UCI model has proved very accurate on the thermal regime of the fuel cells, but the 

model appears to lack sophistication on the turbine side. The UGI model is largely the 

property of Rolls Royce Fuel Cell Company, and the exact design of the model is not 

apparent.

The University of Alaska Fairbanks elected to design a new model for several 

reasons: 1) to build a model from fundamental principals, 2) to build the model in 

modules that could easily be reconfigured for evaluating a variety of systems, and 3) 

to incorporate the extensive turbine expertise of our partners at Brayton Energy. The 

danger in this approach is that modeling activities often appear simple but invariably 

require more effort than first supposed.

Of particular concern with any modeling activity is the validation of the model, 

which requires comparison with both other models and experiments. In this respect, 

this work is fortunate to have access to the results of a preliminary study conducted by 

Dr. Thomas Wolf of Brayton Energy of the proposed hybrid system. This study is 

based on several operating points for a handful of hybrid configurations and an 

extremely simplified fuel cell model, but provides a useful benchmark for the 

operation of this model.

This work will describe the design, construction and validation of the model 

developed to date. Future work will involve using the tools developed here to evaluate 

other hybrid configurations. While work to date has focused on Fuel Cell Turbine
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Hybrids, the tool set is also useful for evaluating other hybrid systems, including 

Integrated Combined Cycle systems operating on both natural gas and gasified coal, 

systems of particular interest to the future of energy.

When building a fuel cell turbine hybrid modeling toolset several 

considerations must be made. The modeling platform must offer the ability to write 

custom code but also include useful built-in functions. Custom code allows the 

programmer to create methods of calculating the thermodynamic properties of the gas 

mixtures, and model individual system components. When individual components are 

written the modeling platform must have the ability to join several components, 

creating a system. Lastly the modeling platform should be easy to share results and 

ideas with others.

3.1. Using Matlab/Simulink®

Matlab/Simulink® was chosen as the modeling platform for several distinct 

reasons. Primarily for the Simulink environment, but also the extensive built-in 

functions included with Matlab, and lastly because other research organizations have 

chosen Matlab/Simulink as their primary modeling tool. Below I will describe the 

main features of Matlab and Simulink.

3.1.1. Matlab®

Matlab® was developed by Jack Little and Cleve Moler to meet “the need 

among engineers and scientists for more powerful and productive computation 

environments beyond those provided by languages such as FORTRAN and C [20].” 

Matlab gets its name from “Matrix Laboratory,” as it was primarily built around 

matrix computations. Writing code in Matlab is easy and intuitive, and is capable of 

using outside sources such as FORTRAN, C, and C++ programs. Matlab includes 

“toolboxes”, add-in functions, for specialized interests. Writing custom code in 

Matlab is quick to learn and facilitated by the efficient matrix/vector manipulations 

Matlab was built around and by the many built-in functions Matlab offers.
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3.1.2. Simulink®

Simulink is “a product for simulating nonlinear dynamic systems [20].” It is 

built on top of Matlab and has the ability to use all of Matlab’s functions. The primary 

use of Simulink is to model time-dependant (dynamic) systems. Simulink uses a 

visual “connect-the-block” interface. While this is a novel way to program (and 

initially feels awkward) it is possible to create visually intuitive systems. A system in 

Simulink is built with “blocks”, each block performing one or many computations. 

These blocks can stand alone or be grouped and placed within large blocks. As each 

block can be a set of complex functions alone, connecting several blocks together 

often generates a nonlinear system. Using Simulink the programmer needs only to 

build each component of the system and not solve the system as a whole. Simulink 

has an extensive set of solving tools, alleviating the programmer from needing to 

generate code to solve such complex systems. In the UAF model each system 

component is collected into one block (such as the compressor or combustor). Then 

by connecting the blocks different systems can be modeled. Additionally Simulink is 

designed for dynamic behavior, and while steady-state systems can be modeled, 

Simulink offers the ability to one day make the system transient.

3.2. The UAF Model

The following sections describe the history of creating the current model. One 

should note that, unlike other research groups such as Thermochemical Power Group 

(TPG) in Genoa, Italy and National Fuel Cell Research Center (NFCRC) at the 

University of California, Irvine, this model has been built by a single individual. 

While a collection of minds may allow faster development, working independently has 

allowed immediate identification of problems, speedy determination of how a problem 

affects other parts of the system and resolution of that problem in a timely manner. 

Additionally, when new methods were developed, such as calculating a gas stream’s 

properties using matrices, all parts of the code were quickly updated, where a team 

would need to collectively decide what changes could be made.
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While programming each component was a challenge, diagnosing, theorizing 

and fixing Simulink as the components were connected together proved to be the most 

difficult aspect of this project. Theorizing about Simulink is the best description of 

troubleshooting this model, as observed system effects were often counterintuitive.

Given the complex behavior of fuel cell turbine systems, one may be surprised 

by the striking simplicity of each component. However, this simplicity is the result of 

many revisions and improvements over the past two years. When assembling a 

complex system such as a fuel cell/gas turbine hybrid, it is very important that each 

component be as simple and efficient as possible. Revisions to the components were 

made when Simulink had difficulty solving complex systems, while having no 

difficulty with individual components or simple systems (see section 3.4).

3.2.1. Choosing the Gas Constituents

Fuel cells and turbines are engines that convert energy in fuel to electrical 

energy and heat through gas phase chemical reactions and extraction of mechanical 

work. In most currently available fuel cell systems, the fuel of choice is natural gas, 

and the working fluid in the turbine is air, which also needs to be supplied to the fuel 

cell. In turbines, combustion occurs in a gas phase reaction, and adiabatic flame 

temperatures can be easily calculated. Fuel cells are more complex, as the natural gas 

first is reacted in a reformation reaction with either steam or oxygen to form hydrogen 

and carbon monoxide, and this gas is then partially consumed in the electrochemical 

reaction at the fuel cell surface. Careful accounting of the system composition, 

energy, temperature and pressure at each step is a critical part of modeling these 

systems.

Choosing the chemical species to be considered in this model was very 

important due to the fact that the products of the reaction of oxygen and fuel are not 

unique. Equilibrium chemistry predicts that many different species will be present in 

a physical system, such as O H , although most of these species are predicted in 

extremely minute concentrations. Experimental data confirm this prediction, and
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conclude that neglecting these minute species is indeed a safe assumption from an 

energy perspective, and hence a standard modeling assumption.

It should be noted that even minute concentrations of particular gasses, such as 

sulfur compounds contained in most commercial fuels can have very significant 

negative effects on a fuel cell, degrading the fuel cell with time. This degradation is 

called poisoning and typically accumulates throughout the lifetime of a fuel cell, 

decreasing the efficiency and eventually rendering the fuel cell useless. Sulfur 

removal is necessary for many different technologies, but cleaning sulfur from the fuel 

will not be considered in this study. However, the contributions to the energy 

reactions from sulfur are negligible.

The primary gasses flowing into any energy system are air and fuel. Air is 

comprised of 20.95% 0 2, 78.08% N 2, 0.94% Ar and 0.03% of other gasses 

(molar/volume percentages). As the concentration of Ar is so small and, more 

importantly, since it is inert (non-reactive), Ar has been neglected in this study. The 

fuel considered in this study is methane ( CH4) (a very good assumption for a fuel cell 

operating in Fairbanks), although other places use utility natural gas (which is 

comprised of 70-90% methane and 0-20% ethane and or propane [21]). (Note that 

modeling with pure methane results in a higher heating value per mass of fuel. This 

was a source of difference when validating the present model [7]).

In a complete combustion reaction for methane, CHA + 20 2 => C02 + 2H 20  , 

carbon dioxide and water vapor are formed. However, by reducing the oxygen 

concentration, carbon monoxide and hydrogen (COandH 2) can form, such as is 

desired within a fuel reformer ( C H ^ + \ 0 2 <=> CO + 2H2). This is the basis for 

choosing the first seven gas species of this model (see Table 3.1).
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Table 3.1: List of Gas Species

# Species # Species

1 c h 4 8 NO

2 CO 9 H 20 ,

3 co2 10

4 h 2 11 n o 2

5 h 20 s 12 Ar

6 n 2 13 C2H6

7 02 14 C2H s

15 empty

The pollution concerns of nitrous oxides ( N 0 X) (stated in [18]) were also 

considered and added to the gas stream. However, after examination of combustion 

products including NO and N 0 2 formation, it was determined that the production of 

N 0 X was very small at the temperatures considered, and did not strongly affect the 

thermodynamic study. Since calculating NOx production is computationally 

intensive, this study does not consider the formation of NO x . Note that while very 

small amounts of NOx do not affect the thermodynamics, even small amounts (several

parts per million) of this compound are a large contributor to pollution and cause acid 

rain. Internal combustion engines operate at much higher adiabatic flame 

temperatures than fuel cells, and therefore produce much higher quantities of NOx.
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Pursuant to advice received from the University of California, Irvine, the basic 

gas species (the first seven) were ordered alphabetically [6]. The list was later 

expanded to fifteen, including N O , N 0 2, solid carbon (Cs), liquid water ( # 20 ;), and

other fuels, such as ethane ( C2H 6) and propane (C3# 8) (additional gasses found in

utility natural gas), but it was later determined that these extra species were negligible 

to the thermodynamics of a system. The complete list of species is given in Table 3.1. 

Flow rates are often measured in mass per second: hence the gas flows in this model 

are in units of kg/s. For chemical reactions, it is necessary to convert the mass flow 

into a molar flow. The conversion is simply done by dividing the mass flow by the

Itg
molar mass of the gas species as follows: —

s

3.2.2. Calculating Gas Properties

The current model is a first principles model, where all properties are 

computed from the enthalpy and entropy and reactions of a gas mixture. There are 

two numerical options available to compute enthalpy and entropy. The first is to 

construct a table/matrix (lookup table) to store enthalpy and entropy values at 

particular temperatures of each species; the second is to store the polynomial 

coefficients that describe the specific heat (at constant pressure, C ) of each gas

species as a function of temperature. Matlab and Simulink have built-in functions to 

process “Lookup Tables”. The lookup tables function interpolates intermediate values 

and extrapolates values beyond those recorded. While the lookup table functions are 

easy to use, they do not take advantage of Matlab’s ability to calculate matrices. 

Additionally, in order to calculate the enthalpy of a gas mixture of just three species, it 

would be necessary to call the lookup table function for each species, multiply the 

result of each species by the species molar amount, and finally, add the amounts 

together to get the final enthalpy. The second method, which is implemented in this 

study, functions as follows: separate matrices of coefficients are created for different 

temperature regions, each having dimensions of (8x15), consisting of 15 vectors, one
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for each gas species, of 8 polynomial coefficients. A cross product is made with the 

molar gas flow vector (15x1), and yields a (8x1) property vector that has effectively 

summed the polynomial coefficients weighted by the specie’s molar concentration. 

This one property vector of coefficients can then calculate specific heat, enthalpy or 

entropy of this gas mixture at its particular temperature. While the coefficients 

actually describe the specific heat ( Cp), enthalpy ( H ) and entropy (S ) can be

calculated by H = JCp d r  and S = \fOp/T dT . Since Matlab computes matrices so

efficiently, this was the method chosen for this study. An added benefit of the 

coefficient cross product method is used when solving for an unknown temperature 

with a known gas mixture and known enthalpy or entropy. The coefficient vector can 

be used to calculate enthalpy or entropy and also the derivatives, enabling Newton's 

Method to converge very quickly. [Newton’s Method is an iterative approach to find a 

desired value, where a guess is made and the derivative is used to create and find 

where the tangent line equals the desired value. Limitations of Newton’s Method in 

this study are that occasionally the first guess of temperature is far too high. This 

causes the next guess to be far too low, so low that the coefficients do not accurately 

describe the enthalpy or entropy. However, it is safe to assume the lowest temperature 

possible within a system will be the ambient air conditions. When a guess is made 

colder than -20C, the guess is overridden and the temperature is set at -20C, so that the 

solution will converge more quickly.]

3.2.2.I. Calculating Gibbs Free Energy

Mixed gas systems achieve equilibrium based on minimizing the Gibbs Free 

Energy of the system. The Gibbs Free Energy is defined as: G = H -  T * S (where T 

is absolute Temperature, H is enthalpy and S is entropy). As easy as the above 

equation may seem, to reproduce the Gibbs Free Energy values listed in the JANAF 

Tables [22] it is necessary to use the above equation for the species of interest, then 

subtract the Gibbs Free Energy values of the reference forms of the constituent
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elements within the desired gas. As an example the Gibbs Free Energy of CH4 would 

be calculated by GCĤ -  Gc -  2GĤ , where GCĤ signifies the Gibbs Free Energy of

CH4. Fortunately a chemical equilibrium program was written that did not require the 

calculation of an individual species Gibbs Free Energy; however, this was learned 

after spending much time and effort understanding and programming the above 

calculation. Gibbs Free Energy is necessary for the calculation of chemical 

equilibrium (commonly represented as K ). However, the calculation of the chemical 

equilibrium is only useful if looking at one particular reaction, such as 

CH4 + y2 0 2 <=> CO + 2H 2. Because this stoichiometric reaction conserves elements, 

the subtraction of the constituent elements occurs on both sides of the reaction, 

canceling each other. Yielding the following equation

Gco+2Gh; - G CHi - / 2G0  ̂ = A G . This calculation is essential to the combustion 

process discussed in section 3.3.6.2.

3.2.3. Mass Flow, Temperature and Pressure Vector

MF-T-P stands for Mass Flow, Temperature and Pressure defining a system 

state. It is these variables that are passed from component to component, much like a 

physical system linked by pipes. Simulink groups these variables into one vector, 

visually represented by an arrow when passed from component to component within 

the model. In this model, the Mf-T-P vector has 17 values, 15 values representing the
(kg \

gas species mass flow {— ) (see Table 3.1), one value for the temperature ( K ) and

one value for pressure (atm). Knowing the composition of gas species, the 

temperature and pressure, all other properties can be determined, such as enthalpy, 

entropy, and Gibbs free energy.

3.3. System Component Modeling

This study has greatly benefited from the help of Brayton Energy. Through 

their expertise in turbomachinery (compressors and turbines), the UAF model has
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been designed to properly model compressor and turbine behavior. This includes 

modeling each component separately, but also as a paired unit. This involves finding 

solutions matching mass flow, pressure and shaft speed to the paired compressor and 

turbine. Other system components must be properly modeled to function as expected 

in reality, such as the heat exchangers and fuel cells. The calculations and 

assumptions used in modeling these components are discussed in the following 

sections.

3.3.1. Basic Compressor and Turbine Modeling

>

>

Figure 3.1: Compressor and Turbine.

A simplifying assumption is that perfect compressors are isentropic, resulting 

in zero entropy production [23], The second law of thermodynamics states that 

entropy, or disorder, o f a closed system can never decrease. Therefore, in a perfect 

compressor the incoming entropy will equal the outgoing entropy. A real compressor 

is modeled by including its efficiency, which compares perfect compression with 

observed compression. If the efficiency is 100%, then the compressor is perfect 

(isentropic); however, compressors typically do not exceed 85% efficiency.

Modeling of a compressor requires inputting/knowing the following: incoming 

mass flow, temperature and pressure (hence the Mf-T-P vector, see section 3.2.3), as 

well as the output pressure and efficiency of the compressor. Sometimes a pressure 

ratio (or expansion ratio) will be given, rather than output pressure. However, simple 

multiplication or division with the input pressure yields the output pressure. The first 

law of thermodynamics must also be obeyed (conservation of energy/enthalpy), so the
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incoming enthalpy is recorded as H x. Entropy is also recorded as 5,. It is important 

that entropy be calculated with the entropy departure term (-^?ln[P/P0j) [24]. Since 

the outgoing pressure is known and entropy is conserved, temporarily assuming a 

perfect compressor, the temperature can be calculated. This is recorded as T2s and the

corresponding enthalpy as H ls (s for isentropic). The difference H 2s- H i = AHS is

the change in energy, the energy added by a compressor or the energy extracted by a 

turbine. (Note that negative AH represents energy leaving the system (being 

produced) and that positive AH is energy absorbed by the system.)

Inefficiencies of a real compressors/turbines are as follows: if the component 

absorbs energy (a compressor), then the inefficiencies cause the component to require 

more energy to produce the same pressure increase, if the system produces energy (a 

turbine), then the inefficiencies causes less energy to be produced. In both cases the 

extra energy remaining in the system is converted to heat in the output flow of the gas 

stream. For a compressor the final true enthalpy is AH s/n = H 2, where n is the

efficiency. Lastly the new temperature, T2, is found. An example follows:
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\kg/s  of incoming air at 15 C 1 atm and has H x = -10.6  kW and 5, = 6.85 kW/K .

If the air is compressed to 6 atm and entropy is conserved (isentropic or perfectly 
efficient), then the temperature (Tls) must increase to 205C , and H 2s is found to

be 183.2kW . AH s = H 2s -  H i = 193.8kW .

If this were a real compressor operating at 85% efficiency, then AH s would be 

greater, hence H 2 = d / /s/0.85 = 228.0kW .

Energy is conserved, so H 2 = //, + AH = 211 A k W , the temperature is found to be 

T2 = 237C and lastly, as a check, the entropy has increased (in our non-perfect 

compressor) to S2 = 6.91 kW/K .

3.3.1.1. Auxiliary Blowers, Fans and Fuel Compressors

The thermodynamics of blowers, fans and fuel compressors used in some 

hybrid systems obey the basic compressor example shown above. The difference is 

that they will have different efficiency inputs, which is often a constant associated 

with the device. In this model the blowers/fans cause only slight pressure rises and are 

assumed to operate at 65% efficiency [25]. Fuel compressors are assumed to run at 

70% efficiency [25] and are used to raise the pressure of the fuel stream to that of the 

gas stream it will be joining. Because fuel flows are so small and the blowers only 

slightly raise the pressure, the energy absorbed by these components is relatively 

small, and assuming constant efficiencies is justified. However, the effect of these 

components may be substantial when studying the entire system efficiency, due to the 

number of them required. Although the efficiency has been made constant for 

simplicity in these components, it is easy to add variable efficiency if deemed 

necessary, such as discussed in section 3.3.2.1.

3.3.2. Compressor Map Input

In turbine systems operating at higher pressure ratios, the compressor and, to a 

lesser extent, the turbine, have variable performance characteristics, which are
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commonly described in a performance map. These maps generally show mass flow 

along the x-axis, and pressure ratio along the y-axis.

The most crucial characteristic is that of compressor surge. Surge occurs 

within a compressor when there is insufficient mass flow at a particular pressure ratio, 

causing the compressor blades to stall. Surge is accompanied by violent sounds and 

vibrations, as well as a reversal of gas flow until the pressure ratio has fallen. In a 

physical compressor this is very destructive and must be avoided at all costs. 

Modeling negative mass flow is extremely difficult; hence the modeled compressor 

will never be allowed into the surge region.

The second most important characteristic is efficiency. All compressors and 

turbines are designed around a best operating condition, called the design point. If a 

compressor is designed to compress 1 kg/s of air to 3 atm at maximum efficiency, 

then this is its design point. While it can be useful to only consider the design point of 

a compressor, few systems are able to operate only at the design point, so off-design 

analysis gives better understanding as to how a system would function at the highest 

and lowest energy demands throughout a day or year. This is especially true for 

electrical generators, where turbines must load follow. As the compressor is operated 

at conditions other than its design point, the efficiency deteriorates (often 

dramatically); also the gas flow and pressure ratio change. A compressor map is a 

collection of these operating conditions on a plot (see Figure 3.5).

As stated in section 3.3.1 on basic compressor modeling, the only inputs 

needed to model a compressor are the incoming gas flow, temperature, pressure (Mf- 

T-P), the output pressure, and the efficiency. The compressor (or turbine) map, allows 

the output pressure and or the efficiency to be determined for the entire useful range of 

the engine.
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3.3.2.I. Compressor Efficiencies based on 2D Lookup Tables

If a complete compressor map is not available, a 2D lookup table can be used, 

where the efficiency is given as a function of pressure ratio. In this case the primary 

assumption is that the compressor is operating along a single predetermined line 

created on a map, often one that follows the surge line at a safe distance. While this 

2D lookup table is less realistic than a complete map, this modeling tool is sometimes 

useful. Many large multi-megawatt compressor/ turbines run at a fixed 3600 RPM, so 

that the alternating current (AC) is at the proper 60Hz. When modeling such a large 

turbine (and not concerned with startup analysis) it is only necessary to have one 2D 

plot for the one speed line, with mass flow on the x-axis and pressure ratio and 

efficiency on the y-axis.

Fit to Ramgen Design-Point Compressor Efficiency

Pressure Ratio

Figure 3.2: 2D Lookup Table (Predicted from early CFD) [26].



31

3.3.2.2. Compressor Efficiencies Based on 3D Lookup Tables

When test data is collected on a newly developed compressor, it is assembled 

into a compressor map, such as shown in Figure 3.5. The data points record the shaft 

speed, mass flow, pressure ratio, and operating efficiency of the compressor at 

different operating conditions. Speed lines are created by joining data points of 

constant shaft speed, and constant efficiency points are connected to form efficiency 

contours. However, due to the large effort required to obtain these maps, they are 

often not published in the open literature.

Today, computational fluid dynamics modeling (CFD) allows manufacturers to 

predict the characteristics of a compressor design prior to manufacturing. CFD has the 

ability to create and adjust a compressor geometry/design to meet the needs of a 

specific application. This is the design approach Rolls Royce has taken toward their 

test pressurized SOFC hybrid (see section 2.4.3) [16]. A compressor map for this 

system is shown on Figure 3.5. (Note that the axes have been normalized to protect 

the data.) It is important to understand that while four parameters are shown, only two 

are independent, and the system state is completely defined with any two. Typically 

this is done by knowing the shaft speed and pressure ratio.

3.3 2 .3. Importing Compressor Maps into the Model

For this model, once a compressor map is acquired, the image must be 

digitized. (Digitized means assigning digital data points to the image of the 

compressor map.) While there are many programs available to do this, Getdata® has 

proved most useful because of a small window showing the pixels’ resolution of the 

image, and because it attempts to automatically select lines. Digitizing begins with 

selecting and assigning values to the axes. Points are then selected and given 

Cartesian coordinates.

Digitizing offers amazing accuracy limited primarily by the quality of the 

image, with accuracy often to the third decimal. For instance, when selecting the
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surge line of Figure 3.5, 390 different points where selected. As digitizing continued, 

each of the speed lines were selected individually, as well as all efficiency contours. 

This information is saved in Getdata, then exported as an Excel spreadsheet. In Excel 

the different lines (100% designed shaft speed, 95% designed shaft speed, etc., and 

each efficiency contour) were saved in groups of two columns (X and Y coordinates) 

titled with what line they represent. A Matlab script has been written to import these 

numbers into Matlab. In Matlab the values were imported into three different three- 

column matrices: one for the surge line, one for all the speed lines, and the last column 

for all the efficiency lines. The three-column matrix held the mass flow and the 

pressure ratio data as well as the value represented, such as 0.85 when it represented 

the speed line at 85% designed shaft speed. These very large matrices were then used 

in Matlab’s griddata function. Griddata is a very complex function which interpolates 

a large number of data points to assemble a smooth mesh, representing the group of 

speed lines or efficiency lines. Griddata allows one to imagine the original data as if 

they were wire forms used to grow animal topiary. The wires themselves describe the 

animal shape, but when the brush grows to fill and smooth the spaces between the 

wires, the animal appears more complete and smooth. Griddata converts a disordered 

1324x3 matrix of raw data into an ordered 100x100 matrix, containing speed values, 

and two 100x1 vectors for mass flow and pressure ratio values representing the axis. 

While griddata is a very complex function and does take a lot of time to run, it is only 

necessary to run it once, and the resulting matrix is saved for future use. (The value of 

100x100 was decided upon by testing both the speed and accuracy of re-interpolating 

the original data from the 100x100 matrix.)

Once the data is stored in a convenient matrix (remembering that Matlab was 

built for matrices) looking up data and interpolation of data can occur very quickly. 

As proof of this method, the original speed lines and efficiency lines collected with 

Getdata, then imported from Excel, have been plotted with those interpolated from the 

griddata matrix using the contourc command (see Figure 3.3 for speed lines and 

Figure 3.4 for efficiency contour comparisons). Not only does this method reproduce
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the original data, it actually fills holes from the original data and makes very good 

guesses at values outside of the original data. Note that in Figure 3.3 the 

fitted/interpolated data extends below the actual data. This could be cropped, as the 

portion above the surge line was, but as a compressor can physically operate in this 

region it has been left as is. (It should be noted that running in this region has very low 

efficiencies, and as such is usually avoided.) Also, the efficiency lines extend beyond 

the collected data; there is no benefit from removing/cropping this data. In short, this 

method is extremely good at reproducing the original data and interpolated data, using 

100x100 matrices. As mentioned above, other matrix sizes were evaluated; 25x25 

showed noticeable errors, 60 x 60 appeared accurate but errors could be seen when 

zoomed in, and values as high as 500 x 500 had undetectable errors, but computational 

speed slowed drastically. Using these matrices it is possible to solve for the four 

parameters in many different scenarios, as will be discussed in section 3.3.3.

Speeds Lines w ith Surge Line Speed Lines Mesh
1.6 
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® 1or 1
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Figure 3.3: Low Pressure Compressor Speed Lines.
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3.3.3. Compressor/Turbine Matching

As stated in section 2.3, an understanding of both turbomachinery and fuel 

cells seems to be lacking in current hybrid modeling research [7]. This study to date 

has focused more on compressor/turbine performance than fuel cell dynamics; in fact 

the goal is to design a turbine to minimize any disturbance to the fuel cell.

Proper study of the compressor/turbine performance requires matching shaft 

speed, mass flow and pressure ratio at both the outlet of the compressor and the inlet 

of the turbine, assuming the compressor and turbine are connected together on a single 

or geared shaft. Note that mass flow is slightly higher on the turbine inlet due to the 

small addition of fuel. However, “it is common practice to bleed air from the 

compressor at various stations to provide cooling air for bearings and disk cooling. 

Very often it is sufficiently accurate to assume that the bleed air equals the fuel flow 

and therefore that the mass flow is constant throughout the combination” [27], The 

compressor and turbine have very different looking maps, as shown in Figure 3.6. 

This is the standard representation of these maps; it is particularly interesting to notice 

how the axes are flipped between the compressor and turbine maps. The turbine will 

usually enter a “choked flow” region at an expansion ratio of 2.5 or higher, and the 

chart extends horizontally at a corrected mass flow of 1.

While it may seem counter-intuitive that the expansion ratio could increase 

while corrected mass flow remains constant, the actual mass flow can increase.

Corrected mass flow is calculated by M f  * / T/C. /  P/p , where Mf  is the actual
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Figure 3.6: Compressor and Turbine Map (Speed lines only).

3.3.3.I. Solving Compressor/Turbine Matching Problem

In real systems, compressors and turbines are connected by a shaft, and also 

share the same mass flow, providing mathematical constraints on the system.

Solving the compressor/turbine matching problem is approached as follows. 

The Mf-T-P vector is calculated at the turbine inlet. If the expansion ratio (input 

pressure to exiting pressure) is greater than 2.3 then the turbine is assumed to be in 

choke. (This is often the case during normal operation.) Choke means that the turbine 

is handling the maximal corrected flow, and is represented when all speed lines 

converge with constant corrected mass flow, with increasing expansion ratio (a 

horizontal line). (Note that the choke area is not represented on Figure 3.6.) When in 

choke, the normalized corrected mass flow is assumed to be 1. If the expansion ratio 

is less than 2.3, corrected mass flow is found by interpolating the turbine speed lines, 

as shown in Figure 3.6, to find the appropriate corrected mass flow. In the world of 

turbomachinery, corrected mass flow is often referred to as O , phi. Then a mass flow

compressor side and used to find the actual mass flow and pressure ratio created by the

vs. pressure slope is created This slope is then passed to the



37

compressor at a given speed line. This slope is represented as the green line on Figure

3.7, and the red dot is the condition which solves the compressor/turbine matching at 

the needed speed. This process will be iterated until the compressor and turbine have 

matched mass flow, pressures and shaft speed, representing the steady state condition 

the system will achieve. If the assumption is made that the turbine will always be in 

choke, and have a constant turbine inlet temperature (TIT), then the compressor map 

solutions will always be on the same green line, hence a 2D plot could be used in such 

a case (such as discussed in section 3.3.2.1).

Compressor eff= 0.73456

Figure 3.7: Compressor Matching.
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3.3.4. Heat Exchanger

5
>

Figure 3.8: The Heat Exchanger.

Heat exchangers are a very important component in fuel cell/turbine hybrids, 

as they are used to transfer heat energy from one gas stream to another, recycling and 

reusing heat. System efficiencies benefit greatly from this recovered energy, but at 

added capital cost to the system.

In a pressurized SOFC as in this study, the hot exhaust gasses of the solid 

oxide fuel cell flow through the heat exchanger to heat/preheat the pressurized air 

exiting the compressor before entering the turbine. High temperature atmospheric fuel 

cells have efficiencies of just under 50%, however, the high quality heat exhausted 

from a high temperature fuel cell is perfectly suited to supplying a bottoming cycle, 

and/or heating water [2], thus raising the efficiency even higher.

Modeling of a heat exchanger requires inputs from the two gas streams that are 

trading heat and the heat exchanger “effectiveness”; that is, how close the heat 

exchanger comes to transferring the maximum energy possible. Cross-flow heat 

exchangers have higher effectiveness and are portrayed in this study; however, any 

heat exchanger can be modeled based on its effectiveness. (It is very difficult to make 

Simulink heat exchangers appear to be cross flow, with arrows entering from both 

sides. It appears in this model by stacking two blocks on each other.) Perfect 

effectiveness means that at least one gas stream will change temperature to match the 

other gas stream’s inlet temperature. This study assumes the effectiveness to be 90%, 

which is based on a novel heat exchanger patented by Brayton Energy. The important 

rule of heat exchangers is that a gas stream temperature can never increase or decrease 

past the inlet temperature of the other gas stream. A simple example is:
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Stream 1 of 1 kg/s air enters at 300° C , stream 2 of 1 kg/s air enters at 20° C . 
We intuitively know that stream 1 will be cooled and stream 2 will be heated.

If the heat exchanger were 100% effective, then stream 1 would exit at 20 °C and 
stream 2 would exit at 300 ° C .

However, if the heat exchanger were only 70% effective, stream 1 would exit at 
104°C and stream 2 would exit at 216°C.

(This example is overly simplistic because both streams contain the same fluid 

and the same mass flow. Besides not exceeding temperature limits energy must also 

be conserved.)

Now stream 1 contains 1.3 kg/s of hot combustion products at 700 °C and stream 

2 contains 1 kg/s of ambient air at 25 °C.  Note that stream 1 will have a 
much higher specific heat. (Specific heat is a measure of how much energy is 
absorbed to increase the temperature of one mole of fluid by one degree.)

With perfect effectiveness, stream 1 cools to 208 °C and stream 2 heats to
100° C.

Notice that while stream 2 increased its temperature by 675°C,  stream 1 cooled 
only 492 °C . This is because stream 1 has a larger specific heat (more energy 
released per degree cooled).

Modeling a heat exchanger takes the following steps: First, the absolute

difference in enthalpy is calculated for each stream if it changed to the other stream’s 

temperature. Then the lesser of these differences is chosen and multiplied by the 

effectiveness (<1). Finally, this value is added to or subtracted from each stream’s 

enthalpy and the exiting temperatures are calculated.

Heat exchangers also act to restrict flow, and cause pressure drops, which can 

be estimated based on engineering experience. Gas streams experience a pressure 

drop of approximately 2.8% on the hot side and 0.9% on the cold side due to the
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change in volume [26, 28]. This pressure drop is assumed to be constant at all flow 

rates.

Heat exchangers are the most likely of any of the system components to 

experience steam condensation or water vaporization (phase change of H 20 ). 

Studying system temperatures for the pressurized SOFC at a variety of conditions 

showed that steam was not likely to condense; hence phase change was also not 

considered in this model. This was fortunate, as calculations with the heat exchanger 

create algebraic loops in the system based on temperature, and adding phase change 

calculations would create additional algebraic loops based on the phase of H 20  in the 

gas stream. (Algebraic loops are what make Simulink such a great tool, but 

occasionally Simulink will simply stop working, being unable to solve the loops; see 

section 3.4.2.

3.3.5. Basic Fuel Cell Model

Figure 3.9: The Fuel Cell.

A fuel cell is a device that produces DC electrical energy and heat in an 

electrochemical reaction, and does so as long as sufficient fuel and oxygen are 

supplied to the system. The performance of a fuel cell is most easily described using a 

polarization curve, where the system voltage is plotted as a function of current. Since 

electrical power is given by P=V*I, the electrical output is clearly shown by this 

curve. Also, the heat produced can be easily estimated by observing that at 100% 

efficiency, the ideal voltage of the reaction of hydrogen and oxygen is 1.23 V per cell 

at25C. (Calculating the ideal voltage is as follows: E = A g f /(2 x F ) .  E has units of 

voltage, delta g is the difference in gibbs free energy, and F is the Faraday constant.
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E _  ^37’2 0 0 /w ^ ^ ^ ^ ^ _  _ j  229 V .) Calculating the electrical power that

would be produced at this voltage level per cell and subtracting the observed power 

gives an estimate of the heat produced. This number must be increased to account for 

fuel that does not participate in the electrochemical reaction, known as the fuel 

utilization.

In this model, the basic fuel cell block models the overall chemistry, electrical 

production and heat generation which a physical fuel cell would produce. However, 

this fuel cell model does not consider any of the details of stack geometry, gas 

diffusion through an electrolyte, individual cell voltages, or where the fuel is 

reformed.

In this work, the fuel gas stream and air gas stream must be entered, as well as 

information regarding the fuel utilization and cell voltage. (Fuel utilization is the 

percentage of fuel that reacts within the fuel cell. Some fuel will always leave the fuel 

cell, due to keeping the cell voltage high, however, this remainder is combusted to 

supply heat for the reforming reactions.)

This solid oxide fuel cell (SOFC) model functions as follows: The enthalpy 

(energy) of both the anode (fuel side) and cathode (air side) gas streams is calculated 

(needed for conservation of energy). With the user defined fuel utilization, the amount 

of oxygen needed to fully react with the fuel is determined. If this much oxygen is 

available in the cathode stream, the oxygen is moved over to the anode side. 

However, if there is not enough oxygen, then only what is available is moved to the 

anode. (This latter case of not enough oxygen would cause major problems for a 

physical fuel cell as the electrolyte would be consumed as oxygen is stripped from the 

lattice, and is a major design issue for fuel cell suppliers. In fuel cells built to date, the 

air stream is also used for heat management, and typically the oxygen supplied to the 

system is 3 to 5 times greater than what is needed for the chemical reaction.) 

However, it was decided to allow the present model to continue to run, rather than
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crash, while displaying an error message to alert the user that an invalid condition had 

been reached. The current produced in the fuel cell is directly related to the oxygen 

moved across the electrolyte (each oxygen atom corresponds to two electrons); 

additionally the cell voltage can be calculated as a function of current through the 

polarization curve [2].

The model then calculates the chemical equilibrium (combustion products) of 

the cathode-exiting stream. Given the incoming enthalpy and the produced electrical 

work, the exiting enthalpy is found.

Assuming that both the cathode and anode exit at the same temperature, the 

exit temperature is calculated. In a physical SOFC the two gas streams are combined, 

combusted and circulated to provide heat for the reforming process. In the present 

model the anode and cathode streams are joined, combusted, and finally exit as one 

stream. While the present model focuses only on solid oxide fuel cells, other fuel cells 

would require only slight variations in deciding what species (hydrogen, carbon 

monoxide, or oxygen) travel through the electrolyte and what current is produced by 

those species.

(Programming the fuel cell provided an example of how frustrating and 

confusing Simulink can be. Initially the model began with a complete Simulink block 

design. However, after finding “phantom” numbers appearing while adding two gas 

streams together (such as 0 + 0 = 23*1 O'17) parts were then written in M-files, or 

Matlab code. Strangely, having Matlab add zeros worked fine, while Simulink 

continued producing “phantom” numbers. Presently the fuel cell model has been 

completely written into an M-file and it is apparently working very well!)
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3.3.6. Combustion and Reformation

Figure 3.10: The Combustor.

In common usage, combustion refers to the chemical reaction of a fuel with 

oxygen, releasing heat and combustion products. A combustor is a device designed to 

contain the mixing of air and fuel and to ignite this mixture so that combustion can 

occur. In the simplest form, fuels contain carbon and hydrogen, which produce carbon 

dioxide and water vapor as products when complete combustion occurs.

However, these combustion products are not the only possible products of the 

reactions—carbon monoxide, solid carbon in the form of particulates, nitrous oxides, 

and unburned hydrocarbons are other possible combustion products that are of 

considerable interest because of their negative environmental effects.

In fuel cells, incomplete combustion is sometimes deliberately undertaken as 

an intermediate step, as this produces large amounts of hydrogen to be used as fuel by 

the fuel cell. This process is referred to as reformation, and involves the following 

basic chemical reaction:

2(,+i) + ° i  + H i °  => c o 2 + c o  + h 2 + h 2o  + CH4

The mixture of products created by this reaction is sometimes called syn-gas, 

and sometimes called reformate. As should be apparent from observation, this 

reaction is not simple; for example, the carbon can occur in several forms, and the 

ratios of these products are not determined by stoichiometry. In general the system 

will find a thermodynamic equilibrium based on the minimization of the Gibbs Free 

Energy of the products, but this depends on the ratio of the incoming reactants and the 

temperature and pressure at which equilibrium is achieved. Calculating the minimum
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Gibbs Free Energy requires examining each partial reaction separately. This reaction 

has been studied extensively due to its importance in nearly all fuel conversion 

systems of interest, including the production of synthetic fuels from coal or natural 

gas, the production of hydrogen from fossil fuels, and the operation of fuel cells.

The appendix includes a summary of the quest for better chemical equilibrium 

modeling. (This is a very difficult problem and was undertaken against the advice of 

my major advisor. In the end, five different folders/attempts titled “Rabbit Hole” 1-5 

had been created, named appropriately for the remote chance of seeing light at the end 

of the tunnel.)

3.3.6.1. Basic Assumption of Complete Combustion

The first attempt to model chemical equilibrium was very straightforward and 

assumed first optimal reforming, maximizing the formation of CO and H 2, followed 

by complete combustion. By knowing how much fuel was to be used, and how much 

oxygen was available, an estimate can be made regarding the products based on 

stoichiometry. Table 3.2 breaks down the overall reaction and lists the partial 

reactions in such an order that first C 02 and H 20  are transformed into CO + \ 0 2

and H 2 + \ 0 2 respectively, adding to the oxygen available. CH4 then reforms into 

CO and H 2, followed by the steam reforming reaction of CH4 with H 20  producing 

more CO and H 2. Thereafter CO and H2 react with any remaining 0 2 to form 

C02 and H 20  , respectively. When combustion is desired there is usually more than 

enough air available and the reactions go to completion (with the exception of a wood 

stove with the air supply choked, producing copious CO). However, in a reformer 

(steam or auto thermal) these basic reactions predict the products assuming the 

reforming occurs at an optimum temperature. This ordering of reactions allows a very 

basic understanding of incomplete combustion when reacting with insufficient 

oxygen. However, without an understanding of chemical equilibrium, this approach 

gives the same result regardless of temperature or pressure, and, as shall be discovered



in section 3.3.6.2, the temperature range from 850K to 950K  is very important to the 

reforming processes.

Table 3.2: Order of Basic Combustion Reactions.

C 02 —)C0~\~-^02 (Creating oxygen)

h 2o  -» h 2 + \ o 2 (Creating oxygen)

CH4 + | 0 2 —» CO + 2H 20 (Incomplete combustion)

CHa + C 02 —» 2CO + 2H2 ( C 02 shift reaction)

CHa + H 20  —> CO + 3H2 (Water gas shift reaction)

CO + H 2 + 0 2 —> C 02 + H 20 (Burning equal parts CO and H 2)

CO + ' j0 2 —> CO2 (Complete combustion of CO)

H 2 + 2°2 - * H 2O (Burning of H 2)

3.3.6.2. Single Point Reaction Equilibrium

This was the most successful attempt for better combustion modeling. Here it 

is learned that Gibbs free energy calculations are easier when looking at the difference 

of a stoichiometric reaction, since Gibbs free energy of CHA is calculated by 

H ch - T * S CHi of CH4 and subtracting H c -  T * S C of Carbon and two

H h2 T  * S of H 2, because these are the reference species making up CH4. 

However, when interested in a reaction such as CO + H 20  <=> C 02 + H 2, the reference 

pieces are equal on both sides of the reaction and cancel each other out. Now the 

difference in Gibbs free energy becomes dG = GC0 +GH -G co-G  n . The
2 2 H ~ \ J
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reaction constant K is found by K = exp(dG /(R*T)), where R is the universal gas 

constant and T is temperature in Kelvin. (Note that reaction constants often are given 

as ln(K ) .) When ln(K) = 1 or K  = 0 the reaction is in equilibrium, with equal parts 

reactant and product. It is reactions such as these that are most crucial to proper 

modeling. To investigate what reactions would be of interest, ln(K) vs. temperature 

was plotted for twenty-five different reactions in the temperature range of 300K to 

1800K, (see Figure 3.11). The reactions that crossed ln(K) -  1 were carefully chosen 

for further analysis. The appropriate amounts of product and reactant can then be 

solved with equation 13.27 from Smith [24], ( n i(y(.^ )v‘ -(P/P°)~v K  = 0 = Z (Z

being the variable used to converge on a solution. y i represents the molar 

concentration of a species in the mixture and (f>i is assumed 1 for an ideal gas [24]).

With very careful and tedious examination of this equation, it was learned that there 

are many solutions, yet always only one in the region of interest; other regions 

indicated negative species. Several different methods of converging on the solution 

were tried, including Matlab’s fzero function. However, after studying how fzero 

converged, (“frog hopping,” back and forth until it finds a zero crossing). A better 

method was envisioned. Furthermore, fzero would often “frog hop” out of the real 

solution domain. A simple bisection method was written to find the one real solution. 

The first step is determining the limiting amounts of product and reactant: essentially, 

how far forward or backward the reaction could move without producing negative 

species. This creates an upper and lower bound for investigation. Because calculating 

equation 13.27 when all reactants have become products, or vice versa, yields ±°° we 

must first make guesses with a difference of a global rounding factor, 1*1(T5, from 

the ends of the upper and lower bounds. (The global rounding factor is a global 

variable used to declare the accuracy throughout the model.) Guesses at both ends 

give results recorded as Z1 and Z2. If Z1 and Z2 are of the same sign, it means the 

one solution lies between the first guess and the complete use of all the reactants or 

products. In this case, the value of K is determined to be either less than or greater
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than one, and reaction is assumed to go completely one way or the other. Because of 

the rounding value we do not care about such small pieces to spend time solving in the 

tiny area between the first guesses and the limits. However, if Z1 and Z2 are of 

opposing signs then we know only one solution exists between them. Continuously 

checking whether the signs are still opposing, the bisection method converges to the 

solution until the difference of the two points is less than the global rounding factor. 

Timing the bisection method against Matlab’s fzero, the bisection method was found 

to be three times faster and more reliable than fzero. To Matlab’s credit, fzero is 

designed to solve a wide variety of problems with no understanding of how the 

functions operate; it is only because this problem could be understood that a better 

solver was designed. After one reaction has been solved the following reaction is 

examined (see Table 3.3). Because gas species may be adjusted by subsequent 

reactions, the entire process needs to be repeated until overall changes to the gas flow 

are less than the predefined global rounding factor. During calculations the ordering 

of reactions is done so that the largest | K  | is considered first; that is, the reactions 

most strongly occurring are calculated first, followed by the reactions that are closer to 

equilibrium. Typically, the process is repeated three to five times for convergence. 

However, when studying reforming flows with insufficient oxygen at low 

temperatures, often eighty to one hundred iterations are needed to converge upon a 

solution. While the reactions calculated are similar to Table 3.2, the list has been 

expanded to include other fuels and NOx production. In this study the other fuels and

NOx production have been disabled to allow faster modeling.
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Table 3.3: Single Point Reaction List.

CH4 + Y 2 0 2 <=> CO + 2H 20 C2H 8 + Y 2 0 2 ^ 3 C O  + 4H 2

CH4 + C 02 <^2C0 + 2H2 C3/ / 8 + 3H 20  «  3CO + 1H2

CH4+H 20  ^>CO + 3H2 CO + H 20  C 02 + 2H2

C2H 6 + y 2 0 2 <̂> 2CO + 3H 20 CO + Y ° 2  o C 02

C2H6 + 0 2 <=> 2CO + 3H 2 H 2+Y>°2 <=> H 20

C2H6 + 2H20  <=> 2CO + 5H2 N2+ 0 2 <h>2NO

C3tf  8 + Y 2 0 2 «  3CO + 4H 20 N 0  + Y 2 0 2 <=> n o 2

While this approach seems logical, verifying results is very complicated. 

Checking began by replicating examples from a chemical thermodynamic textbook 

[24]. Further, a reforming report done for the University of Alaska Fairbanks written 

by Andy Lutz (a contributor to the commercial chemical equilibrium software 

ChemKin®), was used, where he studied chemical reforming at different air-to-fuel 

ratios across different temperature ranges (see Figure 3.12) [29], Duplicating Lutz’s 

study, the curves were very accurately replicated (see Figure 3.13).

A newer software package named Cantera was also explored. Cantera is 

essentially a free and open-source competitor to ChemKin. Dr. David G. Goodman, 

the creator of Cantera and a professor at the California Institute of Technology, has 

carefully compared results from Cantera to those from Chemkin to find less than 0.2% 

difference. Cantera was also used to replicate Lutz’s study and the Cantera results 

were found to be very similar to Lutz’s and the single point reaction method used in 

the model. Using Cantera to check other equilibrium scenarios against the single point
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reaction method showed very small variances, therefore validating this equilibrium 

method.

Reforming T (C)
Figure 3.12: Lutz Study on Fuel Reforming [29].
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Pressure= 1

Temp *C

Figure 3.13: Reforming Using Single Point Reaction Equilibrium. 

3.3.7. By-Pass Valve

Figure 3.14: The By-Pass Valve/Flow Splitter.

The by-pass valve is an important component used to reroute gas around such 

components as the fuel cell (the cathode by-pass) when studying off-design operation, 

as it helps control temperatures throughout the system. Modeling the by-pass valve is



52

very simple, where the input parameter is the percentage of gas to be by-passed, or 

flow into the secondary channel and the Mf-T-P vector. Zero percent flow represents 

all the gas flowing through the primary channel, and can be adjusted to 100% flow 

going through the secondary channel. An important assumption of the by-pass valve 

is that there is no pressure drop through a partly open channel. This may seem 

unreasonable as the flow often rejoins, and the by-pass channel would be at a higher 

pressure having not run through a fuel cell; however, explanation of the flow joiner in 

section 3.3.8 concludes that only the lesser pressure is considered when rejoining. 

Another assumption is that the gas is well mixed, and while the total flow may vary 

between channels, the molar ratio/concentration is equal in both channels. In other 

words, the flow splitter does not separate or distinguish between gas species. Control 

of the by-pass valve is implemented as a graphical user interface, GUI, where the 

amount by-passed can be easily adjusted by a user.

3.3.8. Flow Joiner

<

Figure 3.15: The Flow Joiner.

The flow joiner is modeled very simply to conserve mass/gas species and to 

conserve energy/enthalpy. Two gas streams enter and one exits. The enthalpy of each 

stream is found and added together to form the total enthalpy of the exiting stream. 

Mass is conserved simply by adding the gas flows together. Assuming a well-mixed 

flow, the outlet temperature of this new mixture is solved by knowing the total 

enthalpy and addition of the two gas flows. In a true system both gas streams would 

enter the joiner at equal pressures; however, in this model it is assumed that the lesser 

pressure is the one of interest, since it has likely passed through additional components
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(such as a fuel cell). Therefore, the final exit pressure will equal that of the lesser inlet 

pressure.

3.3.9. Filter

Figure 3.16: The Filter.

A filter is a standard component typically seen prior to air inlets. Only the 

pressure is affected when modeling a filter. This study assumes a constant pressure 

drop of half a percent (1 atm *99.5% = 0.995 atm ) which has also been assumed by 

Brayton Energy. Both gas flow and temperature remain unchanged. The filter is a 

simple yet important component, both physically and to be modeled. Physically, a 

filter is necessary to prevent dust and other contaminates from entering system 

components, such as the compressor and fuel cell. In this model it is important 

because even a slight pressure drop affects the pressure ratio across the compressor 

and therefore the exiting pressure of the compressor.

3.3.10. Injector

<"

>

Figure 3.17: The Injector.

Modeling of injectors was inspired by Rolls Royce’s effort to recycle heat 

energy while keeping system components operationally simple and low cost in their 

test system (see section 2.4.3) [15]. The injectors essentially replace the use of heat 

exchangers and recycle blowers/fans throughout the system, resulting in significant

±
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cost savings in the system hardware. Injectors, also known as venture or enjectors, 

operate by accelerating the working fluid through a small chamber, allowing part of 

the recycled fluid to mix into the working fluid. The recycled fluid being mixed with 

the working fluid raises the working fluid’s temperature. Using injectors also allows 

partial reuse of unused fuel and creates a more uniform heat distribution within a fuel 

cell/turbine hybrid. Rolls Royce stated that the commercially available injectors tested 

were “rubbish” and Rolls Royce resorted to designing their own [15]. Although a 

crude model of Rolls Royce’s proposed pressurized fuel cell hybrid using injectors 

was assembled for this project, limited understanding of the operating properties of 

their injectors would render any off-design analysis useless. This overly simplistic 

model of an injector works by defining the pressure drop of the working fluid and 

defining the amount of recycled fluid to mix into the working fluid. Because the Rolls 

Royce’s system is not central to this study, the injector component was not developed 

further, though the Rolls Royce’s concept seems promising and may be investigated in 

the future.

3.3.11. Evaporator

Modeling the evaporation of water is very important, especially with molten 

carbonate fuel cells (MCFC), where steam is needed to run the fuel cell reaction and 

liquid water is boiled to supply the steam. Proper modeling of steam is also needed 

for startup and shutdown of SOFC fuel cell hybrid systems.

In early versions of this model, complete evaporation was assumed and it 

worked well. Based on operating conditions, it was determined that the formation of 

water was unlikely to occur in the compressor or turbine, given that no liquid water is 

in an inlet stream. (Liquid water in turbo machinery causes extreme blade erosion and 

must be avoided.) In normal operation of a fuel cell/gas turbine hybrid, temperatures 

far exceed those of water condensation. Therefore the assumption of no liquid water 

formation is justified in this study.
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3.3.12. Probing the Gas Flow with the Star

'k
Figure 3.18: The Star.

Perhaps the easiest to create and most useful component of the system is the 

star block. Simply stated, this block is a probe that allows a user to see all the 

properties of the gas stream wherever it is connected. Most importantly, during 

trouble shooting, it enables one to find what components in the system are not 

conserving mass or energy, and then resolve the problem. The star block displays all 

of the individual gas flows in mols/s and k g /s , the total gas flow in mols/s and

k g /s , the temperature in C, ° F , and K , pressure in atm, enthalpy in kW /s and 

entropy in kW /(K  ■ s ) .

Temperatures can be carefully considered throughout the system, including 

how hot a heat exchanger will be, and exhaust gas temperatures. This helps determine 

where high-temperature metals will be needed, which has a profound effect on system 

costs.

3.4. Building a System

Throughout design and programming, the intention of this work was to create a 

tool set, rather than one single model. The power of modeling is to explore what is 

unknown, and to do so quickly. If a model needed to be rebuilt for each new study, 

then the credibility of each new model would be supported primarily by the 

programmers’/researchers’ credibility to properly rebuild that model. However, 

having developed a tool set that has been tested and verified, these tools can now be 

reconfigured to study new systems carrying their previous credibility to the new study. 

This has been achieved by modeling each component of the system individually, 

linking the components in a realistic manner (MF-T-P, see section 3.2.3), and lastly,
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connecting parameters between components such as shaft speed, mass flow and 

pressure between the compressor and turbine (section 3.3.3).

3.4.1. Joining Components

Joining of components within the modeling tool is quite simple. Each 

component has at least one input for the MF-T-P vector (see section 3.2.3) and inputs 

for additional parameters needed, such as shaft speed, or fuel utilization. The 

components have at least one output for the MF-T-P vector and other outputs for any 

other values needed, such as energy used or produced. The exceptions are the heat 

exchanger, (which, for both input and output, has two MF-T-P vectors through two 

different inputs and outputs), and the flow splitter, joiner, and combustor. The MF-T- 

P vector has been designed so that it is typically the first/top input and output. 

Connecting components in this way is very easy, and, more importantly, fast. The 

components are saved into a common library where changes to the library component 

affect all copies of that component. The components can quickly be dragged from the 

library into a new model, rotated and moved into position, and finally, have the inputs 

and outputs connected. Typically, a system can be assembled in less than ten minutes; 

however, finer details such as adding compressor maps and compressor matching (see 

section 3.3.3) can take much longer. Figure 3.19 shows the user interface for a 

completed model.
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Figure 3.19: Connected System.

3.4.2. The Algebraic Loop

Simulink is a very powerful modeling tool. Much of its power is shown by 

solving differential equations, systems of equations and algebraic loops. The last of 

these has been the source of the most challenging problems in this modeling effort. A 

heat exchanger (see section 3.3.4) creates an algebraic loop. An algebraic loop is 

defined when one or more inputs to a calculation are affected by the outputs of that 

same function. In such cases, multiple iterations are needed to converge on a solution. 

In the case of the heat exchanger, the two incoming streams are inputs; however, one 

of the outlet streams may pass through a combustor, turbine and fuel cell before 

becoming the second inlet stream. Simulink calculates this by making a guess of the 

second inlet stream, then calculating the result and adjusting the guess, until the guess 

of the second inlet stream matches what is calculated. The only way to prevent or 

break an algebraic loop is discussed in the following section.
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Delays, or memory blocks (as they are titled in Simulink), can be used to 

interrupt or break an algebraic loop. While using delays may seem beneficial, it goes 

against the basic assumption of steady-state analysis. Instead of Simulink solving the 

system at steady-state, the system is solved using the solution saved within the delay. 

However, after allowing the system to run several time steps, the system reaches 

equilibrium or steady-state. Memory blocks require an initial condition that is used as 

an output during the first time step. During that first time step, the incoming vector is 

saved and will become the output vector for the next time step. In this way the 

algebraic loop that once depended upon its own output now depends on the output 

saved from the previous time step. (One should note that adding more delays 

increases the number of time steps needed to reach equilibrium, and also increases the 

memory required of the model.) While delays compromise the steady-state 

functionality of the model (where each time step is true steady state), delays will play 

a very important role in the future when studying transient behavior (see section 

4.7.2). Currently the delays allow the system to iterate to a steady state.

3.4.3. GUI Interface

Matlab/Simulink is equipped with a Graphical User Interface (GUI) editor, 

which allows the user to create custom windows containing buttons, slide bars, graphs, 

and many other objects. Using the created GUI (see Figure 3.20) a user is able to 

start, pause and stop the model from an external window. Also, the GUI shows the 

results of system power, system efficiency, turbine and fuel cell temperature, and 

several other important parameters of the system. Most importantly, this GUI allows 

the user to adjust variables during a simulation, such as the shaft speed of the 

compressor and turbine, the amount of fuel being used in the combustor and fuel cell 

and the fuel cell fuel utilization, as well as a control for the cathode by-pass (flow 

splitter), and a control for the extra blower. An advance feature is to switch the 

control of fuel into the combustor to a control for constant turbine inlet temperature,
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Figure 3.20: GUI Control Panel.
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4.1. Introduction

Verifying a model is of utmost importance. If a user cannot be certain that the 

model is providing an accurate reflection of real physical systems, then predictions 

made by the model cannot be trusted. On the other hand, a model that accurately 

replicates behavior observed in physical reality becomes a trusted tool, and can be 

used to predict the behavior of new systems. In fuel cell turbine hybrid systems, 

modeling is of primary importance given the cost and difficulty of building physical 

hardware.

This effort has been greatly helped by the experience and guidance of Dr. 

Thomas Wolf from Brayton Energy. Dr. Wolf has been involved in the turbine 

industry for thirty years, and was involved in the design, construction, and operation 

of most of the fuel cell turbine hybrid systems built to date. This knowledge and 

experience was brought to bear in a preliminary study done for the Ramgen Fuel Cell 

Hybrid project done in 2004 (see APPENDIX C), in which six different simple fuel 

cell turbine models were constructed and compared. These simple models are 

intended to describe steady state operation at a handful of operating points.

The benefit to this effort is that these simple models from Brayton Energy can 

be used to benchmark the tool set developed in this work. However, some basic 

difference exist between the models—the most significant being that Dr. Wolf uses 

engineering values for both the properties of air and natural gas, while the UAF model 

uses pure gases—methane (a reasonable assumption in Fairbanks, but not in other 

places in the world) instead of natural gas, and oxygen and nitrogen rather than values 

for air. These different assumptions have resulted in small differences between the 

models, but as long as these differences are understood, the models can be very 

accurately compared.

Chapter 4. Results: Model Verification
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4.2. Verification of Gas Properties

As stated in above, the UAF model is a “first principles” model, where all processes 

are computed from known temperatures, pressures, and compositions of pure gases. 

This is accomplished by using an equation describing the heat capacity, Cp, of each 

gas species. These coefficients for the Shomate equation were obtained from the 

National Institute of Standards (NIST) website [30], Most gas species need 

coefficients for two or more temperature ranges to accurately describe the properties 

from 295 K to 6000K with less than 2% error at worst. Values were further verified 

by comparing these computed values of Cp, H, and S° (enthalpy and standard entropy) 

to those listed in the JANAF Tables [22], When each species had been tested, 

examples of mixed gas were computed from Fundamentals of Engineering 

Thermodynamics textbook [23], the simplest of which is air. This process worked 

very well and was quickly and easily verified. To see plots of each gas species 

properties see APPENDIX A: Gas Properties.

4.3. Testing of Individual Model Components

Testing of compressors, turbines, heat exchangers, and even basic combustion 

(see section 3.3.6.1) was conducted by replicating examples from textbooks. This 

may have been the most important step as checks, rechecks were made again to verify 

that each component functioned as expected individually and in simple systems. 

Initially there was trouble with the combustor not conserving elements; however, this 

was easily identified and a simple typographical error was fixed. All components 

functioned as expected and are documented in APPENDIX E.

4.4. Testing Simple Systems

Examples of simple systems were found in textbooks; simple being that no 

algebraic loops exists (see section 3.4.2). Algebraic loops usually occur when a heat 

exchanger is used, however having two separate/independent gas flows through the 

heat exchanger prevents the algebraic loop from occurring, thus making the system
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simple. Once again, the UAF model correctly functioned and is tested in APPENDIX

4.5. Testing Complex Systems

Testing complex systems involves creating algebraic loops (see section 3.4.2). 

While each component functions properly alone, there were some modeling issues 

identified when testing complex systems. Fortunately, several tools were developed to 

allow quick investigation into which component and which calculation generates 

“phantom” numbers. (“Phantom” numbers are generated in calculations such as 

0 + 0 = 10 23 or 0*2 = 10-25. In short, this is some bizarre overflow error that does 

not noticeably affect these results, but creates far more computation as Matlab 

continues to calculate using these tiny numbers. These errors were generally resolved 

by writing S-functions to add gas flows, instead of using the Simulink add block. 

Also, as the system became more complex the use of initial condition blocks were 

needed to give Simulink an adequate starting guess. Once these issues where 

understood and resolved it was possible to quickly construct a system and model its 

behavior.)

The complex model used for the benchmark test is fuel cell turbine hybrid 

model created Dr. Wolf of Brayton Energy for the preliminary study of different 

SOFC hybrid configurations was replicated (see APPENDIX D). This was facilitated 

by knowing all the assumptions made, and directly contacting Brayton Energy with 

questions.

4.5.1. Comparison to Dr. Thom Wolf

In April of 2006, I had the opportunity to fly to Boston and consult with Dr. 

Thomas Wolf of Brayton Energy. During our week together we each constructed a 

similar model and compared results. Dr. Wolf has spent many years using and 

improving his modeling using Microsoft’s Excel (see section 2.2.1). Our models 

differ most greatly in that Dr. Wolf has used empirical equations, such as an equation
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to describe the temperature of air being compressed to varied pressures with varied 

amounts of humidity, compared to my approach of calculating the entropy and 

enthalpy of a gas mixture based on pure constituents. Most significant was an 

equation used to predict the heat capacity and enthalpy of combustion products of 

unknown fuels. Dr. W olfs model had been created from data using utility natural gas 

and, as such, was well-suited to the fuel cell study. (A fuel cell would likely be fueled 

from utility natural gas.) However, I chose to model pure methane. Utility natural gas 

is a mixture usually only about 90% methane and the remaining 10% consisting of 

other gasses. (The natural gas available in Fairbanks is nearly pure methane.) This 

resulted in the UAF model predicting less fuel flow and higher efficiencies, although it 

was only about a 4% difference.

4.6. Conclusions of the RAMGEN Compressor Study

Final verification of the UAF model was carried out by replicating the study 

done by Brayton Energy regarding the RAMGEN compressor in a typical recuperated 

compressor/gas turbine engine, referred to as the Rampressor (see Figure 4.1). The 

Brayton Energy report, “Ramturbine off-design modeling.ppt”, created 2/17/2006 is 

included as APPENDIX C. Below are the results produced by the UAF model.

Figure 4.1: Rampressor System Configuration.
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Figure 4.2 , below, represents the UAF model’s interpolation of the 

Rampressor speed lines (the lines in green) compared to the original collected data 

(colored symbols). The method described in section 3.3.2.2, is used. The green lines 

deviate on the lower end of the 80% through 100% speed lines, but are otherwise very 

accurate. This deviation is a consequence of beginning with so few collected data 

points. If more data where originally given, or if more intermediate points where 

guessed when digitizing the data, the interpolated (green) lines would fit even more 

precisely.

Rampressor PR vs. Flow

Normailized Corrected Flow

Figure 4.2: Rampressor PR vs. Flow.



Figure 4.3 compares the collected efficiency data to the UAF model’s 

interpolated efficiency values. Again the values deviate slightly near the ends of the 

100% and 90% speed lines. This would be corrected by collecting more data.
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Rampressor Efficiency vs. Flow

Normailized Corrected Flow 

Figure 4.3: Rampressor Efficiency vs. Flow.
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Figure 4.4 shows three turndown mechanisms that could be used to decrease 

the power generated by the Rampressor engine. The numbers to the right of the 

colored points show the percentage o f system generated power over design generated 

power.

The red line and symbols represent turning down the rotating speed of the 

compressor and turbine while retaining a constant turbine inlet temperature (TIT). 

Operating at speeds different than the designed intent, results in lower efficiencies 

from both the compressor and the turbine. At 60% speed, the power generated by the 

turbine is only enough to keep the compressor running and no extra power is 

generated by the system.

Rampressor Turndown Trajectories

Corrected Flow

Figure 4.4: Rampressor Turndown Trajectories.
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Figure 4.5 is a close up of Figure 4.4. The green line represents the ambient air 

temperature rising from 59F to 120F while shaft speed and TIT remain constant. The 

green line departs from the 100% speed line due to corrected speed and corrected mass

flows which have a ■S[T~ term ( Tm is the incoming temperature).

The blue line represents decreasing the TIT from 1700F to 1070F while 

keeping a fixed speed. This trajectory may benefit the Rampressor if constant speeds 

help create supersonic shockwaves necessary for its compression technology. 

Additionally, large turbines often require fixed speed to stay synchronous with AC 

power on electrical grids.

Rampressor Turndown Trajectories

Corrected Flow

Figure 4.5: Rampressor Turndown Trajectories (Zoomed In).
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Figure 4.6 shows the overall Rampressor engine efficiency during the speed 

turndown with a fixed TIT (red/top line) and the TIT turndown with constant speed 

(blue/bottom line). At design point the system is 35.7% efficient. Following the 

speed turndown trajectory (red line) allows higher efficiencies at less power and is the 

preferred turndown mechanism on small variable speed turbines. Total efficiency has 

been calculated assuming a heat value of methane of 50,020 kw/ kg .

Engine Turndown Efficiency

% Power

Figure 4.6: Engine Turndown Efficiency.
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Figure 4.7 shows the compressor efficiency during the two turndown 

trajectories. The TIT turndown with fixed speed (blue/top line) shows higher 

compressor efficiency, however, referring to Figure 4.4 it is seen this trajectory 

increases mass flow through the system, which increases the fuel required to attain the 

desired TIT. This causes the overall system efficiency of the TIT turndown with fixed 

speed to be lower than the speed turndown trajectory as was seen in Figure 4.6.

Compressor Efficiency During Turndown

% Power

Figure 4.7: Compressor Efficiency During Turndown.
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Figure 4.8 shows the turbine efficiency during the two turndown trajectories. 

As above in Figure 4.7, with the compressor efficiency, the TIT turndown with fixed 

speed has greater efficiency during turndown, unlike the system efficiency plot in 

Figure 4.6. However, this is because o f the increased mass flow during the TIT 

turndown with fixed speed.

Turbine Efficiency During Turndown

% Power

Figure 4.8: Turbine Efficiency During Turndown.



71

Figure 4.9 shows the turbine u/c0 ratio during the two turndown trajectories. 

The y-axis is the ratio of where dp is the design point, u is the actual

turbine tip speed and c0 = ^ 2  * Ahs , where Ahs is the difference in isentropic

enthalpies. Using such a correlation allows the total turbine efficiency to be found on 

a simple parabolic curve [31]. Figure 4.9 shows the how the two turndown trajectories

fall off opposite sides of the W  curve, both resulting in lower turbine efficiencies.
/  co

Turbine u/co During Turndown

% Power

Figure 4.9: Turbine u/Co During Turndown.

Having compared the UAF model to the study done by Brayton Energy there 

appears very little discrepancy. Differences can be attributed to the difference in 

compressor speed lookup methods and the use o f first principle thermodynamic 

properties versus engineered fitted relationships (Refer to APPENDIX C).
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4.7. Future Work

All models, by definition, are simplifications of reality, and can be improved. 

The following improvements are being considered.

4.7.1. Adding Cantera for Chemical Reactions

“Cantera is a collection of object-oriented software tools for problems 

involving chemical kinetics, thermodynamics, and transport processes” [32], This 

package has primarily been developed by David Goodwin of the California Institute of 

Technology. In short, it competes with the commercial Chemkin package, while 

remaining a free and open source and therefore is constantly improving. Cantera’s 

validity has been proven by comparing Cantera to Chemkin, and also to real data. 

While to date I have only used Cantera for testing and validating my own chemical 

equilibrium method, Cantera also has the ability to compute viscosity, reaction rates 

and many other complex properties of gas and liquid mixtures. Examples show that 

Cantera has been used for modeling gas transport through fuel cell electrolytes, 

predicting the reformation of methane on catalytic surfaces, heat transport through 

surfaces (heat exchangers) and even piston-driven engines. Cantera is a very powerful 

tool and will be more fully integrated into the UAF model.

4.7.2. Adding Transport Delay

The model will be expanded to include both the steady-state systems and 

transient systems. One important component of transient modeling is proper transport 

delay associated with the time lag for reactants to move from one part of the system to 

the next. Unfortunately Simulink does not have a suitable block to use for variable 

delay, but one can be written using S-functions (Matlab code). An added benefit is 

that this will control the mixing of gasses, such as would happen during startup or 

shutdown when nitrogen is flooded into the system.

Also, adding delays throughout the system will break many algebraic loops, 

making the system easier to solve. The downside is that far more memory will be
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needed to store the delayed gas variables. However, this could be resolved by use of 

parallel processing (see section 4.7.4).

4.7.3. Adding Heat Capacity

Research done by the National Fuel Cell Research Center at the University of 

California at Irvine has shown that the heat storage of components (such as the 

compressor, turbine, heat exchanger, and most importantly, the fuel cell) contribute 

greatly to the transient response of a system.

4.7.4. Parallel Processing and Super Computer

Mathworks® has long avoided developing parallel processing into Matlab, 

mostly due to the complexity of sharing memory of divided matrices. However, 

recent announcements indicate that Matlab is developing “distributed processing”, a 

toolbox created to allow some parallel functionality, termed “pipelining”. Pipelining 

is perfect for speeding up simulations by assigning a group of CPUs, such as those in a 

super computer, each to perform a separate task and to pass the results on to the next 

CPU. This works particularly well when there is a realistic delay between each 

component, so that one CPU could be responsible for only the compressor and would 

pass the results on to the heat exchanger CPU. Each CPU would compute its 

individual task and all CPUs would transfer their results to the next, simultaneously.

4.7.5. Better Initial Conditions

One recurring problem of hybrid models is that as the system becomes 

complex, beginning the simulation and determining solutions to algebraic loops 

become more difficult. This is because the mass flows, temperatures and pressures 

throughout different stages of the system are not related to each other and not be 

realistic. Simulink has an initial condition block that helps the system find solutions 

when beginning a simulation. However, even with initial conditions helping the 

simulation begin, a hot system is far different than starting a cold system. In future
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work a script that will run prior to starting a simulation. Inputs will be examined and 

the initial condition blocks will be adjusted to make better guesses having considered 

the users starting commands. This should allow the system to begin modeling more 

quickly and allow the system to start cold, or from any condition.
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Chemical Equilibrium refers to any chemical reaction taking place throughout 

the system, and includes all reforming processes and standard combustion. All 

reactions want to proceed to a state of lower energy in order to reach chemical 

equilibrium. Proper modeling of these reactions can allow one’s model to accurately 

predict pollutants, determine if carbon may form and clog components, and more 

accurately describe turbine and fuel cell performance. A NASA study found 

significant differences studying aircraft engine power when considering the formation 

of NOx compounds [66]. In the case of high temperature fuel cells (SOFC and

MCFC) where natural gas is reformed into hydrogen, proper modeling of the 

reformation is very important during startup analysis. Properly modeling chemical 

equilibrium will allow the UAF model to predict reactants for many different 

scenarios increasing the usefulness of the toolset.

Searching for the Gibbs Free Energy Minimum

Matlab has many powerful and diverse toolboxes. Within the optimization 

toolbox is the “fminsearch” command. Fminsearch needs a starting guess of the 

variables and runs the user-defined functions and examines the one output. 

Fminsearch then varies the inputs in an attempt to find a minimum returned value. 

Fminsearch seemed to be the appropriate tool to use to solve for the minimum in 

Gibbs free energy, with variable amounts of the first seven gas species (see section

3.2.2.1, about Gibbs free energy). Using the basic combustion program discussed in 

section 3.3.6.1, a first guess of the combustion products was generated, prior to 

searching for the Gibbs Free Energy minimum. Unfortunately it was very difficult to 

properly constrain limits to the search, and Matlab continually guessed negative values 

quantities of CH4, among other species. Imposing a penalty upon the Gibbs Free 

Energy function for negative compositions of species (an increase in output value 

when Fminsearch is looking for a minimum) slowed the program tremendously.

APPENDIX B: Chemical Equilibrium Quest
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(Conservation of elements goes one step further than conservation of mass, by 

checking to make sure the number of carbon atoms entering is the same exiting.) 

Lastly, even with tricks such as absolute values of gas species, fminsearch failed 

horribly, most likely because of the peak or singularity in an absolute value function 

when “crossing” the x-axis. In short, this method failed to predict final compositions.

Searching for the Gibbs Free Energy Minimum with Fewer Variables

While still not understanding the immense complexity of this chemical 

equilibrium problem and having utmost faith in Matlab, the pursuit of the quest 

continued. In discussing the previous failure with Dr. Bueler (from the UAF Math 

department), it was suggested that the constraint of conservation of elements could be 

used to deduce half the gas species variables, having guessed the other half. (This 

works by knowing the total amount of hydrogen atoms entering the system, guessing 

the amounts of CHi and H 20  , and knowing that the rest must be present in the form 

of H 2 in order to conserve the hydrogen atoms.) Hopes were raised, believing that 

using fminsearch to solve the problem with half as many variables would be twice as 

easy. However, a penalty was still needed when species were guessed with negative 

values, and this may have added strange singularities to the solution. (“Singularities” 

is the error returned by Matlab when it fails to find a solution.) I am now finally 

convinced that Matlab has some limitations and that chemical equilibrium is too 

complex for fminsearch to handle. (Just for the record, this method failed horribly 

also.)

Solving a dGibbs Matrix Inversion

It was determined after further research on the chemical equilibrium process 

that a system of derivatives of the Gibbs free energy equations could be set up into a 

matrix, along with LaGrange multipliers and conservation of elements pieces [24], 

Believing Matlab has angelic powers when computing matrixes, Matlab was asked to 

invert and solve this matrix. However, solving the matrix analytically is not possible
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since the matrix is not linear, but rather has natural logs in several terms. Next an 

attempt with the built-in solver fzero was tried (which will iterate to find a solution to 

the matrix). This did work, but without consistency (given odd species mixtures, the 

solution would diverge). While solutions were found for simple gas mixtures, 

complex reforming mixtures would often fail. However, both took substantial 

computation time. It was interesting that after having spent far too much time 

perfecting a Jacobian matrix, a matrix of partial derivatives, fzero ran better 

interpolating its own discrete Jacobian, rather than using the analytic Jacobian. This is 

most probably because the analytic Jacobian gives infinities when a gas species is 

assigned zero, where discrete values would not show infinity. Further reading 

revealed this to is a VERY hard problem, where NASA and other groups have spent 

much time creating schemes to solve this matrix.

Cantera uses a method developed by a doctoral student which solves this 

problem very quickly and accurately. Cantera will be enthusiastically incorporated in 

the future (See Future Work, section 4.7.1) [32],
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APPENDIX D: Brayton Energy Hybrid Configurations

Estimation Strategy for Relative Cell Area
(within SOFC or MCFC class)

J cell

• Known baseline V-l characteristic (prescribed gas comps, utilizations, p, Tce(()

• Improved V-l characteristic (changes in above)

• Baseline cell area Ab corresponds to (Vb,Jb)

• (JA)V = (JbAb)Vbfor cell producing same power

• Can show A/Ab = [ (V0b -  Vb) / (V0b -  V + AV) ] (Vb/V)

• For present study AV = f (PR, uoxldant)

Assumptions/Simplifications for MCFCs

-  want to maximize for efficiency
-  higher values promote maldistribution and thermal gradients

TCeii = 650C
-  typical handbook value
-  governed by electrolyte freezing (lower) and electrolyte loss (upper) limits

anode/cathode gas exit temps equal to Tcell
-  roughly ‘best case’ assumption for hybrid
-  needs confirmation

water/gas shift equilibrium at anode exit temperature
-  partial conversion of CO providing additional H 2 (1:1 molar ratio H2:CO)
-  shift equilibrium confirmed by FCE

HRU
-  treat as two heat exchangers in parallel (cathode/air & cathode/fuel)
-  nH20 = 2nCH4 (supplied by FCE)



Assumptions/Simplifications for SOFCs

u fuel u ^ /0

Tcell = 950C
-  independent of gas temperatures (doesn’t enter model)
-  controllable by creation of locally-rich combustion zone

Texh = 825C (except for turbocharged case)
-  maximimize to boost microturbine output
-  safe allowable according to Siemens

General Assumptions/Simplifications
Standard inlet conditions (59F/1atm)
Constant fuelcell power (250kW)
Fuelcell module

-  Adiabatic
-  Neglect resistive losses between cells
-  pressure drop atmospheric 6.5% /  pressurized 2%

Turbomachinery performance
-  com pressor efficiency from Ramgen curve
-  turbine efficiency 82%

Heat exchangers
-  Effectiveness 90%
-  Pressure loss 2%  each side 

Ducting
-  inlet 0.5%  /  exhaust 1.0%
-  com bustor/oxid izer 3%

Mechanical/electrical
-  bearing losses intercom ponent 2% /  output 2%
-  stack inverter efficiency 90%
-  generator efficiency 94%
-  precooler fan parasitic 3kW



Reference V-l Characteristics for Solid-Oxide & Molten-Carbonate Fuelcells 
(basis for relative cell-area calculations)

C ell C u rre n t (am ps)

Unresolved Issues

• SOFC data »  MCFC data
• Cell voltage for ‘commercial’ application

-  cost/efficiency trade
-  VS0FC = 0.620V projected commercial (Siemens Westinghouse)
“  V m c f c  = 0.766V demonstration unit (FCE)
-  best guess at comparable $/kW is VMCFC>VS0Fc ~ 100mV (??)

• MCFC fuel utilization
• MCFC configuration of HRU
• MCFC stack/gas heat transfer model
• MCFC sensitivity to oxidant utilization
• Fuelcell module cost model

-  prescription for absolute cell area
-  estimated $/area
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Qualitative Trends
• Microturbine output = ffflow.TIT. P R )  ~ descending importance
• Increased compressor pressure ratio

-  reduces turbine-exit temperature (roughly cell inlet temperature)
-  reduces demand for cooling flow (for fixed cell discharge temperature)
-  reduces microturbine output
-  result is optimum PR lower than for max specific power

• Increased cell voltage
-  reduced heat rejection
-  reduced demand for cooling flow and reduced microturbine output (as above)

• Cell area
-  strong dependency on cell voltage
-  reduced with PR for pressurized configurations
-  for SOFCs, increased flow (lower u02) reduces cell area (slightly)
-  for MCFCs, increased flow (lower u02) dilutes cathode C 0 2, increases cell area

• MCFC vs SOFC
-  Higher exit temperature of SOFC makes for better system efficiency (higher 

microturbine output from combination of flow and TIT)
-  Higher cell voltage of MCFC (??) partially offsets efficiency penalty
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Unpressurized MCFC / Indirect

MCFC Unpressurized / Indirect-Fired Turbine 
System Net Electrical Efficiency

C o m p re w o r  P re s s u re  Ratio
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MCFC Unpressurized I Indirect-Fired Turbine
Ratio of Engine-to-Fuelcell Power

C o m p re s s o r  P r e s s u r e  Ratio

MCFC Unpressurized / Indirect-Fired Turbine 
Turbine Inlet Temperature

Com pressor Pressure Ratio



MCFC Unpressurized / Indirect-Fired Turbine 
Compressor Massflow

C o m p re s s o r  P r e s s u r e  R atio

MCFC Unpressurized I Indirect-Fired Turbine 
Normalized Cell Area
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MCFC Unpreisurized f Indirect-Fired Turbine 
Normalized Cell Area

Unpressurized MCFC / Direct-Fired Turbine
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Unpressurized SOFC / Indirect

SOFC Unpressurized I Indirect-Fired Turbine 
System Net Electrical Efficiency

C o m p re s s o r  P re s s u re  R atio
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SOFC Unpressurized / indirect-Fired Turbine
Ratio of Engine-to-Fuelcell Power

C o m p re sso  r P re s s u r e  Ratio

SOFC Unpressurized I Indirect-Fired Turbine 
Turbine Inlet Temperature

Com pressor Pressure Ratio
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SOFC Unpressurized t Indirect-Fired Turbine 
Module Inlet Temperature

C o m p re s s o r  P re s s u re  R atio

SOFC Unpressurized I Indirect-Fired Turbine 
Compressor Massflow

C om pressor P ressure Ratio
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SOFC Unpressurized / Indirect-Fired Turbine
Normalized Cell Area



LH
V 

E
le

ct
ri

ca
l 

E
ff

ic
ie

nc
y

111

Pressurized SOFC

SOFC Pressurized / Direct-Fired Turbine 
System Net Electrical Efficiency

C o m p re s s o r  P re s s u re  R atio
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SOFC Pressurized / Direct-Fired Turbine 
Compressor Massflow

C o m p re s s o r  P r e s s u r e  R atio

SOFC Pressurized / Direct-Fired Turbine 
Normalized Cell Area
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Unpressurized SOFC / Subatmospheric

SOFC Unpressurized I Subatmospheric Turbine 
System Net Electrical Efficiency
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SOFC Unpressurized / Subatmaspheric Turbine
Ratio of Engine-to-Fueicell Power

C o m p re s s o r  P re s s u re  R atio

SOFC Unpressurized / Subatmaspheric Turbine 
Module Inlet Temperature
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SOFC Unpressurized I Subatmospheric Turbine 
Compressor Massflow

C o m p re s s o r  P re s s u re  Ratio

SOFC Unpressurized I Subatmospheric Turbine 
Normalized Cell Area



Turbocharged SOFC Recuperated

Turbocharged SOFC Unrecuperated
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SOFC Turbocharged Unrecuperated 
System Net Electrical Efficiency

Cell V o ltag e  (v)

SOFC Turbocharged Unrecuperated 
Compressor Massflow

Cell V o ltag e  (v)
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APPENDIX E: Text Book Examples

Below are replications of example problems taken from Moran and Shapiros’ 

Fundamentals of Engineering Thermodynamics 4th Edition. In the Simulink interface 

the book values are compared to the UAF models and the error is reported. Note 

0.20% really is 0.0020, the errors are very small!
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Examples 6.11, 6.12, and 6.13 test and verify the modeling of compressors and 

turbines, studying both the flows of air and steam.

I PROBLEM EVALUATING TURBINE WORK USING THE ISENTKOJ’IC EFFICIENCY

A steam turbine operates at steady state with inlet conditions of p { -  5 bar. 7 ; = J2CPC Steam  leaves the turbine 
la t a pressure of 1 bar. T here is no significant heat transfer betw een the turbine and its surroundings, and kinetic 

and potential energy changes betw een inlet and exit are negligible. It the isentropic turbine efficiency is 75vc, determ ine 
the work developed per unit mass of steam  flowing through the turbine, in kl? kg.

SO LU TIO N

Known: Steam expands through a turbine operating  at steady state from a specified inlet state to a specified exit 
pressure. The turbine efficiency is known.

Find: D eterm ine the work developed per unit mass of steam  flowing through the turbine.

Book solution = 271.95
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ii.8 ISENTROPIC EFFICIENCIES Of TURBINES, NOZZLES, COMPRESSORS, A N D  PUMPS 285

b f Z

^ftLEM  EVALUATING THE ISENTROPIC TURBINE EFFICIENCY

V turbine operating  at steady sta te  receives a ir a t a p ressure of p x -  3.0 bar and a tem p era tu re  of 7\ — 390 K. A ir 
,ttts the turbine at a p ressure o f p 2 = TO bar. T he w ork developed  is m easured  as 74 kJ per kg o f  a ir flowing th rough 
fe turbine. The tu rb ine opera tes adiabatically , and  changes in kinetic and  po ten tial energy betw een  inlet and exit 
an he neglected. U sing the ideal gas m odel for air, de term ine  the tu rb ine efficiency.

QlUTiON

\Mwn; Air expands th rough a tu rb ine  at steady sta te  from  a specified inlet sta te  to  a specified exit p ressure. T he 
mk developed per kg o f a ir flowing through  the tu rb ine is know n.jitfi
'fad: D eterm ine the tu rb ine  efficiency.
M i I! I

id G iven D ata:
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Book solutions: 1 0 5 .6 ^ /^  and efficiency = 0.70
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PROBLEM EVALUATING THE ISENTROPIC NOZZLE EFFICIENCY

Steam  enters a nozzle operating at steady state at Pl = 140 !bf/in.: and Tx *  600QF wuh a velocity of 100 ft/s. The 
pressure and tem perature at the exit are /?2 -  40 Ibf/in, and T2 — 350 F. There is no significant heat transfer between 
the nozzle and its surroundings, and changes in potential energy betw een inlet and exit can be neglected. D eterm ine 
the nozzle efficiency.

SOLUTION

known: Steam expands through a nozzle at steady state from  a speeihe4 inlet state to a specified exit state. The 
velocity a t the inlet is known.

Find' D eterm ine the nozzle efficiency.

Schematic and Given Data:

L The control volume shown on the accompanying sketch operates adiabaticaily at steady stare.

2. For the control volume, -  0 and the change in potential energy between inlet and exit can be neglected.
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s

MM

Examples 9.4 and 9.6 are basic Brayton Cycles, however the heat exchangers 

in the text book prescribe an exiting temperature, rather than heat transfer or an 

effectiveness. Hence, the UAF Heat Exchanger block was not used.

PROBLEM ANALYZING THE ID l'A l BRAYTON CYCLE

A ir en ters the com pressor of an ideal a ir-s tandard  B ravton cycle at 100 k lJa, 300 K. with a volum etric flow 
5 nrVs. The com pressor pressure ratio  is 10. The turbine inlet tem pera tu re  is 1400 K. D eterm ine (a) the 
efficiency o f the cycle, (b) the  back work ratio , (c) the net pow er developed, in kW.

SOLUTION

Known: A n ideal air-standard  B rayton cycle opera tes with given com pressor inlet conditions, given
tem peratu re , and a know n com pressor p ressu re  ratio .

Find: D eterm ine the therm al efficiency, the back w ork ratio , and  the n e t  pow er developed, in kW. 

Schem atic an d  G iven D a ta :
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System Efficiency vs. Heat Exchanger Effectiveness



4 tMfU. M

JfRDBLfcM COM PRESSION W ITH  INTERCOOLING

is compressed from  1(X) kPa, 3(X) K lo  1000 kPa in a tw o-stage com pressor with in tercooling  betw een stages. 
I Jlte intercooler pressure is 300 kPa. T he air is cooled  back  to  300 K in the in tercoo ler before en tering  the second 
jjplpressor stage. Hach com pressor stage is isentropic. For steady-state o pera tion  and negligible changes in kinetic 
> ml potential energy from  inlet to  exit, de term ine  (a) the tem p era tu re  at the exit of the second com pressor stage 
j ar-d (b) the total com pressor w ork  input per unit o f  mass flow. (c) R ep ea t fo r a single stage o f com pression  from 

given inlet sta te to  the final pressure.

S olution
1

Known: Air is com pressed a t steady sta te  in a tw o-stage com pressor with m tercooling betw een stages. O perating  
pressures and tem pera tu res are  given.

Find: Determ ine the tem p era tu re  at the exit o f the second com pressor stage and the to tal w ork input p er unit of 
Htassfiow. R epeat for a single stage o f com pression.

I S c h e m a tic  a n d  G i v e n  D a t a :
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S c h e m a t i c  a n d  G i v e n  D a i a :

h
Pim

A ssu m ption s*

L E ach com ponen t is analyzed as a con tro l volum e a l steady sta te . T he con tro l volum es are  show n on 
nying sketch  by dashed  lines.

2. T h e re  are  no  p ressu re  d rops for flow th rough  the heat exchangers.

3, T he com pressor and  tu rb ine  are  ad iabatic .

4* K inetic and  p o ten tia l energy effects are  negligible.

5. T he w orking  fluid is a ir m odeled  as an ideal gas.

{€) T he net pow er developed is

iKvj, =  f h ( W ttm  -  W . h h )

=  ( 5 . 8 0 7 ^ ]  (645.1 293.4) 1 k J /s J 
1 kW

2046 kW

©  C om paring the therm al e f l io c c y .  back work rat.o , and net pow er values of the curren t exam ple 
correspond,ng values o f  Exam ple 9.6. it should be evident that aas turbine pow er plnn 1  rtormanc-- 
increased significantly by coupling reheat and  in tercooling  with regeneration.
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Combustion examples are hard to find and often each problem is solved with a 

specific set of equations. The solutions developed by the UAF model are not exact, 

but do follow general trends. Additional solutions generated by Cantera may be 

included.

Example 13.13
A bed of coal (assume pure carbon) in a coal gasifier Is fed with steam and air, and 
produces a gas stream containing H2f CO, CK H20, C 02, and N: . If the feed to 
the gasifier consists of 1 mol of steam and 2.38 mol of air, calculate the equilibrium 
composition of the gas stream at P — 20 bar for temperatures of 1?000, 1,100, 1,200, 
1 f300, 1,400, and 1 s500 K. Available data are listed in the accompanying table.

Figure 13,5: Equilibrium compositions of the 
product gases in Ex, 13.13,

I believe this example is not replicated well by the UAF model because the 

UAF model treats Carbon as a gas rather than a solid. However, using Cantera also 

produces results quite different from either the UAF model or the textbook.
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Equilibrium Composition By UAF Model
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Temperature K
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Example 13,14
Calculate the equilibrium compositions at 1,000 K and 1 bar of a gas-phase system 
containing the species GH4, bhQ. CO, CO;, and H2. in the initial unreacted state there 
are present 2 mol of CH4 and 3 mol of bhO, Values of A G% at 1,000 K are:h

AG°fa{ =  19,720 J mol“ ! AG fo,o =  - 192.420 J mol_'
AG; =  -200,240 j  mol ! AG°f  ~ =  -395,790 J mol !

/ C O  JC O 2

With RT — 8,314 J mol"1, simultaneous computer solution of these nine equa
tions9 produces the following results (y, — >i, j  n, )\

vCHi =  0.0196 

yH,o  =  0.0980 

yco —■ 0.1 / 43 

VCO2 — 0.0371 

Vh, =0.6710  

£  v, =  I .0000
I

I he values of X%/ RT  are of no significance, but are included tor completeness.



Species UAF Model UAF error Cantera Cantera error

c h 4 0.0196 0.02% 0.02004 2.23%

h 2o 0.1053 7.44% 0.09875 0.76%

CO 0.1816 4.17% 0.17424 0.04%

co2 0.0298 19.76% 0.03685 0.67%

h 2 0.6638 1.08% 0.67012 0.13%

n 2 0 0 0 0

02 0 0 0 0
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This section describes what inputs/parameters are required for each block used in the 
current UAF model.

Inputs: Inputs are defined as values which need to be connected by a Simulink line, 
aka, an input port.

APPENDIX F: User Manual

Parameters: Parameters are values which are modified by double clicking on a
block.

Note: The difference between Inputs and Parameters are more in how they are
accessed rather than how they are used. Often a parameter becomes an input 
within the block. And while parameters can not be directly changed by a user 
during a simulation, by defining the parameter as a variable and modifying the 
variable during a simulation will allow the parameter to be indirectly changed 
during the simulation.

Work: Work has been defined so that when a component such as the turbine displays 
negative work this represents energy leaving the system (or available for 
outside use), however the compressor will display positive work meaning the 
compressor requires/consumes energy. This becomes more confusing when 
we look at the energy contained in the Mf-T-P vector. Here this will show us 
the amount of energy available in the stream but the user will need to 
determine if the stream in entering or exiting the system.

Mf-T-P: This abbreviation stands for the mass flow, temperature and pressure vector, 
which is input and out from every block in the model. The vector is 17 number 
long defining the 15 different mass flows in kg/s , the temperature in K , and 
the pressure in atm .

Filter: The filter has parameters of pressure loss and heat loss. Currently heat loss is 
assumed to be 0.00. And pressure drop across the filter can very from 0.00 to 
1.00, and is currently set to 0.005.
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Compressors/Turbines/Blowers/Fans: In their more basic configuration these
components requires inputs of MF-T-P (defining total mass flow) and the out 
going pressure (the pressure the compressor will discharge at) and a parameter 
defining the operational efficiency. The component then outputs Mf-T-P, and 
the work required. While these are the basic values required by a compressor 
and turbine, when compressor and turbine maps are used more advanced 
parameters are required.

Advanced Compressor: Requires inputs of Mf-T-P and shaft rotation speed. No
parameters are required from the outer block. However, double clicking the 
compressor will reveal the layer beneath and the block labeled “Lookup 
Tables” has parameters of: “plot graph” (if this is checked a graph of the 
compressor map with its current operation point will be displayed), “Map” 
(this defines what array/file contains the data for the compressor of interest), 
“Designed MF” (the designed mass flow used to un-normalize the x-axis), and 
“Designed PR” (the designed Pressure ratio used to un-normalize the y-axis). 
This “Lookup Table” also requires the wireless input of “MF_Slope” from the 
turbine side. “Lookup Table” then determines the proper mass flow that can 
flow through the compressor, the outlet pressure and the compressor 
efficiency.

Advance Turbine: Also requires an Mf-T-P input and also an outlet pressure input. 
There are no parameters in the outer layer but under the turbine block the 
“Turbine Lookup” block has parameters of: “Plot Graph” (This displays the 
turbine map with the current operating point plotted), “Map” (the name of the 
array/file that contains the data for turbine of interest), “DMF” (designed mass 
flow of the turbine), “DPR” (designed pressure ratio of the turbine), “DTIT 
(K)” (designed turbine inlet temperature in Kelvin). The “Turbine Lookup” 
block is then connected to the efficiency inputs and also the wireless 
“MF_Slope” input.

Heat Exchanger: The heat exchanger requires inputs from two Mf-T-P stream and has 
parameters for: “Heat Exchanger Effectiveness (0.0-1.0)” (this defines how 
well the heat exchanger can transfer energy from one stream to another), 
“Pressure loss Hot Side (0.0-1.0)” (defines the pressure loss of the stream on 
the hot/red side of the heat exchanger), “Pressure loss Cold Side (0.0-1.0)”
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(defines the pressure loss on the cold/blue side). The effectiveness defines 
how well the heat exchanger functions. If the effectiveness where 1.0 then the 
outlet of one stream would equal the inlet of the other, showing the heat 
exchanger exchanged the maximum energy possible.

Combustor: The combustor represents chemical equilibration, whether it is stream 
reforming or normal combustion. The combustor requires two input Mf-T-P 
streams and outputs one Mf-T-P stream. Parameters include: “% of Complete 
Combustion (0.0-1.0)” (This defines how much fuel will be unaffected in the 
reaction), “% of Pressure Loss (0.0-1.0)” (the pressure loss through the 
combustor), and “Combustor E ff’ (1- the adiabatic loss of the combustor, so 1 
represents no heat loss). Note the combustor will choose the lesser incoming 
pressure as the pressure to consider for the pressure loss.

SOFC: The solid oxide fuel cell requires two inlet Mf-T-P streams. There are
parameters for: “Cell Voltage” (this is currently defined by the user), “Fuel 
Utilization n_Anode” (this defines the fuel utilization or the percentage of fuel 
consumed as the fuel flows across the fuel cell electrolyte), and “Pressure Loss 
(0.0-1.0)” (the pressure drop as the gas flows through the fuel cell).

Flow Splitter: The Flow Splitter requires one input Mf-T-P vector and has a
parameter “Amount to be Bypassed (0.0-1.0)” (this defines the percentage of 
gas to take the alternate flow path). Note both flows exit with the same inlet 
pressure (no pressure loss). There are two outlet Mf-T-P streams.

Flow Joiner: The Flow Joiner requires two inlet Mf-T-P streams and has one outlet 
Mf-T-P stream. There are no parameters for the flow joiner. Note the flow 
joiner uses the lesser inlet pressure as the outlet pressure.

Star Block: The star block represents the thermodynamic probe of the system. The 
star block needs to be connected to any Mf-T-P line. Double clicking on the 
star block displays the mass flows, total mass flow, multiple temperature 
scales, pressure, entropy, enthalpy, and the energy contained in the stream.
There are also additional blocks which will display the molar flows in ,



143

and a block to display the mols of each elements per second. The star block 
has an outlet which can be used to display the energy available in the stream, 
but it is not necessary to do so.

Generator: The generator is nothing more than a fancy looking parameter. It is using 
to define the shaft speed of a connected component (compressor or turbine). 
The generator has one parameter “Speed %”, (where one would input the 
percent of designed speed desired). Often if speed is important to the 
operating of other components and wireless “From” block will be used.


