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Abstract

A micro-cogeneration system based on an ArtesJé&hobby microturbine
may be able to provide a single family dwellinglwiequired heat and power, increasing
total efficiency due to utilization of waste hedthe feasibility of such a system was
investigated. An engine model based on the simdBA00 engine was developed,
written in Microsoft Excel™ and Visual Basic™. Theedicted running characteristics
of the KJ-66 were simulated, and a prediction off hleese characteristics would be
shifted if a diffuser was attached to the engine made.

An experimental test program was carried out @Kb-66 engine to determine if
this prediction was correct, and to more accuratbbracterize the performance of the
engine. Two diffusers were constructed to use thghtesting, along with the nozzle that
was supplied with the engine. Having the diffusershe engine reduced the fuel air
ratio by approximately 20% as predicted.

A hypothetical micro-cogeneration system was satad building on the earlier
engine model, with modified turbomachinery maps emahbustor performance based on
the experimental data. An 85% effective recupenatts included in the model, as well
as a recovery heat exchanger. The simulation stheweslectrical output of 8.9 kW, a
heat output of 30.9 kW, an electrical efficiencyl®t5%, and a total efficiency of 69.0%.
While these efficiencies are low, improvements ddaé¢ made by modifying the
turbomachinery and by using a condensing recoveay éxchanger to give a better

overall efficiency for the micro-cogeneration syste
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Nomenclature

heat transfer area or flow area’jm

speed of sound (m/s)

heat capacity rate (kJ/s-K) or velocity (m/s)

diffuser pressure recovery coefficient (-)

specific heat capacity at constant pressure (kid)kg-
heat capacity rate ratio (-)

rotor diameter (m)

hydraulic diameter (m)

force (N)

fuel to air ratio (mass flow) (-)

mass velocity (product of density and velocity)/(kts)
overall heat transfer coefficient (KW7rK)

specific enthalpy (kJ/kg) or heat transfer coeéfitti (kW/nf-K)
heat to power ratio (-)

free vortex swirl constant (ffs)

thermal conductivity (kW/m-K) or a generic constérdrious units)
length (m)

lower heating value (kJ/kg)

mass flow (kg/s)

mach number (-)

corrected mass flow (kg/s)

relative mass flow (-)

rotational speed (rpm) or number of heat transitep (-)
corrected rotational speed (rpm)

relative rotational speed (-)

number of transfer units, for recuperator (-)

pressure (kPa)

pressure ratio (-)

thermal heating rate/thermal power (kW)

volumetric flow rate (rYs)

specific gas constant (kJ/kg-K)

temperature probe recovery factor or radius (-)
Reynolds number (-)

temperature (K)

uncertainty (various units)

velocity (m/s)

volume (nf)

power (kW)



greek symbols

Subscripts

>D DO o O T o

mid
min
max
mech

probe
ref

S
t

tip

W
X

Superscripts

blade angle (degrees)

ratio of specific heats (-)
recuperator effectiveness (-)
efficiency (-)

dynamic viscosity (kg/m-s)
density (kg/m)

stagnation conditions

bulk

recuperator cold (high pressure) side
diffuser

electrical

effective

recuperator hot (low pressure) side
midpoint, i.e. annulus middle radius

side with minimum value (for recuperator)
side with maximum value (for recuperator)
mechanical (for losses)

pressure drop

temperature as indicated by probe (not necessayilgl to fluid
temperature)

reference

isentropic

total/thermal (efficiency)

blade tip, i.e. annulus outside radius
tangential direction

wall

axial direction

average
rate

Xi



Station Numbering

rig inlet tube (stagnation conditions are ambamntditions)
engine inlet

compressor outlet

cold side recuperator outlet (used in simulatioly)
combustor outlet

turbine outlet

diffuser outlet

hot side recuperator outlet (simulation only)

recovery heat exchanger outlet/system exhaumsti(gtion only)

OO\ICDU'I-&%OONI—‘

Component Abbreviations

comp. compressor
rec. recuperator

comb. combustor

turb. turbine

diff. diffuser

rhex. heat recovery heat exchanger
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Axial Turbine

CCHP

CHP

Cogeneration

Corrected Speed

Corrected Mass Flow

Data Acquisition
Board (DAQ)

Diffuser

Electrical Efficiency

ICR Engine

Micro-Cogeneration

Microturbine

Glossary

A turbine where the air enters and leaves axially

Combined Cooling, Heat, and Power. CHP plus anrakisn
chiller driven by the exhaust heat

Combined Heat and Power. A cogeneration plantgratuces
electricity and heat.

Generation of electricity as well as a useful byt
(generally but not limited to heat)

Quasi-dimensionless speed of a compressor or widarected
for inlet temperature

Ncor=N \/i
VT

Quasi-dimensionless mass flow through a compressmrbine
corrected for inlet pressure and temperature

\/ﬁ Pref

Tr Pin

ef

Mcor =m,;,

A piece of computer hardware that converts senata flom
analogue signals to digital signals so that iemdable by a
computer software package

A device that decelerates fluid without doing workthe flow,
increasing the static pressure of the fluid. Assuric nozzle
accelerates the flow by reducing the flow area.

The ratio of electrical power out to chemical power
(calculated by using fuel lower heating value iis thork)

A gas turbine engine that includes both a recupegatd an
intercooler

Cogeneration/CHP on the scale of a personal dedfduhiese
(around 1 — 5 kW electrical ouput)

A gas turbine characterized by a capacity of 300di\léss,
uncooled turbine blades, and low pressure ratio

Xiii



Nozzle

NOy

PID Control

Pressure Ratio

PWM (pulse width
modulator)

Radial Compressor
Radial Turbine

Recovery Heat
Exchanger

Reynolds Number

Surge

A device that accelerates fluid without doing workthe flow,
decreasing the fluid static pressure. A subsoonzie
accelerates the flow by reducing the flow area.

Nitrogen Oxides. A generic name for nitrogen madexand
nitrogen dioxide, both of which are poisonous gassemed as
a result of high temperature combustion in the gares of
atmospheric nitrogen

Proportional-Integral-Derivative control scheme.idély used
control scheme which brings the control variablaado the
set point when tuned properly.

The compressor stagnation pressure ratio is defisdglou{Po in
and the turbine stagnation pressure ratio is defase
Po.i/Po,out. Only the stagnation pressure ratio is usdtis
work.

An electronic circuit which provides electrical pembetween
fully on and fully off by producing on-off pulseg.he width of
the on pulses compared to the width of the off ggildetermines
the level of power delivered.

A compressor where the air enters axially and leaadially
A turbine where the air enters radially and leawdally

A heat exchanger that transfers the heat enerthein
microturbine exhaust to another fluid, usually wate

A dimensionless number which measures the ratiwd®
inertial forces to viscous forces in a fluid.

rvD, _GD,
m m

Re=

An unstable compressor operating range where nass f
reverses rapidly due to high pressure ratio andn@ass flow.
The flow rights itself quickly but reverses agdisurge
conditions persist. Surge causes heavy vibratimaaling and
accelerated engine wear.
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Surge Margin

Turbine Inlet
Temperature
(TIT)

Total Efficiency

Quasi-dimensionless

A measure of how close a compressor is to surgeeral
definitions for surge margin exist. One often used

_ PRsurge@ Ncorroperating PR)perating
SM =
PRJperating

The temperature of the gas coming from the combusto the
turbine. Limited by the metallurgy of the turbinkn this work
turbine inlet temperature always refers ta T

The ratio of electrical power out plus useful heait to
chemical heat in (using lower heating value offtied)

A variable such as corrected speed or mass flohbttzaves
like a dimensionless number but is not truly dimeniess.
They are used like dimensionless numbers but @ikl by
some assumptions — corrected speed and mass ffmmaghe
length scale of the engine is constant, and th&iwgfluid
remains air. These assumptions are almost alwagsahen
characterizing the performance of gas turbinefiegtasi-
dimensionless numbers are usually good enough.
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Chapter 1 Introduction

1.1 Background

Currently, the North American power grid is basedcentralized generation, a
power generation scheme where most of the eldgtigcgenerated in large capacity
power stations and is transmitted by a high capagitl network to where electricity is
demanded. Advantages of centralized generatidndadhe potential for high electrical
efficiencies made possible due to the large phisiza of the generation plant, as well
as the fact that centralized generation plantesalocated far away from cities, reducing
the pollution of the cities while still burning tar fuels such as coal, or in the case of
nuclear power, increased safety of the residentisarcity. A major disadvantage of
centralized generation is that it produces unusabkte heat that is simply dumped into
the environment.

Distributed generation is a power generation sehesmere electricity is
generated close to where it is needed. It is géigetone on a smaller scale than
centralized generation; however the size of digtald generation resources can vary
greatly, from the order of 1 kW to 10 MW. Whilesttibuted generation systems that
burn fossil fuels are generally less efficient &ieally than large scale centralized
generation plants, their total efficiency can ba@ased by using the generated heat as
well as the electrical power. In a combustion poplant, there is always some waste
heat, the amount of which depends on the efficieridiae electricity generation. Low
efficiency plants produce a greater amount of waetd. This heat can be useful for a

variety of things such as industrial processes;espaating, water heating, or even
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absorption cooling. This greater utilization oéfallows lower electrically efficient
distributed generation systems to have a greatardticiency than higher electrical
efficiency centralized power plants that dump tleste heat into the atmosphere. The
use of exhaust heat from an electrical generatcalled CHP (combined heat and power)
or cogeneration.

Each application of CHP has differing demandsiat and power. Some may
require much more heat than power, and some mayreecomparatively little heat.
Thus, the heat to power ratio is an important attaratic of cogeneration systems that
helps match the type of CHP generator to the agipbic. For instance, a building with a
large heat need and lower power need could benafit the high heat to power ratio of a
microturbine, and a building that needs as muchgv@s heat could benefit from the
lower heat to power ratio of a diesel engine. Adwg that needs distributed generation
but does not need heat may be better suited wigih panels and/or wind turbines with a
simple backup generator. The heat to power rataefined as

_ Heat EnergyUsedor Generated
Electricity Usedor Generated

HPR

(1.1)

An application with a higher HPR than the CHP testhgy will require
additional heat from another source, such as asiterboiler or furnace. An application
with a lower HPR than the CHP technology will haweither dump waste heat or
purchase additional power from the grid. A probleany cogeneration system
designers face is that of fluctuating HPR. Heatktend to vary by season, by day, and
by hour. Demand for space heating is dependattienlimate where the building is
located and the weather it is experiencing. Theans that the instantaneous HPR can
vary greatly when compared to the average HPRold day may result in a higher HPR
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than the CHP system can handle, forcing backupereatto use. A warm day may
result in no demand for heat at all, and operataag shut down the CHP generation due
to economic reasons. This hour by hour HPR isng®rtant to the system designers as
the average HPR for correctly sizing a cogeneratimtem.

Cogeneration is currently used mainly in largels@pplications such as office
buildings, hospitals, and institutions. Thereasviever an opportunity to extend
cogeneration into smaller scale buildings such@®s, small apartments, and even
single family homes. This is known as micro-CHIM @rhas much potential for reducing
overall energy consumption of small buildings andagie dwellings. Each of these
buildings already has its own heating systemhiff system was replaced with a micro-
cogeneration system, it could heat the building/@ as supply its electricity.

For efficient generation and low total emissiahg, cogeneration system would
have to match the demanded HPR. While the HPR digesnd on many factors,
Farahbakhsh et al. (1998) give a Canadian yeadyage residential unit HPR of
approximately 3 (when water heating is includechwgpace heating). To match this heat
and electricity demand, a micro-CHP unit operaihg0% total energy efficiency would
only need to have 20% electrical efficiency. Aatelely cheap, inefficient engine could
be used to provide this and still have greatet &fteciency than generating heat and

electricity separately.

1.2 Microturbines

Distributed generation can be produced by a wagésources, from wind and

solar energy to fuel cells and reciprocating inkécombustion engines. One important



distributed generation technology is microturbinekich are small gas turbine engines.
In general, microturbines have a power output 8¢ han 300 kW. They are
characterized by their small size which necesstae pressure ratios and uncooled
turbines. Most microturbine units include a reaapar to provide increased efficiency
for the low pressure ratio cycle. Currently, comcradly available microturbine
generators have electrical efficiencies of aroubd 30%, and cost between $1500 -
$2500/kW (Kaikko and Backman, 2007). There areenity no commercially available
microturbines for cogeneration known to the autielow 30 kW (the 2.6 kW unit does
not have heat recovery capabilities). Table Btk Warious commercially available
microturbine units.

Table 1.1: Commercially Available Microturbine Units

Unit Manufacturer Power Electrical
Efficiency
TG80 Bowman 80 kW 26%
C30 Capstone 30 kW 25% LHV
C60/65 Capstone 60/65 kW 29% LAV
C200 Capstone 200 kW 31% LHV
TA100 Elliott/Calnetix 107 kW 29.5% LHV
Para75 Honeywell 75 kW 27.5%
Dynajet 2.6 IHI 2.6 kKW 12%power only)
MT70 IR Energy Systems 70 kW 28% LAV
MT250 IR Energy Systems 250 kW 30% LHV
T100 Turbec 100 kW 33%

Despite all the commercially available units anteptial for market expansion,

microturbines remain a niche product. High investtrcosts and low efficiencies have

! hitp://www.capstoneturbine.com

2 http://www.elliottmicroturbines.com/ta100.php

% Shih et al. (2006)

* http://energy.ingersollrand.com/products_microiels. htm
® http://www.turbec.com/products/techspecific.htm
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hampered the acceptance of microturbine cogenarafibe lack of market penetration
has hurt microturbine manufacturers, and some carmapdave abandoned the
microturbine concept altogether. Honeywell in jgatr ceased production of its
microturbine in 2002.

Microturbines are a possible candidate for a m@€HP unit. Small gas turbines
are not as efficient as small reciprocating engibasfor high heat to power ratio
applications, a high electrical efficiency is netessarily required for the cogeneration
application. Advantages of a microturbine generat@r a reciprocating engine include
better quality heat exhaust, less maintenance,rlemgssions, and less noise and
vibration. The waste heat in a reciprocating eagsndivided between the jacket coolant
and the exhaust heat, whereas almost all of theevi@st in a microturbine is contained
in the exhaust. This means the heat recoverymsysaém be simpler for a microturbine —
one heat exchanger is needed rather than two.mE&enance cost for a well designed
microturbine should be lower than that of a reagatong engine because a microturbine
has only one moving part. Oil changes do not riedxk performed as often, as the oil
and bearing system are kept separate from the cstrobu The emissions for gas turbine
engines are generally lower than reciprocatingregggbecause of the continuous
combustion. This combined with an emissions radoctcheme such as water injection
or lean premixed combustion could reducesM@d CO emissions to very low levels.
Reciprocating engines produce a lot of vibratiod aaise due to the reciprocating mass
of the piston. The only movement in microturbimea balanced rotor spinning at a high
RPM, so vibration is minimal. High frequency nofsem within the engine can be

reduced with proper unit isolation.



1.3 Micro-Cogeneration System

A micro-cogeneration system for a personal dwelhmust be sized correctly, just
as a furnace must be sized correctly. Too larggstem and the system will only turn on
for short periods of time to regulate the amourhedt output which could lead to
excessive wear and failures. Too small a systairitamill not be able to heat the house
in the coldest days of winter and need a suppleangihieating system, adding to the total
system cost and complexity. Each house has itssp&aific heating needs and requires
a specific heating capacity. To fit every indivadiinouse with a cogeneration system
would require a large range of sizes of units faper operation. The general sizing of
the units would be in the order of 5 — 40 kW oftheatput. Farahbakhsh et al. (1998)
gave an average residential detached house spatieghenergy consumption of 67 GJ
per year for Ontario, which is an average of 2.1 é\ieating power over the year
however the distribution of heating is not at aifarm. If the system were to be used to
provide heat only for space heating, it would bemant for the summer and put to use at
full capacity only in the coldest days of wintérhus the heat output must be
significantly larger than the average yearly housat requirement.

The electrical demand for the house is more ctergishan the heat demand since
it is relatively insensitive to the climate, thouiglwill vary depending on the time of day
and the occupant’s usage of appliances and oteetriebl equipment. Farahbakhsh et
al. (1998) reported the average residential dethbbese electrical usage in Ontario as
32 GJ per year or 1.0 kW averaged over the yeainoluding heating or cooling. While
these numbers give an average heat to power rfagipproximately 2:1, the ratio will be

much larger in the winter and smaller in the sumnigre allowable electrical output of



the system will also depend on whether the utdaynpany is willing to buy back excess
electricity from the system user or whether theesgcelectricity produced by the system
is wasted. If the utility is willing to buy baclkeetricity at a high enough rate, the size of
the system electrical output is not limited by teguirements of the house and so in this
case the system can be oversized electricallyibed properly with regard to heat
production. The electrical production will depesrdthe heat output and the system
efficiency, ranging from approximately 1 — 10 kW.

Space heating is not the only possible use forohicbine waste heat. Other uses
for the heat allow the system to run more hoursypar and could improve system
payback due to a greater amount of generated ieigctrThe heat could be used for
domestic hot water, which is much more of a contstaar round load than space
heating, allowing the system to be used throughitwitvhole year. The water heating
system could also be used to heat a pool in thermrmAn additional use for the waste
heat in summer is through an absorption chillecanditioning system for space cooling.
Combining absorption cooling with pool or domestater heating and electricity
generation could result in even more energy sauiogsto the use of trigeneration (or
combined cooling, heat and power; CCHP).

A completely custom designed microturbine mayhgerhost efficient solution
for producing a turbine based micro-cogeneratiatesy, but it will inevitably be very
expensive to develop and produce. A better salutamuld be to build a microturbine
generator unit around an existing engine, or pesfaapexisting turbocharger. One
possible type of engine the system could be basrmd is a hobby turbojet engine.

These engines are built to propel model airplaaed,range in size from around 50 N to



200 N of thrust. The ArtesJet KJ-66 is a represterd hobby turbojet engine. Table 1.2
gives the manufacturer’s operating specificatiangtie KJ-66.

Table 1.2: KJ-66 Manufacturer’s Specifications

Thrust 92.3 N
Max Speed 128,000 RPM
Exhaust Gas Temperature 590°C
Fuel Consumption 0.154 kg/N/H
Pressure 1.56 bar gauge
Diameter 108 mm
Total Length 230 mm
Weight 1.15 kg
Approximate Price $3000

1.4 Project Objectives and Scope

The goal of the current work was to determin&é& KJ-66 engine would be
suitable as the basis for a microturbine cogermraystem. To accomplish this, the

objectives for the work were set forward as:

1. To test the KJ-66 engine with the propellingzie as well as a custom diffuser to
determine its performance

2. To analyze the data to determine effect offiffeaser on the engine

3. To use the engine performance data to preagcpérformance of a full micro-

cogeneration system based around the KJ-66 engine

The scope of the experimental testing was limiteeingine testing with the
nozzle and diffuser but without the engine prodg@any net shaft power. The scope of

the analysis was to provide a reasonable estinfdteeoretical system performance,
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ignoring the losses from the gearbox and gener&etiability and economics were not

considered with the analysis of the present work.



Chapter 2 Literature Review

2.1 Introduction

Large gas turbine engines have been used for degadir travel and power
generation stations. The technology is very mublaaced for these large and mid sized
turbines. Gas turbine engines with power outpuésd than about 300 kW are termed
microturbines. Microturbines for power generatasa an emerging technology. Higher
microturbine efficiencies are available due to ambes in materials (especially ceramics)
technology. This technology comes at a high paite it is only in the developing stages,
so all of the commercially available microturbireee based on high temperature

metals/superalloys technologies used in largetwames.

2.2  Microturbines

Soares (2002) provided an overview of microturtigenologies and
applications. The most common of these applicatame in continuous combined heat
and power generation. Other applications whiclu$oan electricity production include
peaking mode (generating electricity only duringlp@mes), islanding mode/off grid
production, premium power, and grid support. A gesivantage of microturbines is their
fuel flexibility, which Soares (2002) demonstratgdgiving many case studies of
microturbines running off of landfill gas, biomassid other waste fuels. Processing of
the dirty or low heating value gasses may be nacg$s reduce combustion emissions.

Soares (2002) also outlined the direct competitbwrmicroturbines as coming from
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reciprocating engines, fuel cells, photovoltaictegss, turboexpanders, and wind energy,
and pointed out that microturbines can also be ustidfuel cells instead of a combustor
to increase the efficiency of the entire system.

The utility of microturbines, as with that of l&mggenerators, is largely related to
their efficiency. Microturbine efficiencies arerggally lower than those of large gas
turbines because their size limits the engine presstio and the lack of turbine blade
cooling limits their turbine inlet temperatureswd important factors for having a highly
efficient microturbine are a high turbine inlet feenature and a high effectiveness
recuperator. Commercially available microturbimg&siare currently in the range of 26 —
30% efficiency. McDonald and Rodgers (2005) stalted ceramics technology could
enable a 40% efficient microturbine to be builtadpwing for higher turbine and
recuperator inlet temperatures shown in Figure ZHis, combined with exhaust heat
recovery, would make distributed generation witlenmiiurbines a very economically
viable concept, as long as the unit initial coss kept reasonable. Wilson (2002)
predicted an efficiency of 50% for a 300 kW micmbine, with a three stage low speed
ceramic axial turbine and an ultra effective rotagenerator. This is much higher than
other predictions for ceramic microturbines. Tiné is on the large end of the
microturbine spectrum which allows for greater@éncies through the use of larger and
more efficient turbomachinery. A unit of this eféncy may not even need heat recovery
to be economically profitable. This unit is stillthe prototype stage of development at

Wilson Turbopower.
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Figure 2.1: Potential for 40% Efficient Ceramic Turbine
(McDonald and Rodgers 2005)

One major advantage of microturbines over recigiog engines for distributed
cogeneration is their potential for very low emigss. Cogeneration leads to lower total
emissions but since cogeneration systems wouldapiglibe closer to a population centre
than large power plants, the local air quality doloé reduced. Canova et al. examined
this by comparing the emissions of a 60 kW mictoitue employing lean premixed
combustion and a 180 kW reciprocating engine, batiming on natural gas, on a per-
kilowatt basis. They found that for the systemning at full load the NQ@and CO
emissions of the microturbine were much smallen tifiat of the reciprocating engine

(68 to 1485 mg/kWh N@and 47 to 1136 mg/kwWh CO). At part load however th
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microturbine CGemissions increased rapidly to 10 251 mg/kWh at &2ding while

the NQ emissions stayed relatively constant. The emissionthe reciprocating engine
were relatively constant throughout the engine aijpeg range. This demonstrates the
advantages of microturbines in low emissions bad &he need to stay within a small
operating range of fuel air ratios to maintain lthe design point emissions. Figure 2.2
shows the part load CO, NQotal hydrocarbon, and non-methane organic comgou

emission characteristics for the 60 kW microturkanalyzed by Canova et al.
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Figure 2.2: Part Load Emissions for a 60 kW Microtubine (Canova et al., 2008)

2.3  Small Microturbines

At the low end of the power output scale of miarbtnes are units that produce
between 1 - 5 kW electricity. This size of generaunit is important because it matches
approximately the electrical needs of personal lonMcDonald and Rodgers (2001) set
forth a power vision in which these small turbifesined “personal turbines”) are
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commonplace in homes around the world. They argusdfficiently efficient yet mass
produced, cheap gas turbine generator network dmultbst effective and greener than
many other energy sources. As other green tecgeslcuch as fuel cells come on
board, they can be connected with the personalieidystem to produce a more efficient
generation system than either of the two technekbgeparately.

Research is increasingly being done in the smigilaturbine field. Rodgers
(2000) outlined fundamental design principles facnoturbines in the 5-25kW range.
The hypothetical units described are fully metaliith efficiencies of between 20-30%.
The paper gave a vision of a short term attainabéess producible, economically viable
engine. Ceramic turbines were not consideredy ¢ktaa to say the rotors are of lower
efficiency and their structure is less predictable.

IHI Aerospace Co. has developed a portable gaseigenerator with a rated
output of 2.6 kW called Dynajet 2.6, described vmkakura et al. (2004), shown in
Figure 2.3. ltis a first step in commercially dable small microturbines, but it suffers
from low efficiency and is fueled by kerosene. STthoice of fuel and low efficiency
mean it is most useful as a high quality portaldegr backup system rather than as a

candidate for distributed generation.

Figure 2.3: Dynajet 2.6 kW Microturbine Generator (Kumakura et al., 2004)
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High efficiency in small microturbines can be wiflt to achieve. Monroe et al

(2005) examined the loss sources in a 3-5 kW micbate. They found that due to the

small physical size of the engine, fluid and heakhge are much more significant than

on large gas turbines. They found that the medsefifeciency was less than 45% of the

theoretical cycle efficiency, and explained thissvdae to fluid and heat leakage. Good

sealing and heat isolation are therefore vital icroturbine performance. Shih et al.

(2006) presented one solution to heat leakage whereecuperator is wrapped around

the combustion chamber. Thus, any heat leakage thhe combustion chamber goes into
the recuperator, and so only the heat leakage tinemecuperator to the outside makes a

difference to the efficiency. Other microturbinestyns also incorporate the recuperator

wrapped around the combustion chamber but thigdesiprobably the most compact

one, and is shown in Figure 2.4.
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Figure 2.4: Microturbine with a Swiss-Roll Recuperdor (Shih et al., 2006)
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2.4  Microturbine Cycles

Due to their small size, microturbines have limiggessure ratios. Tip leakage
and low Reynolds number effects decrease the efitgi of small turbomachinery, and
thus high pressure stages are ineffective in micbartes. Pressure ratios in
microturbines are generally limited to about 4.

The limited pressure ratio means recuperatioh®eikxhaust heat can be used to
increase the low efficiency of the engine. Intelow is used on some microturbines,
but it is not as universally done as recuperatiBodgers (2001) investigated possible
cycles for a 50 kW microturbine, and concluded thatsimple recuperated cycle was
optimal. He found the intercooled recuperatedeyalbe slightly more efficient, but
required a high effectiveness intercooler whicheabitb the weight, cost, and complexity
of the system. Sadeghi et at. (2006) performéeanodynamic analysis of various gas
turbine cycles. They demonstrated that while btieerhal efficiency of cycles with both
an intercooler and a recuperator (ICR cycle) aregaly higher; the maximum exergetic
efficiency of the recuperated only cycle is larged occurs at a lower pressure ratio if
exhaust heat is utilized. The recuperated onlyecyroduces more usable exhaust heat
than the intercooled cycle. Thus, intercooled otietbines are generally only used in
higher capacity units with no heat recovery. Rodge al. (2007) also examined this
issue for a 300 kW sized automotive microturbimel Bound that the ICR engine was
slightly more efficient but much more complex amstty to manufacture than a
recuperated only gas turbine.

Recuperators are typically inserted in the gaseowith the turbine exhaust

heating the compressor exhaust. Dellenback (200&gver proposed a different cycle
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configuration. He analyzed the effects of pladimg recuperator between two turbine
stages, as shown in Figure 2.5. The electricaieffcy of this cycle is larger than that of
the typical regenerator configuration, becausestlts in a higher temperature heat
addition. The cycle however leads to a lower dpewiork output. The optimum
pressure ratios for the alternative recuperatefignanation however are larger than those
for the regular recuperated cycle, and the recupenaet temperature is hotter which
may present some materials problems. The altemegcuperated cycle thus may only
be suitable for the larger microturbines. Figu@ shows a comparison between this
cycle, the conventional recuperated cycle, andjha pressure ratio simple cycle, for

varying recuperator effectiveness.

A\ 4

Regenerator

High Pressure Power Turbine (PT)

Compressor Turbine (HPT)

Figure 2.5: Alternative Recuperator Cycle Configuraion (Dellenback, 2002)
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Figure 2.6: Alternative Recuperator Cycle Comparisa with Simple Cycle and

Conventional Recuperated Cycle (Dellenback, 2002)

A method of increasing microturbine cycle effiagrwithout a recuperator is
through the use of a sub-atmospheric cycle afetutbine. Bianchi et al. (2002) and
Agnew et al (2003) analyzed the use of an ‘inveBeadyton cycle’ (IBC) which utilized
the heat energy from the turbine exhaust by expanitito sub-atmospheric pressures,
cooling it, then recompressing it to the exhausspure. Their analysis was based on
larger cogeneration plants, but is still applicablenicroturbines. The smaller pressure

ratio cycles in unrecuperated microturbines wowddddit more from an inverted

18



bottoming cycle because of their higher exhausparature. A problem with inverted
cycle components is their large size and costttbsitwould not be as big of a problem
with small microturbines since even a large inveépeessure ratio would not result in
overly large inverted cycle components. Fujile{2001) described the testing of a
small inverted Brayton cycle which did produce wetk but was extremely inefficient.
The prospects of using sub-atmospheric cyclesaease the efficiency of gas turbine
systems do not look promising, and not many pebale pursued them, instead looking
to recuperators for waste heat recovery.

A high efficiency concept in distributed power geattion is the matching of a gas
turbine cycle with a high temperature fuel cell,sncommonly a solid oxide fuel cell
(SOFC). Harvey and Richter (1994) showed thatgxbkrsses were greatly reduced with
the use of a fuel cell as a partial replacemenafgas turbine combustion chamber. They
also predicted that high 60% cycle efficiencies lddae achievable in the near future.
Rolls Royce is developing a 1MW fuel cell — gadhtae hybrid system, described in
Agnew et al. (2005) and Berenyi (2006). This systeses multiple stacks of 10 kW fuel
cells. There is a potential for fuel cells to Is&d in microturbine systems by scaling
down the number of fuel cells. Because the fuktlsystems are quite efficient, heat
recovery may not be necessary for the cycle tacbaamically viable. Magistri et al.
(2002) described a theoretical hybrid fuel cellimiarbine generating unit, based on a 5
kW microturbine. The fuel cell is the main elecitiy generator, producing 31 kW. The
full system is 36 kW electrical output, 56% eleddtiefficiency. The part load efficiency
for both the hybrid system and the fuel cell aleghown in Figure 2.7. This shows that

for fuel cell/gas turbine hybrid systems, the foell produces most of the electricity for
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the system, though efficiency is increased greatlly the microturbine. Variable speed

control was shown to have superior part load efficy over constant speed (and variable

turbine inlet temperature) control.
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Figure 2.7: Part Load Performance of Fuel Cell/Micoturbine Hybrid System

Compared to Fuel Cell Generator Alone (Magistri efal., 2002)

2.5 Heat Exchangers for Microturbines

Heat exchangers are vital in microturbine techgploecause microturbines need
exhaust heat recovery to attain suitable efficienRgsearch into efficient microturbines
has necessitated increasing research into cheaypawb air to air heat exchangers to use
as recuperators. McDonald (2000) looked at theng@tl for low cost, mass producible
recuperators. He stressed the need for usingrapyisurface geometry made from thin
foil stock in order to reduce the material and nfaoturing cost of the recuperator, while

still maintaining high exchanger effectiveness. dto stressed the need for a long term
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materials development in heat exchangers, primariberamic materials, to achieve the
highest predicted microturbine efficiencies of 50%.

Many different heat transfer surface geometriespassible for microturbine
recuperators. Utrainen and Sundén (2002) analyaed popular potential surface
geometries, known as cross-corrugated, cross-veawggated-undulated, and plate-fin.
Their analysis, keeping hydraulic diameter equatiie different geometries, showed the
superiority of the cross-corrugated primary surfaeat exchanger in both thermal
performance and ease of manufacture. They contlind¢ the cross-corrugated surface,
pictured in Figure 2.8, has the greatest potefaralise in future compact recuperators.
While their analysis was generally good, the caastrof identical hydraulic diameters
may have been limiting to some geometries wheredasier to make small passages, or

where the air and gas side are not of the same gfep(ito equalize the pressure drops).

Figure 2.8: Cross Corrugated Primary Surface Geomey

(Utriainen and Sunden, 2002)
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Within the label of cross-corrugated primary soefaecuperators, many different
geometries are possible, in both the main couwterfieat transfer area and the inlet and
exits. Micheli et al. (2007) performed a multi-ebijive optimization of the cross-
corrugated, primary surface geometry to minimizeghessure loss and maximize heat
transfer per unit area in a representative unit ¢elPareto frontier was developed of
optimized recuperator geometries where a desigm aviietter effectiveness gave a
higher pressure drop, and vice versa. The finsigieselection was made from these
optimized designs based on the designer’s prefesemic the tradeoff between pressure
drop and effectiveness. The optimum corrugaticngery was found to be closer to a
triangular wave rather than the traditional sine@vas shown in Figure 2.9. In this
figure, the light grey sections are the recuperatalts and the darker sections (or colored
sections) are the flow passages. This geometjtegisin greater mixing and vortex
generation that improved heat transfer characiesiand pressure drops compared to the
initial sine wave geometry. One stated disadvantdghis design is the sharp corners
which could lead to premature material failure.isTdf course is a large issue with the
optimized design because material strength resingthave been a limiting factor in the

development of recuperators.

Figure 2.9: Cross-Section Comparison of Initial tdOptimized Cross-Corrugated

Geometry (Micheli et al., 2007)
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Treece et al. (2002) outlined the history and eepee of microturbine
recuperator manufacturing and operating experiah€apstone Turbine Corporation.
Due to some previous troubles with brazed recupesa€apstone had selected a fully
welded primary surface recuperator for use in B9 @nd C60 engines. The stock
material used was stainless steel sheet less tB@a"Ghick. Typical problems of
recuperators in gas turbines are cracks and lasksadthermal stress cycles. As of
publication, Capstone’s microturbine fleet had asedsover 1 million operating hours

and over 200,000 start-load-stop cycles withouhgls recuperator failure. The

recuperator cartridge is pictured in Figure 2.10.

Figure 2.10: Capstone Assembled Recuperator (Treeee al., 2002)
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While counterflow, primary surface recuperatores tfwe most commonly used
heat exchangers for microturbines, rotary regenesare also being considered for use.
Although they have many problems such as leakadetammmal stress, a new type of
rotary regenerator using a discontinuously movinige avas developed and described by
Wilson (2003). The discontinuously moving core@akd for much better sealing
performance, and the core was made from a ceramniejfcomb which made it much
more resistant to thermal stress and shock thaallmdteat exchangers. Wilson
predicted that this regenerator could be usedddumre a 300 kW microturbine that is

capable of 50% electrical efficiency.

2.6  Microturbine Applications

The main focus of microturbine research has canatd on power generation,
made economical by the use of cogeneration. Rita@002) reviewed the main efforts
in microturbine cogeneration. He demonstratedddgraand for gas turbine cogeneration,
looking at the increased use of natural gas aner dtiels suitable for gas turbines and
other energy considerations. He however insigtatfor distributed generation and
microturbine CHP to be economically feasible, eleity cost must be higher than it was
in Europe in 2002. He also claimed that £&issions in Europe could potentially be
reduced by 500-600 tonnes/year with a wide scadgtamh of CHP (30% penetration).
The uncertainty in the microturbine market was ulgked, with strong dependence on

technical advances, energy costs, finding of niolaekets, and government policy.
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Gamou et al. (2005) modeled an extended cogearrsystem that included
power generation and heating, and also coolingeyTifivestigated implementing this
CCHP system in hospitals and office buildings, @iaeound 30-80 kW, including the
microturbine system and an exhaust gas fired ha@leabsorption chiller, and a
desiccant air conditioner. They found that theitamld of the desiccant air conditioner to
the absorption chiller saved 3-10% of the operatiogf, depending on the size and usage
patterns of the building. Capital costs howeveren®t taken into consideration.
Liekens et al. (2005) found that using an absomnptiailler alone did not end up
providing energy savings over providing a sepagéetrical cooling system. This
emphasizes the need for cogeneration systemsdptlmized for their specific location,
as well as showing that CCHP has the potentiattedmnomically viable. Nogués et al.
(2006) found that with at 28 kW microturbine, usangingle effect — double effect
absorption chiller, 49.2 kW of cooling could be guced experimentally. This produced
an expected maximum total efficiency of 60 — 65%wéver this value is a poor
indication of the benefit of the unit over an etz chiller with a much higher
coefficient of performance. With a coefficientpdrformance of 4, 49.2 kW of cooling
only requires 12.3 kW of energy input, so a tothtiency based on adding the electrical
output and the cooling output is not a good indacaof the true value of the system.

Another use of a microturbine generator could $©araauxiliary power unit
(APU) for a diesel truck. McDonald and RodgersO(20suggested that a 5 kW
microturbine system running on diesel fuel coulduee idling in heavy duty diesel
trucks which is horribly inefficient. Using theisting diesel turbocharger as the basis

for a gas turbine APU was considered, but ultinyatejected because of the low
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efficiency of the cycle and possible feasibilitgugs. Instead, they envisioned a
standalone recuperated microturbine generator girtyithe truck with power and, if
needed, heat for the cabin and de-icer. Compaitbdavemall diesel generator, the fuel
consumption was found to be slightly higher. Alaanit cost of $250/kW was set as a
target for large scale production, which is curyeanattainable in microturbines
produced in small quantities. If this generatarldde successfully implemented and
marketed, it could be the first large scale proidumcdf small microturbines which could

lead to the technology being implemented in otheas

2.7 Residential Cogeneration

Some work has been done looking at small scaldamal cogeneration, but
mainly in the area of reciprocating engines. A filamestic cogeneration systems exist
but none are based around microturbines. The t&tates Department of Energy
(2003) outlined a vision for small scale residdrd@eneration through the technologies
of stirling engines, rankine cycle generators,peagating engines, and fuel cells. The
cited electrical efficiencies of these technologies low, the highest being a
reciprocating engine having a 20% electrical eincy and 80% total efficiency (no
efficiency for fuel cells was cited), but this sasonable for residential cogeneration with
a high heat to power ratio demand. Stirling engjinewever are cited to have an
electrical efficiency around 10% which would notdggimal for system profitability
unless the investment cost of the system was lowheoutility was unwilling to buy back
excess electrical power. They forecasted thaetedmnomically competitive, by 2007

micro-CHP technologies will need a simple paybaekqu of 5-7 years and an
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incremental investment cost of less than $500/kWeroturbines for CHP were not
considered in the analysis.

Onovwiona and Ugursal (2006) reviewed the techgiekavailable for under 10
kWe residential cogeneration, including reciprangiinternal combustion engines,
microturbines, fuel cells, and external combussbring engines. They concluded that
internal combustion engines had the most promisaanomics while stirling engines
and fuel cells had promising technologies but, enity, not promising economics.
Microturbines, they concluded, were not suitablesjoplications under 10 kWe
applications due to the fact that there were normernsially available microturbine
cogeneration units with power outputs of under Bk KResidential cogeneration
utilizing fuel cells was investigated in more depthAlanne et. al. (2006). They found
that a small 1-2 kWe solid oxide fuel cell systemold be feasible in a climate like
Ottawa, Ontario. While running at constant powwat (matching the heat demands), a
higher power system resulted in too much waste dx@@ddid not save energy. It was
found this small power was enough to satisfy therage house electricity demands
while not providing too much waste heat. The asialis based on constant power
through the year; the system is not switched ofinewm the summer. A higher power
system might be feasible if not used during higatldemand periods. The initial cost of
the system was also found to be very high, estidhat&7000/kWe.

There are several available micro-cogeneratiotesys currently commercially

available. Table 2.1 summarizes some of thess’ugge and performance.
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Table 2.1: Commercially Available Micro-Cogeneration Systems

Unit Manufacturer Type Power Heat Total
Efficiency
m-CHP Disenco stirling (gas) 3 kW 12 — 18 kW 92%
ecopower Marathon | reciprocating2 - 4.7 kW 6.6-125| >90%
(gas) kw
XRGI 13 EC Power | reciprocating4 — 13 kW | 17 — 29 kW 95%
(gas)
XRGI 15 EC Power | reciprocating 6 —15.2 | 17 — 30 kW 92%
(gas) kwW
XRGI 17D EC Power | reciprocating4 — 17 kW | 11 — 26 kW 85%
(diesel)
Dachs SenerTec reciprocating 5.5 kW 12.5-14.8| 88 —99%
(gas) kw
WhisperGen WhisperGen| stirling (gas) 1 kw 7.5—12 kW
Ltd
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Chapter3  Theory

3.1 Gas Turbine Theory

3.1.1 Ideal Cycle

Gas Turbines operate on the principle of thetamdard Brayton cycle. In the
ideal cycle, air is inlet to the compressor wheis isentropically compressed, then heat
is added at a constant pressure in the combustddaatly the air is isentropically
expanded back to atmospheric pressure in the ®irbid low pressure ratio ideal
Brayton cycle which is used by microturbines isvshan Figure 3.1, where process 1-2

is the compressor, 2-3 is the combustor, and 3t4eisurbine.

1500 Al

1000}

300 kPa

T [K]

500} 100 kPa

5.5 6.0 6.5 7.0
s [kJ/kg-K]

Figure 3.1: Example of Ideal Brayton Cycle with LowPressure Ratio
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3.1.2 Real Cycle

The ideal cycle is not attained in a real gasit@lengine because of non-
isentropic work done in the compressor and turkame, pressure drops in other
components. Additionally, the mass flow througé thrbine is slightly larger than
through the compressor due to the mass of theafhuethe working fluid has slightly
different properties than air because of the infeeeof combustion products. Figure 3.2
shows a simple cycle real cycle with non-isentraprbomachinery and a pressure drop
through the combustor. Figure 3.3 shows the safle gvith a recuperator and its
associated pressure drops. Process 1-2 is theressap, and 3-4 is the turbine. For the
simple cycle, the combustor pressure drop is tfierdnce between the pressure at 2 and
3. In the recuperated cycle, points 2 and 4 aethd and hot side recuperator inlets,
and 2R and 5 are the cold and hot side recupevattats. There is a pressure loss

through both sides of the recuperator as well @sercombustor.
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Figure 3.2: Real Gas Turbine Cycle
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Figure 3.3: Real Gas Turbine Recuperated Cycle

3.1.3 Working Gas
The working gas in most gas turbine engines isapheric air in the compressor,

and a combination of atmospheric air and the prtsdoiccombustion after the

combustor. The assumption of a perfect workingfgaboth of these was made for the

purpose of simulation and analysis. The equatfastate is given by

P=/RT (3.1)

WhereP is pressureys is gas densityR is the specific gas constant for the
working fluid, andT is the fluid temperature. A perfect gas has ataon specific heat

which relates the change of temperature directtihéochange in enthalpy.
Dh=c, DT (3.2)
The real value of specific heat however is a fimmcof temperature, and varies

slightly over the range seen in the engine;,swas only considered a constant for each

individual component, and was calculated from tlemamtemperature in the component
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The compressor and turbine in the gas turbineeagolwork on and extract work
from the fluid. The combustor and heat exchany@dd or remove heat from the fluid.
The work done and heat transfer to the fluid ale&ed to the stagnation enthalpy of the

fluid by the energy equation.
Q- W:mz(h2+%V22)- ml(hl+%v12):mzh02' mlho1 (3-3)
WhereQ is the rate of heat transfer into the fluWl, is the rate of work done by

the fluid (power),m is the fluid mass flowh is the fluid enthalpy, is the fluid
stagnation enthalpy, andis the fluid velocity. If the mass flow in andtaf the
component is the same, as is the case with the ressgr and turbine, then equation 3.3

combined with equation 3.2 give
Q- W=mc, (Toz - T01) (3.4)
The efficiencies used for the compressor, turbamel, diffuser are isentropic

efficiencies, which are based on a comparison atlsentropic process. An isentropic

process in a perfect gas is relates the presstiogoahe temperature ratio by

(¢-1)

Al

(3.5)

0[O

Where is the ratio of specific heats, and is dependartemperature; however,
just as for the specific heat its value was alwaken at the process mean temperature.

At most stations throughout the engine, the flomswonsidered to be one
dimensional, i.e. having uniform flow parameterstsas velocity, pressure, and
temperature in a given cross section. The onlgel@here this assumption was not made
was the turbine outlet, where the effects of smirlilow were taken into account. For

one dimensional flow, the mass flow was calculdtgd
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m=rVA (3.6)
Where is fluid density)V is perpendicular velocity, arAlis flow area. At the
turbine outlet, equation 3.4 was also used but welbcity replaced with perpendicular
velocity. The swirling flow coming out of the tune was assumed to be in a free vortex.
In free vortex flow, the swirl velocity is a funoti of radius, related by

Y/

win = KI/T (3.7)
WhereK is a swirl constant andis the radius of the point from the axis of swirl.
Total temperature, total pressure, and axial velarie constant across the cross section.
Static temperature and pressure vary dependingeoswtirl velocity, subject to equations
3.3 — 3.5 (assuming no heat transfer or work damerdy the fluid). Where static
pressures, temperatures, and swirl velocitiesegyerted these are based on the midpoint

(average radius) values. Axial velocity was alalzalated from the mass flow using the

midpoint density.

3.1.4 Turbomachinery

The turbomachinery components of a gas turbingh@&eompressor and turbine.
In the ideal Brayton cycle these components conspaiad expand the working fluid
adiabatically and reversibly (i.e. isentropicaliwever in the real cycle they do not.
Viscous losses, eddy losses, tip leakage lossdd)eat leakage from the combustor to
the compressor are some of the irreversibilitieantered in turbomachinery. It was
assumed however that the turbomachinery did operater adiabatic conditions. To
describe the performance of turbomachines ovengeraf working conditions, non-

dimensional groups were derived as described ilwMD{®998). Assuming a perfect
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compressible gas as the working fluid, the turbcmreery performance parameters —
work done per unit mass of fluid for an isentropiocessDh,., the component
efficiency /7, and the compressor or turbine powér are functions of: the fluid
viscosity 77, the rotational spedd, the turbomachine outer diamerthe fluid mass
flow m, the inlet total density,,, the inlet speed of sours},, and the inlet ratio of
specific heaty).
Dh,.,/,W = f{mN,D,m,r,,a,,,0} (3.8)
Selecting,,, N, andD as common factors, the following dimensionlessigso

can be created.

N’D?" ' r,N°D® roND* a,, " m

2
Dhy, w m ND r,ND ’ (3.9)

The dimensionless groups can be simplified byhirrapplying the assumption of
a perfect gas working fluid. Isentropic heat gsefficient can be transformed into the
pressure ratio, the efficiency stays constant,thagower coefficient becomes the
temperature rise coefficient. These are functmfrffow coefficient, blade Mach

number, Reynolds number, and ratio of specificiaatshown.

Py , DT, _ . m/RT, ND
N, =f 5 : ,Re.g (3.10)
P, 'Tu  D?Pug JyRT,

A common practice when analyzing turbomachinds grop the geometric
scaling, gas properties, and Reynolds number ftasda non-dimensional groups, thus
making them quasi-dimensionless. In the analysésspecific size turbomachine
operating with a single gas, the geometric scadimg) gas property terms are usually

dropped. The Reynolds number is usually droppedure the flow is assumed to
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operate at high Reynolds numbers and is thus fuflyulent. In the case of
microturbines however this is not necessarily thee¢ and laminar boundary layers can
develop in the compressor and turbine which redtluss efficiency. However,
Reynolds number can still be dropped from the aslyecause of the small range of
Reynolds numbers over which the turbomachineryatpsr With this simplification, the
pressure ratio, efficiency, and temperature gdio teecome a function of only the

simplified mass flow coefficient and simplified gaecoefficient.

=
P ) BTo _ o N (3.11)

01 01 I:)Ol TOl

Pressure ratio and efficiency are usually plo#tedunctions of mass flow
coefficient and speed coefficient in compressor tanine maps. Temperature rise ratio
can be calculated from these so it is usually tuitgrd. These coefficients can also be
scaled based on a reference temperature and pFeasus done in the current work, to
produce a corrected mass flow and speed. Relatags flow and speed can also be
specified as the ratio of the corrected mass flod/speed to a design point value. For
initial simulation work, the turbomachinery mapedsvere taken directly from Davison
(2005). These compressor and turbine maps arerstmoligures 3.4 thru 3.7. A
bilinear interpolation algorithm was used to intdgte for the performance data between

the running lines to provide a continuous runnirepm

35



Pressure Ratio

4.0

35

3.0

25

2.0

15

10

0.0

0.2 0.4 0.6 0.8 1.0 1.2
Relative Mass Flow

Surge

Nrel=1.000 Nrel=0.950

Nrel=0.900 ------- Nrel=0.850 - - - -Nrel=0.800 = = :Nrel=0.750

—-—--Nrel=0.675 — - -Nrel=0.600 === =Nrel=0.525 —--—- Nrel=0.450 — - -Nrel=0.350 === = Nrel=0.250

Figure 3.4: JG-100 Compressor Pressure Ratio Map @vison, 2005)

Compressor Efficiency

0.75

0.70

0.65

0.60

0.55

0.50

0.45

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Relative Mass Flow

Nrel=1.000 Nrel=0.950 Nrel=0.900 ------- Nrel=0.850 - - - .Nrel=0.800 = = :Nrel=0.750
—-—--Nrel=0.675 — - -Nrel=0.600 === = Nrel=0.525 —--—- Nrel=0.450 — - - Nrel=0.350 === = Nrel=0.250

Figure 3.5: JG-100 Compressor Efficiency Map (Davisn, 2005)

36




1.4

8 1.2 r =
q., : —
7] i %
P 10 7=
= F A S A
gt Ak
2 08 | ': — EE— e —————
x VYO
* L / T P R SR
2 i S
i 0.6 /oo L=
L A
o r S P L R - -
L ’ * \d
2 040t -
= [ e 7
© oo m e e —_—-— =
[} .~
@ 0.2 T // o — -
L~
0.0 +
1.0 1.5 2.0 2.5 3.0 35
Pressure Ratio
= =Nre|l=0.20 — - -Nrel=0.30 —-—--Nrel=0.40 = = :Nrel=0.50 - - - .Nrel=0.60 ------- Nrel=0.70
= =Nrel=0.80 = — Nrel=0.90 — — — - Nrel=1.00 Nrel=1.10 Nrel=1.20 Nrel=1.25
Figure 3.6: JG-100 Turbine Mass Flow Map (Davison2005)
0.8
)
RN
0.7
| —_ H
oy . *,‘\ ~ - RR
L . . .\ \ \§~ s__\\‘_- \
r ARSI T~ |77 -
5, 06 Vs N T~ e
Q [RRAN AN ) ~ e
< 0 N N~ S~ — [T ™ —
Q - \ N . — =
O - \ 0 T ~ S =
= NN — ——
m 05 . . N T . TS -
) [ hd "N ~ : L A
£ i NSy Y e
g i S T - e
S ~ ~ S~ Il VO S
= 0.4 L - ~ ~\~. T~ RN - -'-"-;--': -----
L ~ - .o e - - -
: A ~ - = ~ .
0.3 g - g
L -~ .
0.2 f f
1.0 1.5 2.0 2.5 3.0 35
Pressure Ratio
= =Nrel=0.20 — - -Nrel=0.30 —-—--Nrel=0.40 = = :Nrel=0.50 - - - .Nrel=0.60 ------- Nrel=0.70
= = Nrel=0.80 — — Nrel=0.90 — — —- Nrel=1.00 Nrel=1.10 Nrel=1.20 Nrel=1.25

Figure 3.7: JG-100 Turbine Efficiency Map (Davison2005)

37




3.1.5 Combustor

The two parameters that characterize a combustdha combustion efficiency
and combustor pressure loss. Combustion efficiesdgfined as the ratio of the actual
thermal energy obtained by burning the fuel todhemical energy put into the system
through the fuel. The chemical energy that isauotverted to thermal energy exits the
combustor as unburned hydrocarbons as well as wadgsoducts of combustion such
as carbon monoxide, nitrogen oxides, soot, andisaiides. Combustion efficiency can
be calculated by dividing the difference of thergyeof the products and the reactants by
the chemical energy contained in the fuel (basethemower heating value, LHV) as
shown in equation 3.12. By assuming the produuatsraactants are perfect gasses, their
sensible energy can be calculated based on tmepetature (3;) and the heat capacity
(cp), compared to a reference temperatukg)(@f 25°C. The effect of heating and
vaporizing the fuel was assumed to be negligibabse of the low fuel mass flow

compared to the air flow.

ITK_:p (T04 - Tref ) - rnEp (TOSR - Tref )

hc - products reactants (312)
m;,, LHV

The average heat capacity between the gas terapegatd the reference
temperature must be used since the heat capacigswaith temperature.

Combustor pressure loss occurs from two diffesenirces. The first is the ‘cold’
pressure drop, i.e. the pressure drop due to fitigtion and kinetic energy losses of the
airflow going through the combustor lining. Thiepsure drop does not depend on what
combustion processes are occurring. To accourtdidrpressure drop in the preliminary

model, a quadratic correlation for cold pressumpdrased on mass flow was developed
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with data from Davison (2005). The other sourcperessure drop in a combustor is the
‘fundamental’ pressure drop associated with hdaetise and the fact that work has to be
done to accelerate an expanding gas. AccordiNgaish and Fletcher (2004), the
absolute value of fundamental pressure drop is nawér than the cold loss; therefore

this small contribution was ignored for this work.

3.1.6 Diffuser

A diffuser takes a high speed, low pressure fand reduces its speed in such a
way that the static pressure increases througtitheser. Due to the adverse pressure
gradient on the walls of the diffuser which tendsrtake the boundary layer separate, the
flow must be gradually diffused or it will have mh total pressure loss. Diffuser
efficiency is defined as the isentropic processperature rise (over the same pressure
ratio) divided by the actual temperature rise, shawequation 3.13. Pressure recovery
coefficient is defined as actual pressure recovdi@ded by the maximum possible

pressure recovery (i.e. the entire dynamic predsea€), as shown in equation 3.14.

T,.- T,

h, = Tz _ Tl (3.13)
2 1

Cp= F'fz'_ ':1) (3.14)
01 1

A diffuser with a pressure recovery coefficientlaiust have an efficiency of 1
and an infinite area ratio (i.e. slows down thevflm zero velocity, isentropically, which
is the definition of stagnation conditions). Alrddfuser has efficiency less than 1 and a

finite area ratio.
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For the simulation, the diffuser area ratio wagsteld to be 4; the same as the
designed diffuser described in section 4.3. Audiflr efficiency of 80% was assumed.
This gives a pressure recovery coefficient of @3&uming incompressible one-
dimensional flow. The pressure recovery coefficharies with a fixed efficiency for

compressible flow, but it remains close to 0.75tha& range of engine operation.

3.1.7 Recuperator

The recuperator transfers heat energy in the esthauhe compressor outlet air.
Recuperator performance is described by the efferntiss and the pressure drop for each
side of airflow. While recuperator designs for rotarbine generators do vary, primary
surface recuperators are used most often and aegally thought to have the highest
potential for high effectiveness and compactnesis hiv pressure drop and
manufacturing costs. Thus, it was assumed thatkethgerator for the simulation would
be of the primary surface type utilizing a crossqeggated geometry. The effectiveness is
the actual heat transfer divided by the maximunsibs heat transfer, and is defined by

_ (mép )C (Tcz - Tcl)
Cmin (Thl - Tcl) ) (mép )min (Thl - Tcl)

— Cc (TCZ - Tcl)

(3.15)

WhereT,; is the cold side inlet temperatuiig; is the cold side outlet
temperatureTy; is the hot side inlet temperatuf@®, is the cold side heat capacity rate,
andCy,n is the heat capacity ratio of either the cold ar$ide, whichever is smaller.

Common values for effectiveness are around 0.85 f@or microturbine

counterflow recuperators. Kakag and Liu (1998)egam expression for counterflow heat
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exchanger effectiveness as a function of numbé&aatfer units (NTU) and heat
capacity rate ratio (C*):

1- exd- NTU(1- C*)|

©T 1 Crexd- NTU[L- C*) (3.16)
- AR
NTU = c_ (3.17)
C _ (MC5)
Cr=—=p— 3.18
Cmax (mcp)h ( )

WhereA is heat transfer areH, is overall heat transfer coefficient, a@ds heat
capacity rate. For a gas turbine recuperatorctte side will always have the minimum
heat capacity rate since the hot side has a highss flow from the additional fuel mass
and a higher heat capacity due to the higher tesmtye.

An effectiveness of 0.85 was assumed at the dgsign of the system; however
this was not assumed to be constant for off dgsegformance. For a non-constant
effectiveness, the overall heat transfer coeffickkmust vary depending on the flow.
Kakag¢ and Liu (1998) gave the following correlation cross corrugated heat
exchangers:

hD, D.G n c,m IA m 017
=C, — (3.19)
k m Kk m,

Whereh is the heat transfer coefficient for one sidgis the hydraulic diameter,
ks the fluid thermal conductivityGyis a correlation constarg is the mass velocity, and
nis approximately 0.7 for Reynolds numbers aboweir@d 100-300. If the mean gas
properties are assumed constant over the operatiyg of the recuperator, it is found

that
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kyG* _ Kk, m _ kym* (3.20)
DI:).S DhO3 A .

flow flow

h»

Wherek;, andky, are proportionality constants. To derive a tbtdt transfer
coefficient from individual sides, the sum of thelmesistances is used. The thermal
resistance that the wall provides is neglectedjrasyy a well designed thin wall primary

surface heat exchanger.

1_1,1,t_ 1 . 1
T TR nr 3.21
Hohoho ko my o my, #21
hil 085 hil 085
ot old
085 0.7 085 0.7
i: old rncoId'A‘on o-l; rnwot (322)
H  ky MeoidMhot
0.7 0.7
H - K rncoldrn"lot (323)

"M AR +mi

whereKy, is a proportionality constant for a specific sitesht exchanger. From
this expression the variation of total heat transtefficient based on the varying
conditions on the cold and hot side was determiniéte proportionality constants were
found first at the design point (120 kRPM, 950°@itae inlet temperature) with a set
effectiveness of 85%, and then the constants waltedonstant at other operating
conditions resulting in a variable effectivene3$is model was only a rough estimate
based on an empirical correlation, and variationfuid properties between the hot and
cold side were neglected. A proper heat exchatggign would be more rigorous than
this, however this was a first order approximatsrto what the off design/part load

performance of the recuperator would be.
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Pressure drops in recuperators occur in bothrilee and outlet manifolds as well
as in the recuperator passages. It is desiralstartonize pressure drops, but in general
this counteracts the need for high heat transfecwdllows for more compact
recuperators which are less expensive due to reduegerial cost. Beck and Wilson
(1996) pointed out that flow uniformity is importdior a heat exchanger so a well
designed manifold does not have a minimal pressume, but one that encourages flow
uniformity through the heat exchanger passagesua$ ias possible. The pressure drops
on the hot and cold side of the recuperator areaoessarily equal. Indeed, since the
hot atmospheric pressure air is at a much lowemnndeasity than the cold compressed
air, for identical flow passages, the pressure dmoghe hot side of the recuperator will
be much larger than for the cold side due to tiyd fiow velocity. The pressure drop on
the cold side may be in the acceptable range leutdb side pressure drop may be very
large, greatly affecting engine power and effickencThus, a common solution to this
problem is to make the flow passages for the loot farger which brings the pressure
drops towards equality. The tradeoff here howévénat a recuperator with non-
identical flow passages is more expensive to matwife.

Kaka¢ and Liu (1998) gave a correlation for presslrop in a cross corrugated

heat exchanger channel:

- 017

- 4kpI I-eff N plates Gz ”E

DP sl
Re" D, 2r m,

(3.24)

Whereky is the pressure loss proportionality constRetis Reynold’s number,
Lett is effective length, anByiaesis number of plates separating the hot and coésts

in the recuperator. With effective length and nemaf heat transfer plates held constant
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and lumped into the proportionality constant, vatovariation neglected, hydraulic
diameter assumed proportional to square root @f 8cea, and the exponantset at 0.2

(for relatively high Reynolds numbers), the expi@ssvas simplified to

_ k,m™T
T eaz,

flow

(3.25)

The pressure drop was calculated individuallytfa hot and cold side. Design
point cold and hot side pressure drops of 2% andw¥% assumed which required a hot
side flow area to cold side flow area ratio of 1.91st as for the effectiveness, the
pressure drop constaktwas set using the design point pressure drop gegumand

then fixed when running off-design to give variaptessure drops.

3.1.8 Mechanical Efficiency

A mechanical efficiency of 99.5% was assumedstrmae as used by Davison.
Mechanical efficiency is defined below in equat®f5. This value was an
approximation as measurement of the mechanicalefity at engine operating speeds
would have been quite difficult. It was used tétedmine the unknown turbine work
from the known compressor work, and the turbineiefficy was calculated based on this
value. A sensitivity analysis for this value, bdvem real experimental data, is presented

later in section 5.6.

3.1.9 Performance

A major measure of gas turbine performance isitiegul power it produces. The

net shaft power is given by
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mechanical(

W, ) (3.26)

turbine ~ compresso

Wshaft :h
For gas turbine generators, it is not the shaftkwdhich is desired but the net
electrical output. So frequently the electricalveo rating of gas turbine generators is

used as the performance measure. Assuming theesisgtonnected to the electric

generator via a gearbox, the net electrical pos/gnien by

A eanno Meonerao W

gearbox ' generator

Welectrical = /7

W,

urbine ~ compressm)

(3.27)

mechanical

In this work, the efficiencies of the hypothetigalarbox and generator were
always assumed to be 1.

The efficiency of the gas turbine is an imporgaatformance measure. The
efficiency is the ratio of energy input to usefakegy output. This can be defined in a
number of ways but one of the most widely usetiesetiectrical efficiency based on fuel
lower heating value, which is a measure of the ¢bainenergy that can be attained by

burning the fuel:

W ) W )
helectrical - electrical = electrical (3 ) 28)
Qin mfuel LHV

fuel

Shaft power efficiency can also be defined ingame way, using shaft power
instead of electrical power. Since the gearboxgarterator efficiencies were assumed to
be 1, in this work shaft efficiency is equal toattecal efficiency. Total (or thermal)
efficiency of a cogeneration system can also bandéfoy adding the useful heat out to

the electrical work produced:

. N
htotal - Welectncal Qout = Welectncal Qout (329)
Qin mfuel I-HVfueI
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In this work, system efficiency always refers kectrical/shaft efficiency unless

otherwise noted.

3.2 Micro-Cogeneration System

Many additional components or modifications amguieed to build a micro-
cogeneration system based on a KJ-66 engine. daupe net power, the engine shaft
must be lengthened to feed into the gearbox am@ioerator. To avoid problems with
the hot exhaust it is preferable to extend thetshaffrom the front of the compressor. A
high speed permanent magnet generator could beectathdirectly to the shaft however
these are expensive because they use rare eaghatsatso a more economical method
might be to construct a high speed reducing geawdogh brings the engine rotational
speed down to a speed that conventional generedarkandle.

The engine in its default state produces thrustudjn a high speed jet of air
coming out of the turbine. Since a cogeneratiahwauld not need to produce thrust,
the original propelling nozzle can be replaced layffuser which recovers the kinetic
energy of this jet, and produces a larger turbmesgure ratio which allows the turbine to
produce more work. The diffuser increases thepneter and efficiency of the engine.

The efficiency of a low pressure ratio microtusbioy itself is low. A high
effectiveness recuperator heat exchanger increélasesficiency of low pressure ratio
brayton cycle engines considerably. The presstap through the recuperator results in
a slightly reduced power output when the recupeliatosed, so a low pressure drop
through the recuperator is needed. A regenergperieat exchanger could be a

potential alternative for a recuperator, howevaditional regenerators are subject to
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leakage and high thermal stresses, and next gareragenerators as described by
Wilson (2003) are quite expensive.

The engine currently runs on kerosene mixed 5% tuitbine oil. This works for
simplicity and compactness in the aero-engine shateever for efficiency and
emissions considerations, the fuel and oil systemdd need to be separated for a
cogeneration system. It may also be preferabthémge the fuel from kerosene to
natural gas, because of its better emissions prafitl availability, since many people
already have natural gas heating in their hou&sss turbine generators are more fuel
flexible than reciprocating engines so these nagas units could potentially run on
propane or any other gaseous fuel as long as tissiems profile is satisfactory.
Nitrogen oxides in particular must be kept very lmacomply with current emissions
regulations.

A heat recovery unit would also be needed to recthe heat for the
cogeneration system. This would most likely beagrto water heat exchanger making it
less expensive and more compact than the recupeda®to the good heat transfer
properties on the water side. This hot water ctldised for space heating through
radiators, domestic hot water supply, or pool meatiFor an ultra-efficient system, a
condensing recovery heat exchanger could be usetower latent heat as well as
additional sensible heat.

In addition to these, other components such agaoglectronics, power
electronics, diagnostic sensors, air filters, fusinps/compressors, etc., would need to be
fitted to the final system. Modifications suchaaseramic turbine, a rotary regenerator,

and even using the engine in conjunction with & ¢eé are possible but would be
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expensive and make the system even more compleg.aim of this micro-cogeneration
system is to be a simple system but with sufficwer output and efficiency to make it

a viable energy solution. The overall system fls@hown in Figure 3.8.

1,2

Comp. Turb.

4
Comb.
3 5
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Recuperator |«

7
Heat 8
» Recovery >
Unit

Figure 3.8: Microturbine Cogeneration System Diagran
If a working cogeneration system were being balltthese components would
have to be integrated into the system. The engimeever was being tested to determine
its suitability for a system such as this, so thgiree performance was recorded and the
rest of the system was simulated. From this sitiarlathe viability of the cogeneration
system based on the engine performance was detami sample sketch of what the
layout of a microturbine based cogeneration systeatd look like is shown in Figure

3.9.
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Figure 3.9: Possible Microturbine Cogeneration Sysim Layout
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3.3 Preliminary Model

A preliminary simulation model of the engine waadwa to predict the
characteristics of the engine performance withwitldout a custom diffuser. This model
did not include any heat exchangers but simplybteeline engine with a diffuser.
Independent compressor and turbine maps were néedadulate off-design conditions
with back pressure and net work changing from niteal design. While these were not
available for the KJ-66, Davison (2005) had devetbpompressor and turbine maps for
the JG-100 engine, a successor to the KJ-66 witthrthe same design. These maps
were shown in Figures 3.4 through 3.7. The congaresn the JG-100 is only slightly
larger than on the KJ-66, and the turbine desigaeastical. Thus, it was assumed that a
simulation based on these maps would predict teesibegree the performance of the KJ-
66 engine. The compressor map was modified sligbtteflect the smaller KJ-66
compressor. The reference mass flow was reduc8@ 596 and the pressure ratios were
linearly reduced to match the engine design pressiio.

A program was written in Microsoft Excel™ and VagiBasic™ to take the
operating inputs as specified by the user (amipezsgsure and temperature, RPM, net
work) and calculate the necessary engine operatinditions (i.e. pressure ratio, air
mass flow, fuel flow, turbine inlet temperature;)db satisfy the inputs, based on the
compressor and turbine maps and models for the otibeponents. The details of this
program are described in Appendix I. The simulati@s identical to the one described,
but did not include the recuperator or recoveryt legahanger. Additionally, combustion
efficiency was set to be constant at 0.9.

The results of the initial simulation are presedntefigures 3.10 through 3.12.
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Figure 3.10: Predicted Compressor Running Line Shifwith 80% Efficient Diffuser
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Figure 3.11: Predicted Turbine Temperature Reductio with 80% Efficient Diffuser
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Figure 3.12: Predicted Reduction in Fuel Air Ratiowith 80% Efficient Diffuser

From Figure 3.11, it can be seen the diffuser pradicted to reduce the turbine
inlet temperature by around 80 k. This reductioturbine inlet temperature allowed a
roughly 5% higher engine mass flow shown in Figgu0 since the air flowing through
the turbine was colder and thus denser. The higihenass flow along with the reduced
turbine inlet temperature led to a 20% decreagedhair ratio as shown in Figure 3.12.
Experimental running of the engine was undertakestetermine if this analysis of

engine changes proved to hold true for the reaineng

52



Chapter4  Experimental

To determine if the characteristics of the KJ-6§iee matched those simulated in
section 3.3, a test program was undertaken whererbine was tested with the original
propelling nozzle and the performance compareddtstwith two custom designed
diffusers. The test rig used by Davison (2005) wsed, though some modifications

were done to the rig.

4.1 Objectives

The first step to determine if the KJ-66 was dlédo be the basis of a micro-
cogeneration system was to characterize the peafocenof the engine, specifically how
much net work is attainable from the engine. Tatermines the size of the
cogeneration system. The efficiency of the engioald be low because it is an
unrecuperated low pressure ratio cycle, but higlfezsiencies can be achieved later with
a recuperator and, if necessary, replacement anggme compressor, combustor, or
turbine.

Simplicity will be paramount for the cogenerat®ystem, to minimize both initial
cost and maintenance costs. For this reason,igndesing the original engine as a gas
generator and having a separate power turbine @yasted. A design using only the
original turbomachinery would be superior to a potuebine design both in cost and
simplicity. Another benefit to having a single #hengine is that the electrical generator
can be located in front of the compressor as ogptusat the rear of the engine where

thermal isolation from the hot exhaust would be enafran issue.
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To produce net work with the engine, two things ba done without modifying
the engine internals. First, the turbine inletpenature can be increased which increases
turbine work. This however can only be done up t@rtain point where the turbine is
susceptible to failure. The other thing that cardbne is replacing the engine’s thrust
nozzle with a diffuser. This diffuser recovers Kieetic energy that is in the engine
exhaust and converts it to turbine work due tonengased turbine pressure ratio. The
increase in turbine power possible from the diffusesubject to the turbine efficiency, as

shown:

(mV ’ )exhaust (4 1)

W t
2

turbine, increase = ht KE h

exhaust —

This gives about 3.8 kW additional turbine powsslwaning a turbine efficiency
of 0.75, an exhaust mass flow of 0.19 kg/s andormgl@f 230 m/s. A more detailed
analysis of the impact of the diffuser on the wislstem was done with compressor and
turbine maps in section 3.3 above.

To produce net work, the engine would have totteeched to a component that
absorbs power such as a dynamometer or a genwi#tic bank of power resistors.
High speed dynamometers and generators are exyrexm@énsive, so a gearbox in
conjunction with a regular speed dynamometer wbakk been the most inexpensive
way of extracting net work from the engine. Inste&using these components however,
the engine was tested with the nozzle and diffuseyducing no net work. The resulting
component maps were input into a simulation whalleudated an achievable net work

value.
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4.2  Setup and Instrumentation

42.1 TestRig

The engine was contained in a sealed box, constturt of 16 gauge sheet steel
and 1” square steel tubing. The engine comprafisov air from inside the box, and the
engine turbine exhausted air outside of the box.was drawn into the box through an
inlet pipe that allowed for air mass flow measuratii® a pitot static tube and
thermocouple. The engine was completely enclosgide the box. This setup differed
from that used by Davison (2005), where the endnegv air from inside the box (termed
the inlet plenum) but the engine was completelgioigt of the box. The change was
done first to provide additional protection to thgerator in the event of a catastrophic
turbine failure, and second, because the vanedsaiffiwas heavy and required external
support. Supporting the diffuser would have beewhrharder to do if the engine was
further back on the test rig.

The sealed box was mounted on a cart which alldaefitee back-and-forth
motion of the box and engine. This cart was latate a stand which allowed for this
free motion. For testing, the cart was suspendad fwo high arms on the stand,
allowing for free motion back and forth as a typ@endulum. This motion was
constrained with a load cell which thus alloweddaig thrust measurement. The thrust
measurement however was never used in the analysis.

No properly sealed and ventilated test cell rooas available for the engine
testing, so a system of exhausting the enginednaé tlevised. It was determined that a

wind tunnel at the test facility could serve asahaust blower. An ‘L’ shaped duct was
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used to suck the exhaust gasses from the enginmixrttiem with a large amount of
atmospheric air which lowered the temperature leeftovent through the blower. From
the blower it went through the empty wind tunnedl @xhausted to the outside
atmosphere. Figure 4.1 shows the engine box amd sFigure 4.2 shows the engine
mounted inside the box, Figure 4.3 shows the extrduet and wind tunnel, Figure 4.4
shows the assembled diffuser in place, and Figirstows the internal structure of the
assembled engine with the stations for measureoféamperature and pressure labeled.
Stations not labeled on Figure 4.5 are statiort theabox air inlet tube to measure mass
flow, and station 6, at the exit plane of the ditu (only used for the runs with the

diffuser).

Figure 4.1: Engine Box and Cart Assembly
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Figure 4.2: Engine Mounted Inside Box

Figure 4.3: Exhaust Duct and Wind Tunnel
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Figure 4.4: Mounted Diffuser Assembly

Figure 4.5: Engine Layout with Stations Labeled (oiginal image from ArtesJet)

Figures 4.6 — 4.12 show the internal componente®KJ-66 engine.

58



Figure 4.6: Compressor Wheel (ArtesJet)

Figure 4.7: Compressor Diffuser/Holder (ArtesJet)
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Figure 4.8: Combustor Lining (ArtesJet)

Figure 4.9: Turbine Nozzle Guide Vanes (ArtesJet)
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Figure 4.10: Turbine Wheel (ArtesJet)

Figure 4.11: Shaft Assembly (ArtesJet)
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Figure 4.12: Engine Shell (ArtesJet)

4.2.2 Speed

The angular speed of the engine rotor (measur&Pi) is a crucial
measurement of any turbine. It was set up asdhed variable, with the user
determining a required set speed and the fuel faer automatically adjusting to
maintain that speed. It was also necessary fetysahe fuel was shut off if the rotor
was turning at too high a speed (risk of rotoruia) or if it suddenly stopped. To
measure shaft speed an optical sensor system wds Asphotodiode picked up the
flashing signal of an infrared LED through a ratgthole in the shaft, which produced a
low level fluctuating current when the shaft wasitng. This current was converted and

amplified by an op-amp to a high level (0 — 5V)gmul/oltage signal. The signal was
62



input into an Omega DRF-FR fregency input signadittoner which converted the
pulsating signal into a continuous signal propordicto the pulse frequency. This signal
was then input to the data acquisition system. ddta acquisition board could have
done this frequency conversion itself, but havingeaternal frequency conditioner freed
up resources on the data acquisition board sattbatild record engine temperatures and

pressures. The speed sensor system is illustratédure 4.13.

Frequency
Converter

%
N

e photodiode

8 shaft (;

/7
N

| | infrared
LED

Figure 4.13: Photodiode Speed Sensor

4.2.3 Air Mass Flow

Air mass flow was measured by a pitot static tislsated at the centerline of the
inlet pipe. The tip was positioned 1 pipe diamel@vnstream of the inlet. This
measured the air centerline velocity, which wasdity proportional to mass flow.

Davison (2005) described the process of travertsiagipe with the pitot tube which
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gave the velocity profile which was required toretate centerline velocity and mass
flow. The relation is given by

m=krAvV

centerline (42)
Where is densityAis flow area, andt is a correction factor. From the flow traverse
data found in Davison (2005), correction factortfus setup was found to be 0.910 +

0.014, constant over the range of mass flows eggdot the engine.

424 Fuel Flow

Fuel flow was measured with an Omega FLR1010 Reilibine volumetric flow
rate sensor. The default calibration for this fle@nsor was for water, so a fuel flow rate
to voltage calibration curve was determined expentally by pumping the fuel/oil
mixture into a graduated cylinder over a specifiate period. The details of this

calibration are found in Appendix F.

4.2.5 Pressures

Static and stagnation pressures were measuretiats stations in the engine.
Static pressures at station 2 and 5 were measyraghessure tap in the wall.
Stagnation pressures were measured at every staiiaie inlet the dynamic pressure,
Po1 — PL was measured with a pitot static tube so thateckmé velocity could be
determined. All stagnation pressure measuremeseis specially made stagnation
probes made from small steel tubing. The detditese custom made probes are shown
in Appendix G. The static taps at stations 2 ameeBe made by drilling a small hole and

inserting a metal tube into the hole so that tbatfof the tube lined up with the inner
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edge of the wall, with no sensible burs or obstamns to the flow that would affect the
airstream or pressure reading.

Pressures were measured with various silicon digph pressure transducers
from Omega. The range of each individual senser sedected based on the projected
range of pressures at each station, thus maximme@surement precision. Table 4.1
gives a listing of all the sensed pressures angrissure sensor used.

Table 4.1: Pressure Transducers

Measured | Label Sensor Range (kPa)
P01 (abs) ambient pressure PX2760-800A5V 80 - 110
PO1 - P1 pitot pressure PX164-005D5 0-1.244
P02 inlet pressure PX141-005V5YV| -34.47 -0
P2 inlet stag. pressure PX141-005V5\ -34.47 — (
P03 comp outlet pressure PX181B-060G5V 0-413.68
P03 — P04/ comb stag. pressure lass PX142-005DpV 3444
P5 turb outlet pressure PX143-2.5BD5V -17.24 -47)2
P05 turb outlet stag. pressure PX142-005D5V 04734.
P06 diff exit stag. pressure PX143-2.5BD5Y -17.247-24

4.2.6 Temperatures

All temperature measurements were done with theowmgles. Bare wire E
thermocouples were used in the cold end of thenen@il, T2, T03), and sheathed K
thermocouples were used in the hot end of the en@if, T6). All of these
thermocouples were inserted crosswise into the #reept for TO3 which was a
stagnation temperature probe inserted paralldigdlow direction at the compressor
outlet. The construction of this probe was desttiim Davison (2005). The
thermocouples were connected to the data acquiditbard which has a built in cold

junction compensation sensor. Temperature abstdtiturbine inlet temperature)
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measurements proved to be inaccurate due to radifmtm the combustion chamber and
the fact that combustion was not always completthbyturbine nozzle guide vanes.
Thus, the temperature at station 4 was not measlirectly but calculated from the
turbine outlet temperature and the turbine workbl& 4.2 lists the probes used as well as
the type of thermocouple, as well as the time @ntdor a step response. The time
constant data is from the Omega welSsite

Table 4.2: Thermocouple Probes

Station| Type | Probe Type | Probe | Approximate| Probe
Diameter| Time Recovery

Constant Factor

T1 E bare wire 0.04” 25s 0.68

T2 E bare wire 0.04” 25s 0.68

TO3 K stagnation 0.04” 25s 1.0

T5 K sheathed 0.0625"] 6 0.68

T6 K sheathed 0.0625"] 6 0.68

The temperature a thermocouple experiences isardlte stagnation nor the
static temperature. For a cylindrical probe, ttagysation point on the forward edge of
the cylinder experiences the stagnation temperaaimek the sides experience a
temperature closer to the static temperature. cCount for these effects a probe

recovery factor, r, was used, such that

V2
T=Toe M= — (4.3)
2Cp
2
TO :Tprobe + (1_ r) v (44)

® http://www.omega.com/temperature/Z/pdf/z051.pdf
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Moffatt (1962) gave a recovery factor of 0.68 @Dfor thermocouples normal to
the flow, and 0.86 + 0.09 for thermocouples paratiehe flow. A more precise
recovery factor is only available with calibratioheach individual probe, a process that
was not deemed necessary for the allowable emdesmperature at each station. The
only station where recovery factor gave a majoectfs at T5, the turbine outlet
temperature, where the velocities approached Mdathrd thus had a significant
difference between static and stagnation temperaitufrhe recovery factor for the

stagnation temperature probe of TO3 was assumieel 100.

4.2.7 Data Acquisition

Voltage outputs from all the previously mentiomedasurements and sensors
were input into a Data Translation DT3003 12-bgiw@l to analog convertor data
acquisition board. These data were recorded amitoned using a LabVIEW™
program described below. Two external input bigtewere also used — one to stop the
engine in case of emergency and another to incretherauxiliary input counter which
was used in order to differentiate engine runntages. Appendix A lists all the inputs to

the DAQ board.

4.2.8 Control System

To control, monitor, and record the data fromehgine, a PC running National
Instruments LabVIEW™ was used. The LabVIEW™ progrsed was based on the

software written by Davison (2005), modified toangorate different measurements that
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were made. Figure 4.14 shows the front (main) ppaine program that was used, and

Figure 4.15 shows the lower (secondary) panel.

Figure 4.14: Control and Acquisition Software MainPanel
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Figure 4.15: Control and Acquisition Software Secodary Panel

The main panel was used to monitor and controetiggne while it was running.
Every control necessary for running the enginadtuided on the main panel, including
control system indicators, warning indicators, sgsimonitoring, as well as run line
control which allowed the engine to be steppedoufult speed and back to idle
automatically. The secondary panel allowed foeofrarameters to be adjusted that
would not need to be adjusted during a run, sudPlscontrol constants, data file output
names and locations, and engine starting and rgrparameters.

A PID system was used to control the engine. ddsred speed was the set point
and the voltage to the PWM controlling the fuel guwas the controller output. The

engine had different response characteristicsnatited high speeds. The P, |, and D
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constants were set by Davison to give the engiegate stability at low speed as well
as a reasonable rise time at high speed.

Each individual engine run started with a manoplt of propane and application
of the starter motor. Once the rotational speesl adequate and the propane was
determined to be lit, the control system start pdare commenced, slowly increasing the
kerosene fuel rate until the idle speed of 48 kRF&4 reached. From this idle speed the
RPM was slowly stepped up until the maximum spdel?6 KRPM was reached, and
then back down. At each set point, the engineallasved to approach steady state for
approximately 40 seconds, and then steady statendet sampled for approximately 20
seconds before going on to the next speed levalisbn (2005) performed a transient
analysis on the similar JG-100 engine and fountlttieaengine did reach a thermal
steady state within the 40 seconds.

The control software also included a check tomieitge if the speed, exhaust
temperature, or any of the pressure readings wayend limits. The speed and exhaust
temperature limits were defined by the operatiants of the engine, and the pressure,
fuel flow and thrust limits were set to make suoedamage was done to the sensors used.

Table 4.3 gives the operating limits used.
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Table 4.3: Engine Operating Limits

Measurement Low Limit High Limit
RPM 8 kKRPM 130 kKRPM
T5 100°C 800°C
Fuel Flow -50 mL/min | 1000 mL/min
Thrust -222 N 222 N
P01 -P1 -250 Pa 1250 Pa
P02 -34.5 kPa 6.0 kPa
P03 -30.0 kPa 414.0 kPa
P03 - P04 -7.0 kPa 34.0 kPa
P5 103.0 kPa -21.0 kPa
P05 103.0 kPa -21.0 kPa

4.3 Diffuser

To adapt the KJ-66 engine for efficient power gatien, the kinetic energy of
the exhaust must be recovered. This was donediffuaer which lowers the pressure at
the turbine outlet, increasing the turbine pressatie and thus the turbine work. To fit
easily with the current engine setup the diffuséstimust be identical to the nozzle. The
airflow out of the turbine is through an annulacgwand it is not always an axial flow;
there is also a swirl component. An effectiveus#r should straighten the swirl as well
as slowing the axial flow through an increase gearThis can be done using turning
vanes, although improperly designed vanes mayaseréhe pressure loss rather than
help the pressure recovery. The most efficientrgetoy for low swirling flow was
shown by Singh et al. (2006) to be a converging;klierging-casing diffuser. This
means that the centre section diameter shouldggtes along the length while the outer
diameter gets larger. Sovran and Klomp (1967)stigated the performance of this type

of diffuser and produced a performance map as shiowigure 4.16.
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Figure 4.16: Annular Diffuser Performance Map (Sovan and Klomp, 1967)

An annular diffuser was designed according tontla@ of Sovran and Klomp. An
outlet/inlet area ratio of approximately 4 and ragln to initial annulus height of 20 were
selected for a pressure recovery coefficient ofagmately 0.8. The dimensions of this

design are shown in Figure 4.17.
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Figure 4.17: Annular Diffuser Design

Based on the geometry of this optimum annulaudéf design, a diffuser was
fabricated out of 304 stainless steel. Directigathe turbine was a section to straighten
the flow made of bent turning vanes based on wizet tive predicted swirl at 100 KRPM
with a mass flow of 0.2 kg/s. The axial diffustarsed aft of this and the inner cone was
made of solid machined steel while the outer coas made of cone rolled steel sheet
which was seam welded together. These were wétdadnachined outer ring and
flange which provided the attachment point to thgiee. This was different from the
design in Figure 4.17 as the turning vanes weeesaction separate to the diverging wall
section. This was done for manufacturing consiitara. The assembled diffuser is
shown in Figures 4.18 and 4.19. The diffuser dngwiare located in Appendix B. In
addition to this vaned diffuser another diffusenfiguration was tested, called the
vaneless diffuser. This diffuser was of the saordiguration of the vaned diffuser on
the outside, however the turning vanes and ther ianeular ring and cone were not

present.
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Figure 4.18: Assembled Vaned Diffuser Front View

Figure 4.19: Assembled Vaned Diffuser Rear View
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Chapter5  Experimental Results

5.1 Engine Runs

The engine was tested in three different stafém first state was the default
engine configuration, with a propelling nozzle afttee turbine which produced thrust.
The vaned and vaneless diffusers were designexptaae the nozzle, to produce a
different engine operating line. These diffusead different efficiencies and so provided
a different pressure at the exit of the turbineie@o this variation in back pressure
between diffusers, each diffuser produced a slightation in the engine operating line.
Figures 5.1 through 5.3 show the general engineingncharacteristics from a number of
runs with the nozzles and both diffusers. Theihglinlet temperature as shown in
Figure 5.3 was not measured directly, but was tated based on the known turbine

work and the measured turbine outlet temperature.
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Figure 5.3: Engine Turbine Inlet Temperature

It can be seen that a fair amount of differingiragunning characteristics
between runs were encountered, even when the sarakeror diffuser was affixed. This
variability may be attributed to a number of thingsch as small changes in engine
geometry due to rebuilds, inconsistencies in meichalosses, data uncertainty, and
secondary effects such as component heat capacity.

The complete set of data for all the runs arepnesented here for brevity. A
summary of all the runs and data of some key runuariables are given in Appendix C.
Run data are presented for a typical run (spetiifitae 3° vaneless diffuser run) in
Appendix D. Data from the other runs are availdtden the author. Appendix E
contains information and pictures of a turbineuialthat occurred during one of the runs.

The equations used to calculate all the engineingnparameters from the measurements
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outlined in Appendix A are presented in Appendix Appendix J examines the

behaviour of the engine while collecting data attwhias assumed to be steady state.

5.2 Diffuser Effect

Some effects of the two diffusers can be seenguares 5.1 to 5.3. The increased
turbine work as a result of the diffusers allowed turbine inlet temperature to be
reduced, predicted in Figure 3.7 and shown experiatlg in Figure 5.3. This lower
turbine temperature allows more mass flow throdmghttirbine because of the higher gas
density, as shown by the increased mass flowsh&odiffuser runs in Figure 5.2. This
small mass flow increase leads to a slight decrebsempressor pressure ratio predicted
in Figure 3.6 and shown experimentally in Figurk. 5.

A reduction in fuel air ratio was predicted in &ig 3.8, due to the lower required
turbine inlet temperatures for the engine wherffagkr is used. The experimental fuel
air ratios are shown in Figure 5.4. It can be ghanthis ratio was reduced by an
average of about 20% for the diffuser cases. ititevesting to note the reduction in fuel
air ratio was in some cases greater than thatgeztlin Figure 3.8. Much of this was
due to another effect which is shown later in s&c.1.2 where the combustion
efficiency was not constant as assumed in the sitionl but was dependant on fuel air
ratio. A lower fuel air ratio led to higher combios efficiency which itself gave a lower
fuel air ratio, so the reduction in fuel air rati@s magnified due to the variable
combustion efficiency.

The efficiencies of both the vaned and vanelei$ssdir are shown in Figure 5.5.

These were less than the 80% diffuser efficiensyaed in the prediction so the net
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effect of the diffusers on the engine (apart frowa fuel air ratio as discussed above) was
not as great as predicted. The superiority irciefficy of the vaned diffuser over the
vaneless diffuser is shown, averaging about 25em¢age points better in efficiency over
the operating range. The performance however cauth closer when the
operating/design speed at the top of the rangeeahed. It is interesting to note
however the more efficient vaned diffuser shiftee €ngine running point less than the
vaneless diffuser. This may indicate that the mesament of diffuser efficiency was
inaccurate for either one or both of the diffuseses. The high uncertainty of the value

of diffuser efficiency is shown in the next section
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Figure 5.4: Experimental Fuel Air Ratio
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5.3 Experimental Uncertainty

5.3.1 Random Errors

The results of the engine testing shown in theiptes two sections have not
taken into account experimental uncertainty. Tifeceof the uncertainty however is
significant. The uncertainty of each measuremeettd sensor errors is outlined in
Appendix A. In this analysis, uncertainty propagatvas done using these sensor errors
only. The errors were assumed to be random emabls,to be calculated by a sum of

squares of the individual variable contributioreofor, given by the equation

2

7 (x, y...) S i (x,y,..)
U =, ———U ———U 5.1
f(x,y,...) \/ ﬂX X + ﬂy y + ( )
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Figures 5.2 to 5.5 are presented again belowgagés 5.6 to 5.9, but including
the error bars as a result of the uncertainty pyapan of the sensor error. In these
figures, the error is generally reduced at higmgyiree speeds. This is due to the constant
measurement error used over the range of measureethe higher speeds, air
velocities and temperature differences over thepmmants are magnified, so the relative
error is reduced. It can be seen that the errall icases is significant, though the
diffuser runs definitely show a trend in the chan§engine running line. The turbine
inlet temperature plots shows the least signifiearntrs, and the plot of diffuser
efficiencies is in fact dominated by the error barwever, these errors are exaggerated
because of the assumption that each variable’ssesre random. In reality the values
are not all independent of each other. For exaniplee error for Bsis 5 K, and there is
no error in the value of ¢§- Ts), the resulting error forsglis 5 K. Using a sum of squares
addition for error, the calculated error now foe tralue of (Ts- Ts) is approximately 7
k, instead of 0 K. This comes about since the dargies of F and Ts are not
independent. Calculated uncertainties for therengariables are given along with the

one run of engine running data in Appendix D.
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5.3.2 Systematic Errors

One source of systematic error is the inaccurdspme of the sensors, not
because of sensor uncertainty, but because ofdafo@ntal difference between what the
sensors are actually measuring and what they ateresd to be measuring. A
thermocouple returns a voltage depending on theeemture of the thermocouple
junction. This temperature is ideally only deparntdan the temperature of the air
surrounding it, but in reality this is not the cagene temperature of the thermocouple is
the result of the energy balance between convebgbtween the thermocouple and the
air, axial conduction within the thermocouple, aadiation to the surroundings. The
turbine inlet temperature o4, was not measured directly because of the ditycul
shielding it from the hot combustion processeslathuse of the uneven temperature
distribution resulting from the combustion. Th&wuber outlet temperature ,Twas
measured, but its value was always significantlydothan T when it should have been
higher due to the lower flow velocity. Sincgewas on the exit plane of the diffuser, the
radiation with the surroundings at room temperatuas the probable cause of this effect.
The value of the dprobe was not used in any system running calcuati The
stagnation temperature probg Was mounted facing axially forward from the ouésaf
the combustor lining. There may have been soma agnduction of the combustor heat
that resulted in slightly inaccurate compressacigfficy. This may be a reason for the

large variation in compressor efficiencies showiowen section 5.6.
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5.4 Ambient Conditions

Ambient temperature and pressure have an effettieorunning line of the
engine. In general a lower inlet temperature agtdr inlet pressure increase the mass
flow (and thus net work or thrust) for gas turbinéset work drops off considerably with
higher ambient temperatures while electrical egficly is slightly reduced. Over the run
of engine testing however the ambient conditiomlsndit vary much in comparison with

other variables. Figure 5.10 shows an examplaisf t
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Figure 5.10: Change in Operating Parameters from Nzzle Run 1, 112kRPM, to
Nozzle Run 2, 112 kRPM
It can be seen that the ambient pressure and tatnpe were both reduced, and
mass flow was relatively unchanged. Because olotver inlet temperature, corrected
speed was increased which led to an increase opi@asor pressure ratio and efficiency.

The main impact to the performance of the enginedver came with the hot side
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performance, with large changes in each of turbifieiency, turbine temperature, fuel
flow, combustion efficiency, and combustor pressing. These performance measures
were not directly impacted by ambient conditiomssemething else was affecting the
engine more than the change in ambient conditi&ffects of changes in ambient

conditions are easy to predict with non-dimensidaaddomachinery maps.

5.5 Mechanical Efficiency

For analysis, a mechanical efficiency of 99.5% assumed. This was assumed
constant for convenience in analysis, and becaesdamical efficiency could not be
measured directly due to the difficulties in measgian accurate turbine inlet
temperature. A sensitivity analysis was perforrmedhis assumed value to determine
the effect of an inaccurate assumption on the tatled engine parameters. The results
of the sensitivity analysis are found in Figurel5.This analysis is based on the data
collected at 120 kRPM in nozzle run 2. Since thky thing for which the mechanical
efficiency was used was to determine the turbingkvirom the measured compressor
work, the only values that actually changed weeettitbine work and efficiency, and
thus by extension, the turbine inlet temperatdree changes in turbine work and
efficiency were not large, less than 0.5% (apprdxk¥) of the total value if the
mechanical efficiency was between 99% and 100%heltrue mechanical efficiency
was lower than 99% the analysis gave a conservedsudt since it would mean the

actual turbine efficiency was higher than that glted at 99.5%.
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Figure 5.11: Mechanical Efficiency Sensitivity Anaysis

5.6 Turbomachinery Maps

The compressor and turbine operating data frorh satwere non-
dimensionalized and presented as a turbomachinapyas described in section 3.1.4.
Figures 5.12 through 5.19 show the raw compressbt@bine maps developed from the
engine testing, including the experimental uncattes of this data calculated as
described in section 5.3. These data were intatpolfrom the raw test data so that a
line of constant corrected speed could be displayeshould be noted that uncertainty
bars are not shown for corrected mass flow andected speed not because there was no
uncertainty associated with these values but bectesuncertainties were much less

than those of pressure ratio and efficiency.
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Figure 5.15: Experimental Compressor Efficiency Mapwith Uncertainties

Figures 5.12 and 5.14 show the experimental cossprenap, with the

uncertainties presented separately in Figures&nil3.15 for clarity. Lines of constant
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corrected speed are seen clearly on the presdioemap with small deviations and
uncertainties from the roughly horizontal speedsinit can be seen that even with the
nozzle and two diffuser running lines, the rangemgjine operation was still fairly small
compared to the full range of possible compresperating points. The map did not
give a good picture as to where the region of swggto the left and the region of
choking was to the right of the normal operatioreli The exact knowledge of this
however is not that important if the engine is going to be run near those points of
operation (knowing the surge margin however woddibeful for programming a
control system not to go near it while the engsmitransient operation). The points on
the right hand side of the experimental map weoelpeed by running with the diffusers
while the left hand side points were the operagiamts while running with the nozzle.
The compressor efficiency map did not have clearected speed lines. It can be seen
that the efficiency had high uncertainty especiatlyow speeds, due to the fact that
efficiency was dependant on the difference in taapees T,and Tos, and at low speeds
this difference was small — so the measurement @me much more significant. This
led to the result that the efficiency differed byast 10% at a given corrected mass flow
from run to run. The effect however was lessenddgh speeds which was the most

significant area since the engine would probablyt®orun under 50 — 75% speed

anyways.
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The turbine map, shown in Figures 5.16 througl®,5did not show much in terms
of the lines of constant corrected speed howewidishow the choking behavior of the
turbine at higher pressure ratios. As with the paaasor, the diffuser runs gave higher
corrected mass flows at the same corrected spaedtie nozzle runs. The diffuser runs
had the tendency to show choked turbine flow betloeenozzle runs, and also the runs
with the diffuser gave a larger overall turbinegsre ratio at choke due to the diffuser
pressure recovery. As for the turbine efficienthad a high degree of uncertainty based
on the uncertainty propagation. This is becausaititertainty of the compressor
temperature measurements combined with the uniegriai the turbine exit temperature
and pressure ratio produced a very high turbineieffcy uncertainty when these were
assumed to be random variables. The uncertaiesepted here was overestimated
because of the effect of combining dependant viErmlincertainties as discussed in

section 5.3.1.
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Chapter6  System Model

6.1 Model Refinement

The experimental results of engine testing galvetter picture as to the validity
of the model introduced in section 4. The moded afle to predict the trends of
increased mass flow and decreased fuel air rats@@s especially with the vaneless
diffuser. New turbomachinery maps were developih the engine running data, and
the combustor model was replaced with a new pressap and efficiency model.
Additionally, models for a recuperator and a recgveat exchanger were introduced,
and the constraint of no net work was relaxed. Mibdels of the other components were
left as described in section 3.3 with the equati@ted in Appendix I. It was hoped that
this new system model would give a good predictibthe performance of a
cogeneration system based on the KJ-66 engine.d@sign point of the system was set
to be 120 kRPM with a turbine inlet temperatur®8®°C. This was set to remain within

the limitations of the metallic turbine.

6.1.1 Turbomachinery Maps

As described in section 5.6, maps for the compresmsd turbine were produced
resulting from the experimental work. These mapsédver did not cover a large enough
range of running conditions, as they allowed fdly@narrow range of running points.
Thus, the turbomachinery maps created by Davis005Ras presented in Figures 3.3

through 3.7 were modified based on this running.ddthis means that the simulation
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was more accurate when running close to the areapdrimental data and potentially
deviated from the real performance of the engieefainther away the operating points
get from this data. However the operating poing wat very far from the range of the
experimental data so it was assumed the simulaaged on these modified maps was a
fair representation of the potential real worldfpenance of the hypothetical system.
The compressor pressure ratio and the turbine fltagsnaps had some rough
running lines that were used to modify the consspeed lines in the maps. The
efficiency plots however did not have obvious spl@ses so they could not be matched
up to the lines in the maps in the same way. # attempted as much as possible for the
constant speed lines to intersect the midpoinhefdata scatter at that speed. The
running points were assumed to be close to theeehthe constant speed lines, close to
the area of maximum efficiency for the compressinis assumption was made because
no significant reduction of pressure ratio was deemass flow increases which would
indicate choking, and there was no surge expercenden running the engine. Figures
6.1 through 6.4 show the resulting full compressut turbine maps along with the run

data from Figures 5.12 to 5.19.
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6.1.2 Combustor

In the previous combustor model, efficiency wasuased to be constant at 90%.
In the analysis of the experimental data howevegrable combustion efficiency was
encountered. It was found that combustion efficyewas roughly dependant on fuel air
ratio, with a general trend of decreasing efficieatlarger fuel to air ratios shown in
Figure 6.5. The data did have some significanttechut it was better than a constant
efficiency model. A cap of 95% efficiency was inged for the case of very low fuel to
air ratios (encountered with a recuperated engiii@)s correlation however led to some
problems with the simulation. In the case of aipezated engine, the efficiency was a
constant 95%, but without recuperation, since tiniime inlet temperature for net work
was higher than for no net work, the fuel to airoravas twice that experienced in the
testing which produced very low values of efficigndhe combustion efficiency was
therefore floored at 60%. During the simulatiowds found that the fuel air ratio over
the entire system operating range was so largééonon-recuperated engine that the
combustion efficiency was constant at 60%. WHiie tloes give a better picture of what
would happen if the unmodified engine was usedHercogeneration system, the
efficiencies that result from this would be too lembe useful. Thus, for examining the
potential to use the engine for a cogeneratioresysit was assumed that the non-
recuperated engine combustor could be redesigngge®5% combustion efficiency.
A combustion efficiency below this would not be idaisle for a cogeneration system

anyways because of the resulting high emissions.
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Figure 6.5: Combustion Efficiency Correlation with Fuel Air Ratio

Combustor pressure drop was again correlatedmatss flow (giving the same
result as correlating with Reynolds number assuroorgstant viscosity). Figure 6.6
shows the pressure drop correlation. The dataescaas large due to the effects of
rebuilding the engine which can cause large (ub@) variations in the combustor
pressure drop as shown by Davison (2005). It easelen that the new pressure drop
correlation was very similar to the old one, somaich difference in engine performance

was expected from the new combustor pressure anoplation.
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Figure 6.6: Combustor Pressure Drop Correlation

6.1.3 Diffuser

The experimental diffuser efficiencies were showfkigure 5.5. The maximum
diffuser efficiency was 65% for the vaned diffused around 45% for the vaneless
diffuser. It was assumed that a better diffuseld¢de made given more testing and
design iterations, so a constant efficiency of 8086 set for the simulated diffuser. The

diffuser area ratio was kept the same as for tiper@xental diffusers.

6.1.4 Recuperator

At the design point the recuperator was assumédye 85% effectiveness, 2%
cold side pressure drop, and 4% hot side pressape d hese were allowed to vary

depending on the flow passing through the recuperas described in Section 3.1.7.

100



6.1.5 Recovery Heat Exchanger

To give useful heat out for the purpose of cogatien, the heat must be extracted
from the exhaust coming out of the recuperaton. tk@ purposes of micro-cogeneration
the heat exchanger used for this would likely baiato water heat exchanger allowing
the heat to be carried off by the water. Sinceswigta much better heat conductor than
air and the water flow could be varied to acceffedent amounts of heat input from the
exhaust, a simpler model was used than for thepezator. The recovery heat exchanger
temperature was set to be 100°C. The total effayieof the system could be increased
by lowering this temperature could be lower by gsancondensing heat exchanger. The

pressure drop through the recovery heat exchangeiset to be constant at 2%.

6.2 Simulation Results

The simulation was run using the new turbomaclyinesips and combustor
pressure drop correlation. Figures 6.9 and 6.bvghe simulated system performance

at variable and constant speeds.
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Table 6.1 gives the design point performance efsyystem, for both recuperated
and non-recuperated cases.

Table 6.1: System Design Point Performance

Parameter non-recuperated recuperated
Speed 120 000 RPM 120 000 RPM
Turbine Inlet Temperature 1223 k 1223 k
Mass Flow 0.186 kg/s 0.185 kg/s
Compressor Pressure Ratio 2.39 2.39
Compressor Efficiency 71.6 % 71.6 %
Turbine Efficiency 70.7% 71.6%
Net Work 11.4 kW 8.9 kW
Heat Out 150.1 kW 30.9 kW
Electrical Efficiency 6.1 % 15.5 %
Thermal Efficiency 86.6 % 69.0 %

6.3  Sensitivity Analysis

The results of the simulation in the previous isectvere based on many
assumptions. The variation of net work and eleatrefficiency for small changes in
these assumptions is shown in Figures 6.9 and 8td&n be seen that the biggest
change in net power came from the diffuser efficigrue to the high kinetic energy at
station 5 that could be recovered in the diffuséne pressure drop in the recuperator was
the next most influential parameter, because tbaperator pressure drop was larger in
magnitude than the recovery heat exchanger predsope The biggest changes in
efficiency came from the changes in recuperataotiffeness. Although recuperator
effectiveness itself had no influence on net powad recuperator pressure drop had only
a small influence on efficiency, in general a meffective recuperator will have a higher

pressure drop so a compromise between efficiendypawer must be made.
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6.4 Atmospheric Variation

Ambient pressure and temperature affect the pedaoce of the system. For the
above analysis, constant ambient conditions of 20%€101.3 kPa was assumed. To
determine the effects of ambient pressure and teahye, the simulation at the engine
operating point was subjected to varying inlet terafures and pressures. The results of
this on engine efficiency and power are shown guFaés 6.11 and 6.12. The temperature
had a large effect on power and efficiency, whethagpressure had a small effect on the
power and a negligible effect on the efficiencyheTact that the power and efficiency
increase at lower temperatures is beneficial tactigeneration system since that is the

point where more heat is needed and the cogenemstgiem would be operating more

often.
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Figure 6.11: Effects of Ambient Temperature Variaton
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Figure 6.12: Effects of Ambient Pressure Variation

6.5 Control Scheme

The control system, while it does not affect tlesign point performance, has an
effect on the part load performance of the systé@ims is demonstrated in the
comparison of Figures 6.7 and 6.8. Figure 6.13vshibe part load efficiencies for the
recuperated and non-recuperated case for bothastdrestd variable speed control. It can
be seen that for the recuperated case, the vaspbkd produced a better part load
efficiency whereas for the non-recuperated casectimstant speed control scheme
produced the better part load efficiency. Thigeiffivas due to the smaller part load
mass flows in the variable speed control, whichrelesed the recuperator pressure drop

and increased its effectiveness. The better pad éfficiency at variable speed has been
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noted for microturbines with recuperators in Rodgard McDonald (2007), Kaikko and

Backman (2007), and Magistri et al. (2002).
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Figure 6.13: Control Scheme Part Load Efficiencies

6.6 System Improvements

The electrical and thermal efficiencies obtainexhf the system simulation were
fairly low. Several improvements could be madémengine to increase these
efficiencies. Figures 6.14 and 6.15 show the effecelectrical and total efficiency
predicted for an increase in compressor and tursffi@ency, turbine inlet temperature,
and combustion efficiency, and a decrease in cotobpsessure loss and heat recovery

(exhaust) temperature.
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It can be seen that the greatest improvementeatrieal efficiency were due to
increased compressor and turbine efficiencies, iviould require new turbomachinery
with tighter tolerances and blade clearances. gFrbatest improvement in total
efficiency was due to a decreased recovery hedtagxger outlet temperature. This
would require a more effective recovery heat exgeanwhile further reductions of this
temperature would require a condensing type hedtazmger to get into the extremely
high total efficiency range. Combustion efficieradjected both electrical and total
efficiency, so the highest possible combustor &fficy should be strived for. An
increase in turbine inlet temperature also affetigth efficiencies — but to increase it
much past 950°C would probably require the turldankbe made from a ceramic material.
Reduction of combustor pressure drop had littleafbn the efficiencies, so reducing

this would not be worth the effort (and possiblenbaistion efficiency tradeoff).

6.7 Alternate System

The output capacity of the simulated system predwsome problems for the
intended application as a personal cogeneratidesysThe system is generally
oversized for a personal dwelling. It producek®l of heat which is equivalent to a
large 106,000 BTU/hour furnace, and 9 kW of elediriis much more electricity than is
usually needed in a house. CSA standard F280-M80ified that a residential space
heating system should not have more than 40% greapacity than expected for the
coldest day in winter. The large heat output metwsuld only be running for a
fraction of the time needed which also means itlddave to endure many start/stop

cycles which could lead to premature wear and ffailur'he large electrical output would
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limit its use to regions where a good rate is farcsupplying excess electricity to the
grid. A smaller capacity engine would rectify taggoblems as well as reducing the
overall cost of the system especially by allowirgnaaller recuperator and heat
exchanger which would make up a significant praparof the system cost.

A smaller system could be based on a smaller htlobypjet engine, or it could
be based on a small turbocharger. The advantaggid a turbocharger is that the
additional components such as the recuperator assily a redesigned combustor
would not require complete engine modificationsvasild be the case with a hobby
turbojet engine. The disadvantage of using a tiramer is that they are not designed
for this purpose — the turbines are designed feetdemperatures and may be of a lower
efficiency than the turbine analyzed in the KJ-@#e efficiency of the smaller
compressor with a scroll diffuser may also be teas that of the KJ-66. These effects
would produce an engine of lower electrical efficg which may negate the advantages

of a smaller system.
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Chapter 7  Conclusions and Recommendations

7.1 Conclusions

The feasibility of basing a micro cogenerationtsgson the ArtesJet KJ-66
engine was investigated. An engine model basgut@rous experimental work on the
similar JG-100 engine was developed, and a predidf experimental running
characteristics was made looking at the changegihe parameters when running with
an 80% efficient diffuser instead of the engineip@died propelling nozzle.
Experimentally, the predicted trends of an incrdasass flow, decreased turbine inlet
temperature, and decreased fuel air ratio werergiypéound to hold true although the
exact change in these values remained relativedgran because of the high amount of
experimental error relative to the actual shifperformance. The actual diffuser
efficiencies were found to be lower than the 80% thas simulated.

To determine if micro cogeneration based on th&&&ngine might be feasible,
a possible system was simulated. This simulatias based off of the experimental data
obtained by running the engine with the nozzle theddiffusers. A recuperator model
and a recovery heat exchanger were included to makeoretical microturbine
cogeneration system. It was assumed the combastbthe diffuser could be redesigned
to give efficiencies of 95% and 80% respectivelne simulation with the recuperator
gave an electrical output of 8.9 kW and a heatuunp30.9 kW, resulting in an
electrical efficiency of 15.5% and a thermal e#iecy of 69.0%. These efficiencies are

somewhat low. The area with the most potentialforeasing the electrical efficiency is
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in the turbomachinery design, as both compresstubine have low efficiencies of
71%. Increasing either of these to 75% incredsepotential electrical efficiency to
17.5%. To increase the total efficiency, a condeneecovery heat exchanger may be

used.

7.2 Future Work

There still remains much work in determining i€tkJ-66 would make a suitable
basis for a micro-cogeneration system. The siradldesign point efficiency of 15.5% is
on the low end of that hoped for; however thisasdal on experimental data with a
significant uncertainty attached to it. A more@ete prediction of the attainable net
work and efficiency would be available with moreyere testing, especially testing with
actual shaft power being produced, requiring a Bigged gearbox and a generator. A
new more efficient diffuser would need to be destjrand the fuel source should
probably be changed from kerosene to natural gasopane requiring a combustor and
lubrication system redesign. From this the sygpenfiormance may be predicted more
accurately, and if the work and efficiency looksmising the large task of recuperator
design and construction may then be undertakem. attual transformation of the KJ-66
engine into a cogeneration unit may not be worthifice the advantage of the KJ-66
engine in the first place was that it was an alyesssembled and tested engine.
Increasing the efficiency of the system to 20%lmoee would probably require a
complete redesign of the engine.

Alternative systems to the one put forward neeblet investigated, especially

systems based on smaller automotive turbochargérese would be more likely to have
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work and heat outputs in the range useful for glsifamily house. Making a system
based on one of these would probably require nemeatesign work than for a system
based on the KJ-66 engine.

A microturbine cogeneration system with minimaltawghile still maintaining the
standards of reliability, safety, and efficiencyrtm in a personal home remains to be
designed. Economic analyses must be done on thproposed and alternative units to
determine their cost comparison with traditionahfaces, and how much the investment
cost must be for the system to be economicallyiiéas To accomplish this, a compact,
effective, inexpensive recuperator must be inclugbtth is probably the biggest
technological challenge. A good amount of reseadeing put towards compact
recuperators suitable for larger microturbines Whiould be scaled down to the small
microturbine system described here. A cheap hpgled permanent magnet generator
would be beneficial for the microturbine systemt the ones currently available are quite
expensive. A reducing gearbox in conjunction vaeitinore conventional generator could
be used but designing a reliable high speed gearboixl also prove difficult. The noise
produced by the microturbine would have to be igolgroperly to use in a residential
setting, but there are many larger commercial nickone systems which meet the low
noise requirements. Noise attenuation is madeehgithe fact that the noise is mostly

high frequency.
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Appendix A: Inputs to Data Acquisition System

Table A.1: Data Acquisition Inputs

Measurement Unit Sensor Low High Low High DAQ Res Low Range High Resolution | Sensor
Voltage | Voltage | DAQV | DAQV Range Error
Speed (RPM) RPM Photodiode/ 0 10 -10 10 0.0048828 | 0 150000 73.242 300.00
DRF-FR
Thrust (N) N LCCA-50 -0.005 | 0.02 -0.02 0.02 9.766E-06 | -75.7 302.65 0.148 -0.19
Fuel Flow mL/min | FLR1010 0 6 -10 10 0.0048828 | 11.45 1241.75 1.001 9.60
(mL/min)
Reference T T DA board -0.001 0.015 -0.02 0.02 9.7 66E-06 | -2 30 0.020 not given
T1 T E thermocouple -0.001 |0.015 -0.02 0.02 9.766E-06 | 3.25 236.98 0.143 1.78
T2 T E thermocouple -0.005 |0.02 -0.02 0.02 9.766E-06 | -69.94 301.86 0.145 2.26
TO3 T E thermocouple -0.005 |0.02 -0.02 0.02 9.766E-06 | -69.94 301.86 0.145 2.26
T5 T K thermocouple -0.001 |0.05 -0.1 0.1 4.883E-05 886.84 0.849 3.55
T6 T K thermocouple -0.001 0.05 -0.1 0.1 4.883E-05 1254.33 1.201 5.02
P01 (absolute) | kPa PX2760-800A5V | O 6 -10 10 0.0048828 | 79.4 115.4 0.029 0.09
P01 -P1 Pa PX164-005D5V 0 6 -10 10 0.0048828 | -249 1245 1.216 15.39
P02 kPa PX141-005V5V 0 6 -10 10 0.0048828 | -34.47 6.894 0.034 0.31
P2 kPa PX141-005V5V 0 6 -10 10 0.0048828 | -34.47 6.894 0.034 0.31
P03 kPa PX181B-060G5V | 0 6 -10 10 0.0048828 | -103.42 517.12 0.505 1.86
P03 - P04 kPa PX142-005D5V 0 6 -10 10 0.0048828 | -6.894 34.47 0.034 0.31
P5 kPa PX143-2.5BD5V | 0 6 -10 10 0.0048828 | -24.122 24.122 0.039 0.37
P05 kPa PX142-005D5V 0 6 -10 10 0.0048828 | -6.894 34.47 0.034 0.31
P06 kPa PX143-2.5BD5V | O 6 -10 10 0.0048828 | -24.122 24.122 0.039 0.37
Stop (external button) -1 7 -10 10 0.0048828 | (not pressed) (pressed)
Aux (external button) -1 7 -10 10 0.0048828 | (not pressed) (pressed)




Appendix B: Diffuser Technical Drawings

Figure B.1: Diffuser Assembly View
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Figure B.2: Diffuser Inner Cone
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Figure B.3: Diffuser Outer Ring
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Figure B.4: Diffuser Outer Cone Flat Pattern
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Figure B.5: Diffuser Guide Vanes
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Appendix C: Run Data

Table C.1 enumerates the engine runs used fothibsss, the dates the runs were

performed, as well as any comments on things tapéned during the runs. It also

shows between which runs the engine was rebudbteect damage or to adjust sensors.

Table C.1: List of Runs

Run with Run Date Comment
Vaned Diffuser 1 May 8 2009 turbine failed at 1Z57{VI
Vaneless Diffuser 1 June 3 2009 engine rebuilt

P3 sensor dislodged at 104 kRPM

Vaneless Diffuser 2

June 17 2009

engine rebuilt
turbine failed at 104 kRPM

Nozzle 1 June 25 2009 engine rebuilt
manually stopped and restarted at 80
KRPM
Nozzle 2 June 30 2009
Nozzle 3 June 30 2009

Vaneless Diffuser 3

June 30 2009

Figures C.1 through C.7 show each of these rugsaphical form, presenting the most

important data for each of the runs. Not everadairiable shown in Appendix A is

presented for clarity and brevity — these are atbéal from the author.
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Figure C.1: Run Data from Vaned Diffuser Run 1, May8 2009
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Figure C.6: Run Data from Nozzle Run 3, June 30 280
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Appendix D: Typical Run Line Data (Vaneless Diffusge 3™ run)

The run data from the third run with the vaneldisiser fitted are presented
here. Data presented as bolded are from actuaureraents, and the rest of the data are

calculated from these. The calculated uncerta&@rdie recorded below the calculated

guantities.
ho Cp
m (kg/s)| Po (kPQ)[ P (kPa) | To () | T) | kIKO) | v (mis) | Vi (m/s)| (kg/im™)| (kd/kgK)
1| 0.0710 | 98.87 | 98.83 | 294.88 | 294.85 | 717.48 824 | 1.168 | 1.0036 | 1.4005
0.0195 [ 0.09 0.09 1.78 1.78 2.26 | 0.007
2| 0.0710 | 98.71 | 97.74 | 29555 | 294.71 | 718.15 40.99 | 1.155 | 1.0036 | 1.4005
0.0195 | 0.32 0.32 2.27 2.30 2.28 16.97 | 0.010
3| 0.0710 | 116.16 | 113.36 | 313.92 | 311.74 | 736.60 66.12 | 1.278 | 1.0045 | 1.4000
0.0195 [ 1.86 4.70 2.26 2.56 2.27 18.40 | 0.054
4( 0.0723 | 113.88 | 112.31 | 847.13 | 844.18 [ 1311.01 8204 | 0463 | 1.1395 | 1.3367
0.0195 | 1.89 6.10 7.79 7.79 8.87 0.85 | 0.026
5| 0.0723 | 101.08 | 97.67 | 831.11 | 823.93 [ 1293.68| 127.67 | 92.08 | 0.413 | 1.1345 | 1.3387
0.0195 | 0.32 2.72 3.83 4.35 435 | 37.61 | 25.02 | 0.012
6| 0.0723 | 98.63 | 98.53 | 831.11 | 830.90 [ 1293.68 2228 | 0413 | 1.1362 | 1.3380
0.0195 [ 0.38 2.58 3.83 3.85 4.35 6.05 | 0.011
N corr | M corr PR W
Compressor| 47.92 | 0.0732 | 0.766 | 1.177 | 1.400 | 1.310
0.31 | 0.0201 | 0.099 | 0.019 0.427
Turbine 28.30 | 0.1093 | 0667 | 1.127 | 1.338 | 1.316
0.18 | 0.0296 | 0.341 | 0.063 0.429

fuel flow| 97.90 |mL/min
9.60 |mL/min
speed| 48.13 |kRPM
0.30 |kRPM
fuel air ratio| 0.0181
0.0053
fuel mass flow| 0.00129 (kg/s
0.00013 [kg/s
heat in| 55.53 [kW
5.45 |kwW
combustion efficiency| 74.65%
22.02%
diffuser efficiency| 26.28%
116.7%

Figure D.1: Running Data for Vaneless Diffuser RurB8, June 30 2008, 48 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | (KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.0846 | 98.87 98.82 | 29459 | 294.54 | 717.19 9.81 1.169 | 1.0036 | 1.4005
0.0164 | 0.09 0.09 1.78 1.78 1.90 0.007

2| 0.0846 | 98.69 97.19 | 29551 | 294.23 | 718.11 50.99 1.151 | 1.0036 | 1.4005
0.0164 | 0.32 0.32 2.27 2.30 2.28 13.69 | 0.010

3| 0.0846 | 122.36 | 118.47 | 319.94 | 317.00 | 742.65 76.87 1.310 | 1.0049 | 1.3998
0.0164 | 1.86 4.79 2.26 2.54 2.27 15.26 | 0.054

4] 0.0861 | 119.37 | 117.27 | 837.15 | 833.40 | 1299.81 92.36 | 0.490 | 1.1353 | 1.3383
0.0164 | 1.89 6.20 7.54 7.54 8.56 0.69 0.026

5[ 0.0861 | 101.95 | 97.11 | 815.74 | 805.71 | 1275.53| 150.48 | 107.82 | 0.420 | 1.1284 | 1.3411
0.0164 | 0.32 2.76 3.86 4.36 4.35 31.15 | 20.83 | 0.012

6] 0.0861 | 98.58 98.43 | 815.74 | 815.44 | 1275.53 26.06 | 0.421 | 1.1309 | 1.3401
0.0164 | 0.38 2.63 3.86 3.87 4.36 5.03 0.011
N corr | M corr PR W
Compressor| 55.93 | 0.0872 | 0.766 1.240 1.400 2.076
0.31 0.0170 | 0.072 0.019 0.487
Turbine 33.23 | 0.1234 | 0.681 1171 1.340 | 2.086
0.18 0.0237 | 0.253 0.064 0.489

fuel flow| 110.97 |mL/min
9.60 |mL/min
speed| 56.17 |kRPM
0.30 |kRPM
fuel air ratio| 0.0173
0.0037
fuel mass flow| 0.00146 (kg/s
0.00013 [kg/s
heatin| 62.94 |kW
5.45 |kw
combustion efficiency| 75.96%
16.50%
diffuser efficiency| 28.52%
84.1%

Figure D.2: Running Data for Vaneless Diffuser Rur8, June 30 2008, 56 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | (KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.0982 | 98.87 98.79 | 294.67 | 294.60 | 717.26 1140 | 1.168 | 1.0036 | 1.4005
0.0142 | 0.09 0.09 1.78 1.78 1.64 0.007

2| 0.0982 | 98.66 96.54 | 295.71 | 293.88 | 718.31 60.81 1.144 | 1.0036 | 1.4005
0.0142 | 0.32 0.32 2.27 2.29 2.28 11.55 | 0.010

3| 0.0982 | 130.15 | 125.04 | 327.39 | 323.66 | 750.13 86.56 1.351 | 1.0053 | 1.3995
0.0142 1.86 4.90 2.26 2.52 2.27 12.97 | 0.054

4] 0.0999 | 126.16 | 123.52 | 819.36 | 814.98 | 1279.19 99.50 | 0.528 | 1.1299 | 1.3405
0.0142 1.89 6.53 7.44 7.44 8.40 0.57 0.028

5[ 0.0999 | 103.16 | 96.38 | 791.40 | 777.75 | 1247.67| 17498 | 121.69 | 0.432 | 1.1204 | 1.3444
0.0142 | 0.32 2.83 3.90 4.38 4.36 2574 | 1768 | 0.013

6] 0.0999 | 98.47 98.29 | 791.40 ( 791.02 | 1247.67 2938 | 0.433 | 1.1238 | 1.3430
0.0142 | 0.38 2.71 3.90 391 4.38 4.26 0.012
N corr | M corr PR W
Compressor| 64.03 | 0.1013 | 0.769 1.319 1.400 3.126
0.32 0.0147 | 0.055 0.019 0.551
Turbine 38.47 | 0.1341 | 0.710 1.223 1.342 | 3.142
0.18 0.0192 | 0.200 0.065 0.554

fuel flow| 124.73 |mL/min
9.60 |mL/min
speed| 64.33 |kRPM
0.30 |kRPM
fuel air ratio| 0.0167
0.0027
fuel mass flow| 0.00164 (kg/s
0.00013 [kg/s
heatin[ 70.75 |kW
5.45 |kw
combustion efficiency| 74.47%
12.63%
diffuser efficiency| 29.33%
62.1%

Figure D.3: Running Data for Vaneless Diffuser Rur8, June 30 2008, 64 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | (KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.1110 | 98.87 98.78 | 294.76 | 294.68 | 717.36 12.88 1.168 | 1.0036 | 1.4005
0.0126 | 0.09 0.09 1.78 1.78 1.45 0.007

2| 0.1110 | 98.66 95.81 | 296.29 | 293.82 | 718.89 70.74 | 1.136 | 1.0036 | 1.4005
0.0126 | 0.32 0.32 2.28 2.29 2.29 10.00 | 0.010

3| 0.1110 | 138.64 | 132.28 | 335.43 | 330.97 | 758.22 94.76 1.394 | 1.0059 | 1.3992
0.0126 1.86 5.02 2.26 2.50 2.27 1137 | 0.054

4] 0.1128 | 133.77 | 130.62 | 811.22 | 806.31 | 1269.51 105.13 | 0.564 | 1.1267 | 1.3418
0.0126 1.89 6.86 7.37 7.37 8.30 0.49 0.030

5[ 0.1128 | 104.24 | 95.81 | 776.51 | 759.83 | 1230.51| 192.93 | 135.07 | 0.439 | 1.1149 | 1.3467
0.0126 | 0.32 2.89 3.95 4.42 4.40 2293 | 1566 | 0.014

6] 0.1128 | 98.40 98.16 | 776.51 | 776.04 | 1230.51 3259 | 0441 | 1.1190 | 1.3449
0.0126 | 0.38 2.78 3.95 3.96 4.42 3.76 0.013
N corr | M corr PR W
Compressor| 71.56 | 0.1146 | 0.773 1.405 1.400 | 4.365
0.32 0.0130 | 0.043 0.019 0.612
Turbine 43.24 | 0.1421 | 0.719 1.283 1.344 | 4.387
0.18 0.0160 | 0.161 0.066 0.615

fuel flow| 135.75 |mL/min
9.60 |mL/min
speed| 71.96 |kRPM
0.30 |kRPM
fuel air ratio| 0.0161
0.0022
fuel mass flow| 0.00179 (kg/s
0.00013 [kg/s
heatin[ 77.00 |kW
5.45 |kw
combustion efficiency| 74.70%
10.49%
diffuser efficiency| 29.33%
51.4%

Figure D.4: Running Data for Vaneless Diffuser RurB8, June 30 2008, 72 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | (KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.1257 | 98.88 98.76 | 294.48 | 294.37 | 717.08 14.58 1.169 | 1.0036 | 1.4005
0.0112 | 0.09 0.09 1.78 1.78 1.28 0.007

2| 0.1257 | 98.61 94.83 | 296.14 | 292.85 | 718.74 81.78 1.128 | 1.0035 | 1.4005
0.0112 | 0.32 0.32 2.28 2.29 2.29 8.72 0.010

3| 0.1257 | 148.94 | 141.05 | 343.98 | 338.68 | 766.83 103.27 | 1.449 | 1.0065 | 1.3989
0.0112 1.86 5.18 2.26 2.48 2.27 10.00 | 0.054

4] 0.1277 | 142.86 | 139.04 | 817.44 | 811.82 | 1276.13 11258 | 0.597 | 1.1272 | 1.3416
0.0112 1.89 7.14 7.28 7.28 8.21 0.43 0.031

5[ 0.1277 | 105.73 | 94.87 | 774.96 | 753.56 | 1228.40( 218.28 | 153.17 | 0.439 | 1.1124 | 1.3477
0.0112 | 0.32 2.95 4.07 4.54 4.53 20.76 | 1431 | 0.014

6| 0.1277 | 98.27 97.97 | 774.96 | 774.35 | 1228.40 36.89 | 0441 | 1.1178 | 1.3455
0.0112 ] 0.38 2.86 4.07 4.08 4.55 3.42 0.013
N corr | M corr PR W
Compressor| 79.49 | 0.1299 | 0.774 1.510 1.400 6.045
0.33 0.0116 | 0.034 0.019 0.675
Turbine 47.84 | 0.1512 | 0.728 1.351 1.345 | 6.076
0.18 0.0135 ] 0.132 0.067 0.679

fuel flow| 148.90 |mL/min
9.60 |mL/min
speed| 79.91 |kRPM
0.30 |kRPM
fuel air ratio| 0.0156
0.0017
fuel mass flow| 0.00196 (kg/s
0.00013 [kg/s
heatin| 84.46 |kW
5.45 |kw
combustion efficiency| 76.83%
8.98%
diffuser efficiency| 30.11%
41.2%

Figure D.5: Running Data for Vaneless Diffuser Rur8, June 30 2008, 80 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | (KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.1404 | 98.88 98.73 | 294.90 | 294.77 | 717.50 16.31 1.167 | 1.0036 | 1.4005
0.0101 | 0.09 0.09 1.78 1.78 1.15 0.007

2| 0.1404 | 98.59 93.66 | 296.52 | 292.20 | 719.12 93.95 1.117 | 1.0035 | 1.4006
0.0101 | 0.32 0.32 2.29 2.29 2.30 7.67 0.010

3| 0.1404 | 160.93 | 151.44 | 354.04 | 347.97 | 776.96 11062 | 1.511 | 1.0073 | 1.3985
0.0101 1.86 5.36 2.26 2.46 2.28 8.93 0.055

4] 0.1426 | 153.44 | 149.00 | 816.80 | 810.71 | 1275.20 117.16 | 0.640 | 1.1265 | 1.3419
0.0101 1.89 7.62 7.28 7.28 8.20 0.39 0.033

5[ 0.1426 | 107.56 | 93.77 | 765.57 | 738.81 | 1217.74| 243.73 | 169.68 | 0.442 | 1.1082 | 1.3495
0.0101 | 0.32 3.06 4.23 4.70 4.69 1894 | 1331 | 0.015

6] 0.1426 | 98.20 97.83 | 765.57 | 764.83 | 1217.74 40.74 | 0.446 | 1.1149 | 1.3466
0.0101 | 0.38 3.00 4.23 4.25 4.72 3.16 0.014
N corr | M corr PR W
Compressor| 87.49 | 0.1452 | 0.774 1.632 1.400 8.122
0.33 0.0105 | 0.028 0.019 0.741
Turbine 52.71 | 0.1572 | 0.747 1.427 1.346 | 8.163
0.18 0.0114 | 0.113 0.068 0.745

fuel flow| 163.62 |mL/min
9.60 |mL/min
speed| 88.01 |kRPM
0.30 |kRPM
fuel air ratio| 0.0153
0.0014
fuel mass flow| 0.00215 (kg/s
0.00013 [kg/s
heatin[ 92.81 |kW
5.45 |kw
combustion efficiency| 76.40%
7.65%
diffuser efficiency| 31.25%
34.1%

Figure D.6: Running Data for Vaneless Diffuser Rur8, June 30 2008, 88 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | (KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.1557 | 98.89 98.70 | 294.70 | 294.54 | 717.30 18.09 1.167 | 1.0036 | 1.4005
0.0093 | 0.09 0.09 1.78 1.78 1.03 0.007

2| 0.1557 | 98.50 92.37 | 297.02 | 291.60 | 719.62 10544 | 1.103 | 1.0035 | 1.4006
0.0093 | 0.32 0.32 2.30 2.30 2.31 6.92 0.010

3| 0.1557 | 174.14 | 162.90 | 365.20 | 358.33 | 788.21 117.70 | 1.575 | 1.0082 | 1.3979
0.0093 1.86 5.56 2.26 2.45 2.28 8.12 0.055

4] 0.1581 | 165.30 | 160.21 | 817.00 | 810.53 | 1275.21 120.78 | 0.689 | 1.1260 | 1.3421
0.0093 1.89 8.24 7.35 7.35 8.28 0.35 0.036

5[ 0.1581 | 109.72 | 92.44 | 756.11 | 723.11 | 1207.02| 270.26 | 186.82 | 0.445 | 1.1038 | 1.3514
0.0093 | 0.32 3.22 4.46 4.93 4.93 1777 | 1279 | 0.016

6] 0.1581 | 98.16 97.71 | 756.11 | 755.21 | 1207.02 4466 | 0451 | 1.1120 | 1.3479
0.0093 ] 0.38 3.19 4.46 4.48 4.96 3.01 0.015
N corr | M corr PR W
Compressor| 95.34 | 0.1613 | 0.769 1.768 1.399 | 10.681
0.34 0.0096 | 0.023 0.019 0.812
Turbine 57.48 | 0.1618 | 0.772 1.507 1.347 | 10.735
0.18 0.0097 | 0.100 0.069 0.816

fuel flow| 178.35 |mL/min
9.60 |mL/min
speed| 95.99 |kRPM
0.30 |kRPM
fuel air ratio| 0.0151
0.0012
fuel mass flow| 0.00235 (kg/s
0.00013 [kg/s
heat in[ 101.16 |kW
5.45 |kw
combustion efficiency| 75.99%
6.67%
diffuser efficiency| 32.60%
29.1%

Figure D.7: Running Data for Vaneless Diffuser Rur8, June 30 2008, 96 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | (KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.1710 | 98.89 98.66 | 294.75 | 29455 | 717.34 19.87 1.167 | 1.0036 | 1.4005
0.0086 | 0.09 0.09 1.78 1.78 0.94 0.007

2| 0.1710 | 98.50 90.76 | 297.49 | 290.60 | 720.09 11930 | 1.088 | 1.0034 | 1.4006
0.0086 | 0.32 0.32 2.33 2.31 2.33 6.21 0.009

3| 0.1710 | 189.05 | 176.06 | 376.79 | 369.24 | 799.92 12345 | 1.649 | 1.0093 | 1.3973
0.0086 1.86 5.79 2.26 2.44 2.28 7.47 0.056

4] 0.1736 | 178.67 | 172.96 | 821.84 | 815.10 | 1280.57 12353 | 0.739 | 1.1270 | 1.3417
0.0086 1.89 8.92 7.44 7.44 8.39 0.33 0.039

5 0.1736 | 111.19 | 91.11 | 750.91 | 712.84 | 1201.15( 290.13 | 205.22 | 0.445 | 1.1009 | 1.3526
0.0086 | 0.32 3.36 4.69 5.17 5.17 1775 | 1273 | 0.017

6] 0.1736 | 98.20 97.66 | 750.91 | 749.85 ] 1201.15 48.71 | 0.454 | 1.1105| 1.3485
0.0086 | 0.38 3.37 4.69 4.71 5.21 2.95 0.016
N corr | M corr PR W
Compressor| 103.21 | 0.1772 | 0.766 1.919 1.399 | 13.651
0.34 0.0089 | 0.019 0.019 0.884
Turbine 62.09 | 0.1648 | 0.777 1.607 1.347 | 13.720
0.18 0.0084 | 0.088 0.070 0.888

fuel flow| 194.12 |mL/min
9.60 |mL/min
speed| 103.99 |kKRPM
0.30 |kRPM
fuel air ratio| 0.0149
0.0011
fuel mass flow| 0.00255 (kg/s
0.00013 [kg/s
heat in[ 110.10 |kW
5.45 |kw
combustion efficiency| 75.69%
5.93%
diffuser efficiency| 35.07%
26.6%

Figure D.8: Running Data for Vaneless Diffuser Rur8, June 30 2008, 104 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | (KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.1877 | 98.90 98.62 | 294.75 | 29451 | 717.34 21.81 1.167 | 1.0036 | 1.4005
0.0082 | 0.09 0.09 1.80 1.80 0.89 0.007

2| 0.1877 | 98.39 88.96 | 298.03 | 289.57 | 720.64 132.74| 1.070 | 1.0034 | 1.4006
0.0082 | 041 0.40 2.40 2.39 2.41 6.31 0.010

3| 0.1877 | 204.47 | 189.34 | 390.15 | 381.73 | 813.42 13049 | 1.712 | 1.0107 | 1.3966
0.0082 1.99 6.13 2.30 2.48 2.32 7.19 0.057

4] 0.1905 | 194.31 | 188.22 | 793.13 | 786.71 | 1248.21 120.23 | 0.833 | 1.1197 | 1.3446
0.0082 | 2.11 10.46 7.81 7.81 8.74 0.32 0.047

5[ 0.1905 | 11294 | 89.86 | 709.98 | 668.37 | 1155.86( 301.88 | 214.13 | 0.468 | 1.0893 | 1.3577
0.0082 | 0.54 3.75 5.07 5.55 5.52 18.28 | 1298 | 0.020

6] 0.1905 | 98.32 97.71 | 709.98 | 708.82 | 1155.86 50.50 | 0.480 | 1.0997 | 1.3531
0.0082 | 0.43 3.81 5.07 5.08 5.57 2.96 0.019
N corr | M corr PR W
Compressor| 111.06 | 0.1949 | 0.750 2.078 1.399 | 17.412
0.38 0.0086 | 0.017 0.020 0.990
Turbine 68.08 | 0.1634 | 0.823 1.720 1.351 | 17.499
0.21 0.0073 | 0.083 0.092 0.995

fuel flow| 212.02 |mL/min
9.67 |mL/min
speed| 112.01 |kRPM
0.34 |kRPM
fuel air ratio| 0.0149
0.0009
fuel mass flow| 0.00279 (kg/s
0.00013 [kg/s
heat in| 120.26 |kW
5.48 |kw
combustion efficiency| 68.81%
5.03%
diffuser efficiency| 36.69%
26.3%

Figure D.9: Running Data for Vaneless Diffuser RurB8, June 30 2008, 112 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | (KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.2035 | 98.90 98.57 | 29452 | 294.24 | 717.12 23.63 1.167 | 1.0036 | 1.4005
0.0076 | 0.09 0.09 1.78 1.78 0.79 0.007

2| 0.2035 | 98.30 86.93 | 298.71 | 288.39 | 721.32 147.15| 1.050 | 1.0033 | 1.4006
0.0076 | 0.32 0.32 2.40 2.35 2.40 5.24 0.009

3| 0.2035 | 222.35 | 205.06 | 409.35 | 400.07 | 832.87 137.15| 1.766 | 1.0130 | 1.3953
0.0076 1.86 6.19 2.26 2.43 2.29 6.67 0.055

4] 0.2065 | 210.78 | 203.74 | 843.73 | 836.55 | 1305.30 128.04 | 0.848 | 1.1322 | 1.3396
0.0076 1.89 10.78 7.85 7.85 8.89 0.31 0.046

5[ 0.2065 | 113.22 | 89.39 | 744.68 | 699.97 | 1194.19( 314.89 | 24451 | 0.445 | 1.0975 | 1.3541
0.0076 | 0.32 3.62 5.10 5.64 5.60 1989 | 13,50 | 0.018

6] 0.2065 | 98.59 97.83 | 744.68 | 743.19 | 1194.19 5734 | 0459 | 1.1087 | 1.3493
0.0076 | 0.38 3.68 5.10 5.12 5.66 3.04 0.018
N corr | M corr PR W
Compressor| 118.95 | 0.2117 | 0.706 2.262 1.398 | 22.697
0.36 0.0080 | 0.013 0.019 1.085
Turbine 70.77 | 0.1684 | 0.822 1.862 1.347 | 22.811
0.18 0.0064 | 0.069 0.075 1.091

fuel flow| 230.13 |mL/min
9.60 |mL/min
speed| 120.10 |kRPM
0.30 |kRPM
fuel air ratio| 0.0149
0.0008
fuel mass flow| 0.00303 [kg/s
0.00013 [kg/s
heat in| 130.53 |kW
5.45 |kw
combustion efficiency| 74.73%
4.88%
diffuser efficiency| 38.48%
24.9%

Figure D.10: Running Data for Vaneless Diffuser Rur8, June 30 2008, 120 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | (KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.1745  98.90 98.66 | 294.75 | 294.54 | 717.35 20.27 1.167 | 1.0036 | 1.4005
0.0085 | 0.09 0.09 1.78 1.78 0.92 0.007

2| 0.1745 | 98.40 90.23 | 297.41 | 290.13 | 720.02 12283 | 1.083 | 1.0034 | 1.4006
0.0085 | 0.32 0.32 2.33 2.31 2.34 6.06 0.009

3| 0.1745| 189.85 | 176.21 | 379.81 | 371.84 | 802.97 126.86 | 1.638 | 1.0096 | 1.3972
0.0085 1.86 5.77 2.26 2.45 2.28 7.48 0.055

4] 0.1771 | 181.53 | 175.71 | 817.62 | 810.88 | 1275.76 12341 | 0.755 | 1.1258 | 1.3422
0.0085 1.89 9.00 7.36 7.36 8.28 0.33 0.039

5[ 0.1771 | 110.45 | 92.29 | 743.84 | 709.75 | 1193.26| 274.50 | 205.74 | 0.453 | 1.1000 | 1.3530
0.0085 | 0.32 3.31 4.53 5.01 4.98 1830 | 1236 | 0.017

6] 0.1771 | 98.20 97.64 | 743.84 | 742.75 ] 1193.26 49.23 | 0458 | 1.1085 | 1.3493
0.0085 ] 0.38 3.28 4.53 4.54 5.02 2.89 0.016
N corr | M corr PR W
Compressor| 104.82 | 0.1810 | 0.744 1.929 1.399 | 14.471
0.35 0.0088 | 0.018 0.019 0.904
Turbine 63.22 | 0.1651 | 0.777 1.644 1.348 | 14.544
0.18 0.0081 | 0.082 0.071 0.908

fuel flow| 197.17 |mL/min
9.60 |mL/min
speed| 105.60 |kRPM
0.30 |kRPM
fuel air ratio| 0.0149
0.0010
fuel mass flow| 0.00259 (kg/s
0.00013 [kg/s
heat in| 111.84 |kW
5.45 |kw
combustion efficiency| 74.78%
5.74%
diffuser efficiency| 31.72%
28.6%

Figure D.11: Running Data for Vaneless Diffuser Rur8, June 30 2008, 105.6 kRPM
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hO Cp
m (kg/s) [ Po(kPa)| P (kPa) | To (k) | T(k) | (kIkg) | V (m/s) | Vi (MIS)] (kq/m™®y| (KI/KGK)

1| 0.1466 | 98.90 98.73 | 294.61 | 294.47 | 717.21 17.01 | 1.168 | 1.0036 | 1.4005
0.0098 | 0.09 0.09 1.78 1.78 1.10 0.007

2| 0.1466 | 98.55 93.00 | 297.16 | 292.27 | 719.77 100.09 | 1.108 | 1.0035 | 1.4006
0.0098 | 0.32 0.32 2.30 2.30 2.31 7.26 0.010

3| 0.1466 | 163.63 | 153.22 | 359.56 | 352.89 | 782.53 11593 | 1.505 | 1.0077 | 1.3982
0.0098 | 1.86 5.36 2.26 2.47 2.28 8.77 0.054

4| 0.1488 | 157.87 | 153.22 | 806.79 | 800.66 | 1263.83 117.43 | 0.667 | 1.1238 | 1.3430
0.0098 | 1.89 7.82 7.20 7.20 8.09 0.37 0.035

5[ 0.1488 | 106.15 | 95.22 | 751.07 | 730.19 | 1201.51| 215.17 | 172.34 | 0.454 | 1.1058 | 1.3505
0.0098 | 0.32 3.03 4.05 4.53 4.48 20.75 12.61 | 0.015

6 0.1488 | 98.26 97.86 | 751.07 | 750.29 | 1201.51 41.70 | 0.454 | 1.1110 | 1.3483
0.0098 | 0.38 2.92 4.05 4.07 4.50 3.01 0.014
N corr | M corr PR W
Compressor| 90.59 | 0.1517 | 0.742 1.660 1.399 9.198
0.33 0.0101 | 0.025 0.019 0.775
Turbine 54,98 | 0.1585 | 0.737 1.487 1.347 | 9.244
0.18 0.0106 | 0.100 0.070 0.779

fuel flow| 169.36 |mL/min
9.60 _|mL/min
speed| 91.23 |kRPM
0.30__|kRPM
fuel air ratio| 0.0152
0.0013
fuel mass flow| 0.00223 [kg/s
0.00013 [kg/s
heatin[ 96.06 |kW
545 |kwW
combustion efficiency| 74.43%

7.08%
diffuser efficiency| 25.80%
42.1%

Figure D.12: Running Data for Vaneless Diffuser Rur8, June 30 2008, 91.2 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.1198 | 98.90 98.79 | 29461 | 29451 | 717.21 13.90 | 1.169 | 1.0036 | 1.4005
0.0117 | 0.09 0.09 1.78 1.78 1.34 0.007

2| 0.1198 | 98.63 95.08 | 296.85 | 293.75 | 719.46 79.43 1.128 | 1.0036 | 1.4005
0.0117 | 0.32 0.32 2.28 2.29 2.29 8.98 0.010

3| 0.1198 | 143.38 | 136.01 | 341.52 | 336.42 | 764.35 101.30 | 1.408 | 1.0063 | 1.3990
0.0117 1.86 5.06 2.26 2.50 2.27 10.64 | 0.053

4] 0.1217 | 139.02 | 135.59 | 789.99 | 784.94 | 1245.45 106.39 | 0.602 | 1.1209 | 1.3442
0.0117 1.89 7.18 7.30 7.30 8.19 0.44 0.032

5[ 0.1217 | 104.09 | 96.49 | 750.15 | 735.56 | 1200.94( 179.89 | 140.09 | 0.457 | 1.1082 | 1.3495
0.0117 | 0.32 2.94 3.89 4.35 4.31 2330 | 14.20 | 0.014

6] 0.1217 | 98.39 98.13 | 750.15 | 749.63 | 1200.94 3398 | 0456 | 1.1119 | 1.3479
0.0117 ] 0.38 2.82 3.89 3.90 4.32 3.42 0.013
N corr | M corr PR W
Compressor| 76.37 | 0.1238 | 0.749 1.454 1.400 5.377
0.32 0.0121 | 0.037 0.019 0.654
Turbine 46.81 | 0.1456 | 0.729 1.336 1.347 | 5.404
0.19 0.0142 | 0.140 0.067 0.657

fuel flow| 144.37 |mL/min
9.60 |mL/min
speed| 76.87 |kRPM
0.30 |kRPM
fuel air ratio| 0.0159
0.0019
fuel mass flow| 0.00190 (kg/s
0.00013 [kg/s
heatin| 81.89 |kW
5.45 |kw
combustion efficiency| 71.32%
8.98%
diffuser efficiency| 22.82%
57.7%

Figure D.13: Running Data for Vaneless Diffuser Rur8, June 30 2008, 76.8 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.0951 [ 98.90 98.83 | 294.80 | 294.74 | 717.40 11.03 1.168 | 1.0036 | 1.4005
0.0147 | 0.09 0.09 1.83 1.83 1.70 0.007

2| 0.0951 | 98.72 96.81 | 296.25 | 294.60 | 718.85 57.81 1.145 | 1.0036 | 1.4005
0.0147 | 0.33 0.33 2.29 2.31 2.30 12.26 | 0.010

3| 0.0951 | 127.57 | 122.69 | 327.47 | 323.85 | 750.22 85.38 1.325 | 1.0053 | 1.3995
0.0147 1.88 4.85 2.27 2.55 2.28 13.68 | 0.053

4] 0.0966 | 124.52 | 122.07 | 802.94 | 798.89 | 1260.72 9551 | 0.532 | 1.1260 | 1.3421
0.0147 191 6.88 7.83 7.84 8.82 0.58 0.030

5[ 0.0966 | 102.27 | 97.34 | 775.31 | 765.53 | 1229.67| 147.83 | 114.77 | 0.443 | 1.1174 | 1.3456
0.0147 | 0.39 3.06 4.13 4.59 4.62 29.70 | 17.89 | 0.014

6] 0.0966 | 98.54 98.37 | 775.31 | 774.96 | 1229.67 2783 | 0442 | 1.1199 | 1.3446
0.0147 | 0.39 2.93 4.13 4.15 4.63 4.33 0.013
N corr | M corr PR W
Compressor| 62.15 | 0.0981 | 0.721 1.292 1.400 2.981
0.32 0.0152 | 0.055 0.019 0.555
Turbine 37.75 | 0.1302 | 0.729 1.217 1.344 | 2.996
0.18 0.0200 | 0.219 0.070 0.558

fuel flow| 121.32 |mL/min
9.66 |mL/min
speed| 62.50 |kRPM
0.30 |kRPM
fuel air ratio| 0.0168
0.0029
fuel mass flow| 0.00160 (kg/s
0.00013 [kg/s
heatin| 68.81 |kW
5.48 |kw
combustion efficiency| 71.49%
12.94%
diffuser efficiency| 21.80%
91.5%

Figure D.14: Running Data for Vaneless Diffuser Rur8, June 30 2008, 62.4 kRPM
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ho Co
m (ka/s) | Po (kPa)| P (kPa) | To(k) | T(k) | KIKQ) | v (mis)| Vi (m/s)] (kgim™)| (kI/kgK)

1| 0.0709 | 98.90 98.86 | 294.21 | 294.18 | 716.81 8.21 1171 | 1.0036 | 1.4005
0.0196 | 0.09 0.09 1.79 1.79 2.27 0.007

2| 0.0709 | 98.74 97.77 | 295.86 | 295.03 | 718.46 41.02 1.154 | 1.0036 | 1.4005
0.0196 | 0.33 0.33 2.29 2.32 2.30 17.05 | 0.010

3| 0.0709 | 11562 | 112.79 | 316.19 | 313.96 | 738.88 66.88 1.263 | 1.0047 | 1.3999
0.0196 1.88 4.68 2.27 2.59 2.28 18.73 | 0.053

4] 0.0722 | 113.84 | 112.31 | 826.41 | 823.60 | 1288.38 79.97 | 0.475 | 1.1345| 1.3387
0.0196 191 6.82 8.62 8.62 9.78 0.83 0.029

5[ 0.0722 | 100.48 | 98.16 | 808.62 | 803.84 | 1268.21| 103.91 | 89.30 | 0.425 | 1.1295 | 1.3407
0.0196 | 0.36 3.10 4.32 4.77 4.88 4452 | 2446 | 0.014

6] 0.0722 | 98.67 98.57 | 808.62 | 808.41 | 1268.21 2165 | 0425 | 1.1306 | 1.3402
0.0196 | 0.38 2.96 4.32 4.33 4.88 5.93 0.013
N corr | M corr PR W
Compressor| 47.88 | 0.0731| 0.671 1.171 1.400 1.448
0.33 0.0203 | 0.086 0.019 0.462
Turbine 28.65 | 0.1079 | 0.722 1.133 1.340 | 1.455
0.19 0.0294 | 0.369 0.067 0.464

fuel flow| 98.05 |mL/min
9.68 |mL/min
speed| 48.11 |kRPM
0.32 |kRPM
fuel air ratio| 0.0182
0.0053
fuel mass flow| 0.00129 (kg/s
0.00013 [kg/s
heatin| 55.62 |kW
5.49 |kw
combustion efficiency| 71.12%
21.23%
diffuser efficiency| 18.69%
196.7%

Figure D.15: Running Data for Vaneless Diffuser Rur8, June 30 2008, 48 kRPM
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Appendix E: Turbine Failure

During the vaned diffuser run 1, while runnindgldé kRPM, the engine stopped
very suddenly. When checking the engine to sed¢ wha wrong, it was found that the
damage was fairly extensive. One turbine bladedessched from the turbine, and a
turning vane was missing from the diffuser. Tharfgearing inner race was worn badly,
probably from the sudden rotational imbalance arnmsquent stop. The sudden stop
had detached the shaft containment tunnel froncohgpressor holder/diffuser and
damaged the bolt holes, which being made of alumjnwere softer than the bolts.

Figures E.1 through E.3 show some of this damage.

Figure E.1: Thrown Turbine Blade
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Figure E.2: Worn Back Face of Compressor Wheel

Figure E.3: Groove Worn into Rear Inner Bearing Ra@

Subsequent testing showed that the bolts holdieghaft containment tunnel to
the compressor holder were inadequate and comasg land stripping probably due to
the vibrations. This occurred even in a full swstel run, and it did not lead to
immediate catastrophic failure. To solve this pealy new bolt holes were tapped and

larger bolts were used, with larger threads lds=lito strip.
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The turbine failure occurred once again in testaitpough not to the same
destructive extent, and this time at 104 kRPM. fEilere was preceded by an irregular
high pitched noise that may have indicated a t@rimmbalance or possible turbine
rubbing. The turbine threw two blades, and the bearing was damaged in the same
way, but there was no other damage. After thisnlounting of the turbine
shroud/turbine nozzle piece on the shaft tunneltigidened so constrict the movement
which was believed to have caused the turbinelicand fail. In subsequent testing, no

more failures were experienced.
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Appendix F: Flow Meter Calibration

The factory supplied calibration for the flow mek.R1010 was for water which
has a different density and viscosity than the &ene/oil mixture. Thus, a new
calibration was needed to determine the fuel flate from the flow meter output
voltage. This calibration was done by pumping thebugh the flow meter, filling a
graduated cylinder over time. The total volume padhand the time taken were
recorded from which a rate was calculated, anditpeal voltage output from the flow
meter was also recorded. The uncertainty of volumg 5 mL, and the uncertainty of
time was 1 second. The flow rate was calculatétgusquation F.1 and the uncertainty

was calculated using equation F.2.

Q== (F.1)

1. 2 -vol ?
UQ :\/ ?UT + ?Uvm (F-Z)

Five flow rates and voltages over the range oteig fuel flows were recorded,
and a linear regression was performed to deterthmeorrelation of flow rates to
voltages. Figure F.1 shows the results of theessgon. The line of least squares was
determined to be described by the equation Q =.(269.9)*V + (11.5 £ 11.2), to 95%
confidence. The standard error of the regressias determined to be 4.8 mL/min,

leading to a 95% confidence interval for the cadted flow rate of £ 9.6 mL/min.

150



Flow Rate (mL/min)

400

350

300

Q = 205.05*V + 11.452

Hi

250 A

200

150

—

100 +

50

—

0.2

0.4 0.6

0.8 1 1.2 14 1.6
Signal Out (V)

1.8

Figure F.1: Fuel Flow Calibration
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Appendix G: Stagnation Pressure Probe

Custom stagnation pressure probes were constriaitsthtions 2 to 6 by bending
1/16” steel tubing and drilling out the front fagkthe tube so it was recessed as shown in
Figure G.1. The bending was done by insertingra wito the tube as a type of mandrel

which resisted the tendency of the tube to buckigenbeing bent.

Figure G.1: Stagnation Pressure Probe

The tip of the pressure probes were recessed ds/&ar that the measured total

pressure was relatively insensitive to flow anglative to probe angle. Figure G.2

shows the results of a comparative wind tunnelwdtre the variations of total pressure
with flow misalignment of the stagnation pressurebe and a typical spherical tipped

pitot probe.
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Figure G.2: Probe Sensitivity to Flow Misalignment

It can be seen that the custom probe was muclséessitive to larger flow
misalignments. This result was useful becausexiet flow direction everywhere in the
engine was not known, and while most stations maoba&ious direction (i.e. lined up
axially or with a flow turning vane) the possihyliof flow deviations existed. The
dynamic head stayed within 5% of the actual valhemthe custom probe axis was
within £20° of the actual flow angle, whereas tpheyical pitot tube had a variation of
less than 5% only within £10°. One will notice tthizere is significant asymmetry
especially in the custom stagnation probe at higlr misalignment. This could be for
two reasons, the first that the curvature of thabprand the probe stem started to
interfere with the flow pattern, as the probe wasated in the ‘vertical’ direction, the axis
of rotation being ‘into the page’ in Figure G.1helsecond possible reason is that the

probes started to interfere with each other siheg tvere tested at the same time beside
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each other in the flow. The spherical pitot tubeing longer, may have interfered with
the flow to the custom probe at high positive flousalignment angles. If this was the
case, then the custom probe was in fact better3@error within £20° and looking at
the negative misalignment it might have 5% erradhwi £30°. Either way, the

asymmetry was not deemed to be a big problem sinalowable 20° misalignment is

fairly generous when the general direction of tinfaav is known.
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Appendix H: Running Data Calculations

The analysis of the test results was done in MiftoExcel. The test data for
each run was imported and the data collected winitker the steady state phase at each
set speed was averaged. These average data forenedsis of all the analysis of the
engine. The calculations of all the other runnragables were from these data.

For engine analysis, a constant heat capacityassismed for over each
component other than the combustor. The heat tg@a enthalpy were assumed to be
only functions of temperature and fuel air ratior €ombustion products). These
functions were obtained from polynomial fits preehin Walsh and Fletcher (2004).

Figure H.1 shows the flowchart of the calculagpvocedure used in the
spreadsheet. The calculation procedure was idgriticboth the diffuser and nozzle
cases, though in the nozzle cases obviously stéti@riables and diffuser efficiency
were not calculated. Table H.1 lists all of therialae used to calculate the engine
running parameters displayed in the running datdppendix D from the measurements

in Appendix A.
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-
Experimental Inputs
-RPM

-Po1, Poz, Pos, Poa, Pos, Pos, (Po1 = P1), P2, Ps

“Tpa, Tpz Toa, Tps. Tps

'quel

-Thrust

l

Calculate Mass Flow

v

v

'

lteratively Calculate
TBﬁ. Tﬁ.mean. Vﬁmem.
Psmean, Psmean, Keuid

Calculate

Compressor Waork,

Efficiency

lteratively Calculate
T3, P3, Vs, p3

v

Calculate Turbine
Work

k 4

Calculate Tpyg

v

L
lteratively Calculate Calculate Turbine Calculate Diffuser
Ta, P4, Va, ps Efficiency Efficiency, Tgs, P,

Y, Ps

Figure H.1: Running Data Calculation Flowchart
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Table H.1: List of Calculated Variables from Running Data

L2 3 4 P
ry =
5 6 RTN
Cor G2 o3 con =C,(FAR,,T)
Cp,4; Cp,S; Cp,G;
1 21 3y 4 5 _ Cuy
6, comp turb g_C - R
P,
To1 Tor » Ty e @PProximate assumption (at a low speed)
T]_ V2
T1 :T01 -
20
P P=P,-
Vi } ( )
M ajr =kr V Ai
To2 A
T02 :TZ, robe +(1_ r) 2
P 2c,,
T, -1
P 9
T, T02 —
Va2
T T, =T
03 ~
20p3
Ps T g
gs-1
Ps = Pos —
Tos
V3 — mair
s =
A
Cp, comp C,o +C,
Cp,comp = ' ’
2
W, comp Wcomp = my Cp comp(T03 - TOZ)
W, turb W, .
Vvturb = :
hm
VS'X m + mfuel
V5 x
' rsAs
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V5,tip, gs -1
P5,tip gs 2
Vsiog = 2000:,p5T05 1- - Vo,
,tip, , P, ,
K K :VS,tip,q I’adiusr:)ladestip
V5 mid, _ K
ladesmean
Vsmid Vsmia = v ;S?mid,q +V5?x
Tos Vo . o
Tos = Ts prove + (1- r) —— taking properties of midpoint as average
p,5
T5 V2 )
T5 :T05 + 5,mid
2cp,5
P 95
° Toma &
I:)5 = I:)05 :
T05
C,, turb c.,t+cC
P Cpturb = = bo
’ 2
T
” T04 = T05 + VVthb
Cp,turb (mair + mfuel)
V4 V _ mair + mfuel
, = — el
rah
T4 V2
T4 = To4 - .
2va4
P4 9a
T, 94-1
P4 = Po4 —
04
Tos Ty = T,s measurement ofgf unreliable
V6 V _ rnair + mfuel
=
r'6Ps
Ts V2
TG = T06 . _6
2pr6
Pe s
T, 9-1
Ps = R)e —
TOG
Ncor, comp T
Ncor,comp= N ¥
\IT01
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Mcor, comp " _ /TOl P,
cor,comp=m,, —p
ref 01
PR, com P
P PR compzf
02
y Comp P gcomp'l
03 gcomp
— -1
I:)02
h,comp= =
03
-1
T02
Ncor, turb T,
Ncor,turb = NYX 2=
\]To4
Mcor, comp T P
Mcor, turb=m,, Y% '
I \[Tref %4
PR, turb P
PR turb = ﬁ
05
, turb 1- Tos
h,turb = Toq
Gup~1
1_ P05 Gturb
I:)04
, diff Gait -1
P Gt
T5 = - 15
. P
h,diff = —
6 's
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Appendix I: System Simulation

The simulation of the engine and system was domd&crosoft Excel and Visual
Basic. It consists of a spreadsheet with all eféhgine performance data which is
calculated by iteration based on several manuaitshgnd assumed values. The main
running macro in visual basic takes the assumeagevalr R (without which the
spreadsheet would not be able to reliably calcuteeoerformance) and adjusts it to
satisfy the requirements of the atmospheric optlessure. Other macros were written to
interpolate the compressor and turbine maps, aerdvas written to calculate turbine
pressure ratio iteratively. Figure I.1 shows tleevEhart of the calculation procedure
used in the spreadsheet. This calculation proeedas used in most of the simulations,
but a modified procedure was required where diffemgputs were required. In section
3.3 where the effect of the diffuser on the engsn®@mulated, the net work was forced to
zero by modifying the turbine inlet temperatugg. TThe overall iterating macro was
modified to control both £and T4, based on the exhaust pressure and net workxe# fi
combustor efficiency was also used which negatedéed to have an iterative
procedure to fix combustor performance.

Tables I.1 and 1.2 list all of the input and cé#ted engine and system
parameters used for the simulation, as well asaitmeulae used to calculate them. All
station numbers are the same as in the nomenckdat®n. The heat capacity function
is a polynomial fit for the products of combustias presented by Walsh and Fletcher

(2004).
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f/rManu al Inputs
-RPM
'TI.'I1 ' j:'IZH
'TIM
-Diffuser Efficiency

Flow Area Ratio

and Outlet Temperature

-Recuperatar Design: Heat Transfer
Coefficient, Pressure Drop Coefficient, and

-Heat Recovery Exchanger Pressure Drop

/

N
o

Assume Ps value

Adjust Pg

!

Assume mass flow
based on speed

v

Calculate Comp.
Mearr, Mearr -

Y

assumption

!

Interpolate Comp.
hap for PR,
Efficiency

v

Calculate Toa, Pos -

Pga, fuel flow, FAR *

.

Calculate Comb.
Efficiency

Combustor
Converged?

Calculate Turb.
Meorr, PR

!

Interpolate Turb,
Map for Mcorr,
Efficiency

]

Calculate Mass Flow
Based on Turb.
MWcorr

Mass Flow
Converged?

Calculate Rec.
Effectiveness,
Pressure drop, Diff
Pressure Drop, Rhex
Pressure Drop

!

Calculate Exhaust
Pressure

Exhaust Pres
atmospheric?

Calculate System
Pedormance — net
work and efficiencies

Figure I.1: Simulation Calculation Flowchart
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24
low,rec,c

Rec AR
LHV

d

m

, comb
Rhex P%
Tos
I:)ref
Tref

R5,mean

5,mean
As
As

Table I.1: List of Input Variables Used for SystemSimulation

speed in revolutions per minute

inlet total temperature

inlet total pressure

turbine inlet total temperature

recuperator heat transfer area * heat transfefficaeft proportionality
constant

recuperator pressure drop constant

recuperator area ratio
fuel lower heating value, taken as 43100 kJgkerosene
diffuser efficiency

mechanical efficiency

combustor efficiency

recovery heat exchanger percentage pressure drop
exhaust temperature (determines amount of heaveeg)
reference pressure

reference temperature

turbine mean blade radius

turbine outlet mean blade angle

turbine outlet area/diffuser inlet area

diffuser outlet area
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Table 1.2: List of Calculated Variables From SystemSimulation

Ps technically an input variableg 3 set iteratively so thatb= Py
M air Myie = My = Myge
Ncor, comp T
Ncor,comp= N ¥
\/T01
Mcor, comp TP
Mcor,comp=m,, ~-%
\/Tref P01
PR, comp PR comp= f ((Ncor,comp, (Mcor,comp) - from compressor map
, comp h,comp= f ((Ncor,comp, (Mcor,comp) - from compressor map
W, comp W, comp= maircp,comp(T03 - T01)
W, mech W, mech=A_*W,comp
Pos P = PR comp* B,
Tos PR com o 1
T03 :T01 l+ p
h,comp
Pos P,, = P,; - DP,rec,c- DP,comb
P, comb DP,comb=12031m:, +4211m, - 158 (experimental data fit)
M el _m,, (h(FART,,)- h(FART,, ))- (0T,x)- NO.T,,))
foe (h,comB* LHV - (h(FART,,)- h(FART,,))
FAR Mye
FAR= "
rnair
PR, turb
PR turb = L)
05
Ncor, turb T
Ncor,turb = NY 2
VTO4
Mcor, turb Mcor, turb = f (PR turb), (Ncor, turb))
, turb h,turb = f((PR turb), (Ncor, turb))
Tos 1 e
Tos =Ty, 1- h,turb 1-
PR turb
Pos Gurs
T05 glurb'l

Ps =R T_

5
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Mturb

Tref i

\/T—o4 Pref

M., = Mcor, turb

W, turb Vvturb =My, Cp,turb (T04 - T05)
W, net Wnet = Vvturb - Wcomp - Wmech

VS,bIades,mean

p
Vv =N*R *
5, blades mean 60

5,blades mean

VS,reI,y V5,re|,y :VS,x tan(bs,mean)
V5y V5,y =VS,reI,y - VS,bIadesmean
5
a; =tant =¥
5,x
Ts =T, - Vs
5 05 2
p.turb
5 _ R
5 RT,
VS,X ur
V5,x = rnt °
rsAs
Vv _
> Vs = Vi +Vay
Ma5 |V|85 — V5
hY, gturb RTS
Tos Tos = Tos
To T =1, . Ve
6 06
2Cp,diff
Tes Tes =Ts +/7d(T6' Ts)
VG — rn[urb
A
6 — PG
6 RT,
P6 Gait
T s Guirr - 1
P, =F 6
5
Pos P, = Ps (assuming loss of leftover kinetic energy)
Pos P, = (P, - DP,rec,h)DP%,rhex
Cp, comp To1+Tos
Cpcomp =Cp O0———
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Cp,turb

T, +T,
Cown = C, FAR %2

Cprec, c ST Tos + Toar
Cp,rec, h T.+T
' — 06 07
Cprech — Cp FAR,T
C*, rec _ maircp,rec,c
i rnturbCp,rec,h
C, diff T +T
P Counr =C, FAR,%
Cp,rhex T +T
Comex = Cp FAR 2 -
comp _ Cp,comp
gcomp prcomp -R
turb C turb
gurb = ®
t Cp,turb -R
diff Cp it
Oo =————
Cp,diff - R
NTU AK 07 m07
NTU - ( h)rec = rn[ur(t;85 air —
rnair Cp,c,rec rnai.r AR + rntu.rb
Effectiveness oo l-exi- _NTU(l-' C:ec)_ ]
1- ¢ exg- NTU(L- c_ )
Tosr Tosm = Tos + 6(T06 B T03)
Posr P = P - DP,rec,c
To7 T07 = Toe = Crec (T03R - T03)
Po7 P, = P - DP,rec,h
P, rec, c k
L T.+T
DP,recc= —— my 2 %R
Aﬂow,rec,c I:)03 + I:)03R
P, rec, h Kk 18 T 47T
DP, re C, h - - p rr‘urzt')4 06 07
Aflow,rec,c AR POG + I:)07
QOUt Qout =My, Cp,rhex(TO7 - TOB)
Qin Qin = mfueILHV
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Appendix J: Steady State

Data from the engine was attempted to be sampladtady state. The engine
was run for 30 seconds at each RPM level for tidrobsystem to reach approximately
steady state before the data was sampled overaofi?0 seconds. This sampled data
was then averaged and used for the analysis. Widelata approximated steady state
data the engine was never at true steady state.sféed did vary over the time period as
the control system needed time to adjust to vanm@urturbations. Fluid turbulence added
to the unsteady nature of the engine. Figure®dll4 show a sample of transient data
from both a nozzle and diffuser run, at two differ&PM levels.

In Figure J.1 to J.4, the fuel flow, speed, argspure transients are shown in a
non-dimensionalized form, based on the differemgmfthe initial steady state value to
the second steady state value (the one being sdnmpllee second half of the time frame
shown). It can be seen that none of the valueadtmlly a steady state and do show
some noise even when the engine speed is relatealstant. The turbine exit
temperature is also shown though it is shown dimoeiadly because steady state exhaust
temperature did not always change much betweessstspecially at the mid RPM
range. The §3 (compressor exit pressure) variation is closelgteel to the speed
variation as speed is the primary factor in thespuee ratio of compressors when
operating in the range of the compressor map wihergspeed lines are approximately
horizontal. The fuel flow variation is linked tbe control system’s response to the RPM
variation and is influenced also by the time resgoof the fuel pump and fuel line
friction/momentum. The exhaust temperature vamais an almost constant noise when

operating at quasi-steady state, and it is likelg th turbulence, unsteady combustion,
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and unsteady turbine flow. Since the measured¢eatyre is actually that of the
thermocouple inside the mineral insulated sheadhi®eactual temperature variations of
the flow must have been greater than indicatea réfte of heating and cooling of the
probe could be determined, the actual temperatniations could be determined if the
convection heat transfer coefficient could be eated, but since the signal is aliased, no
true rate of heating could be determined.

The transient response at high RPM is slower thanat low RPM, as seen when
comparing Figure J.2 with J.1 and J.4 with J.3yuFe J.2 shows a step change in average
turbine temperature which indicates the systenoisxen completely at quasi-steady
state, while Figure J.4 shows a turbine temperaharease over the whole time frame
that indicates that nothing approaching steady stats ever reached at this speed. In
this case, data from the last 5 seconds was uséevas assumed it was the closest to the

data that would be obtained at steady state.
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Figure J.2: Transient Response, Nozzle Run 2, 1124 kRPM
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Figure J.4: Transient Response, Diffuser 2 Run 3,12-120 kRPM
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While at this quasi-steady state, each variabletdlates over time as shown in the
previous figures. Figure J.5 shows the standavéhtien of these fluctuations for a
greater range of engine parameters, at two idémtazzle runs at full speed, with one
diffuser run at full speed and another nozzle upaat speed. This shows the differences
and similarities in the variability between runentigurations, and speeds. This standard
deviation does not include the instrument and maagerrors. The case with the lowest
variability in general is the lower speed case,owhmay be a result of decreased
turbulence due to the lower mass flow, decreadadtions due to the lower speed, or a

better controlled system closer to actual steaalg st

m Nozzle Run 2 120kRPM
5 O Nozzle Run 3 120kRPM
O Diffuser 2 Run 3 120 kRPM
@ Nozzle Run 2 80 kRPM —

Standard Deviation of Variables
(various units)
w

Q fuel (ml/min)
P01-P1 (Pa)
Speed (RPM)
P03 (kPa)

T3 (C)
P03-P04 (kPa)
P05 (kPa)

T5 (C)

Thrust (N)

Figure J.5: Standard Deviations of Measured Engin®arameters
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