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Abstract 

 A micro-cogeneration system based on an ArtesJet KJ-66 hobby microturbine 

may be able to provide a single family dwelling with required heat and power, increasing 

total efficiency due to utilization of waste heat.  The feasibility of such a system was 

investigated.  An engine model based on the similar JG-100 engine was developed, 

written in Microsoft Excel™ and Visual Basic™.  The predicted running characteristics 

of the KJ-66 were simulated, and a prediction of how these characteristics would be 

shifted if a diffuser was attached to the engine was made.   

 An experimental test program was carried out on the KJ-66 engine to determine if 

this prediction was correct, and to more accurately characterize the performance of the 

engine.  Two diffusers were constructed to use with the testing, along with the nozzle that 

was supplied with the engine.  Having the diffusers on the engine reduced the fuel air 

ratio by approximately 20% as predicted.   

 A hypothetical micro-cogeneration system was simulated building on the earlier 

engine model, with modified turbomachinery maps and combustor performance based on 

the experimental data.  An 85% effective recuperator was included in the model, as well 

as a recovery heat exchanger.  The simulation showed an electrical output of 8.9 kW, a 

heat output of 30.9 kW, an electrical efficiency of 15.5%, and a total efficiency of 69.0%.  

While these efficiencies are low, improvements could be made by modifying the 

turbomachinery and by using a condensing recovery heat exchanger to give a better 

overall efficiency for the micro-cogeneration system.   
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Glossary 

Axial Turbine A turbine where the air enters and leaves axially 

CCHP Combined Cooling, Heat, and Power.  CHP plus an absorption 
chiller driven by the exhaust heat 

CHP Combined Heat and Power.  A cogeneration plant that produces 
electricity and heat.   

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

Corrected Speed Quasi-dimensionless speed of a compressor or turbine corrected 
for inlet temperature 

in

ref

T

T
NNcor =  

Corrected Mass Flow Quasi-dimensionless mass flow through a compressor or turbine 
corrected for inlet pressure and temperature 

in

ref

ref

in
air P

P

T

T
mMcor �=  

Data Acquisition 
Board (DAQ) 

A piece of computer hardware that converts sensor data from 
analogue signals to digital signals so that it is readable by a 
computer software package 

Diffuser A device that decelerates fluid without doing work on the flow, 
increasing the static pressure of the fluid.  A subsonic nozzle 
accelerates the flow by reducing the flow area.   

Electrical Efficiency The ratio of electrical power out to chemical power in 
(calculated by using fuel lower heating value in this work) 

ICR Engine A gas turbine engine that includes both a recuperator and an 
intercooler 

Micro-Cogeneration Cogeneration/CHP on the scale of a personal detached house 
(around 1 – 5 kW electrical ouput) 

Microturbine A gas turbine characterized by a capacity of 300 kW or less, 
uncooled turbine blades, and low pressure ratio 
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Nozzle A device that accelerates fluid without doing work on the flow, 
decreasing the fluid static pressure.  A subsonic nozzle 
accelerates the flow by reducing the flow area.   

NOx Nitrogen Oxides.  A generic name for nitrogen monoxide and 
nitrogen dioxide, both of which are poisonous gasses formed as 
a result of high temperature combustion in the presence of 
atmospheric nitrogen 

PID Control Proportional-Integral-Derivative control scheme.  Widely used 
control scheme which brings the control variable equal to the 
set point when tuned properly.   

Pressure Ratio The compressor stagnation pressure ratio is defined as P0,out/P0,in 
and the turbine stagnation pressure ratio is defined as 
P0,in/P0,out.  Only the stagnation pressure ratio is used in this 
work.   

PWM (pulse width 
modulator) 

An electronic circuit which provides electrical power between 
fully on and fully off by producing on-off pulses.  The width of 
the on pulses compared to the width of the off pulses determines 
the level of power delivered.   

Radial Compressor A compressor where the air enters axially and leaves radially 

Radial Turbine A turbine where the air enters radially and leaves axially 

Recovery Heat 
Exchanger 

A heat exchanger that transfers the heat energy in the 
microturbine exhaust to another fluid, usually water.   

Reynolds Number A dimensionless number which measures the ratio between 
inertial forces to viscous forces in a fluid.   

mm
r hh GDVD

==Re  

 
Surge An unstable compressor operating range where mass flow 

reverses rapidly due to high pressure ratio and low mass flow.  
The flow rights itself quickly but reverses again if surge 
conditions persist.  Surge causes heavy vibrational loading and 
accelerated engine wear.   
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Surge Margin A measure of how close a compressor is to surge.  Several 
definitions for surge margin exist.  One often used is  

operating

operatingoperatingNcorrsurge

PR

PRPR
SM

-
= @  

 
Turbine Inlet 

Temperature 
(TIT) 

The temperature of the gas coming from the combustor into the 
turbine.  Limited by the metallurgy of the turbine.  In this work 
turbine inlet temperature always refers to T04 

Total Efficiency The ratio of electrical power out plus useful heat out to 
chemical heat in (using lower heating value of the fuel) 

Quasi-dimensionless A variable such as corrected speed or mass flow that behaves 
like a dimensionless number but is not truly dimensionless.  
They are used like dimensionless numbers but are limited by 
some assumptions – corrected speed and mass flow assume the 
length scale of the engine is constant, and the working fluid 
remains air.  These assumptions are almost always true when 
characterizing the performance of gas turbines so the quasi-
dimensionless numbers are usually good enough.   
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Chapter 1 Introduction 

1.1 Background 

 Currently, the North American power grid is based on centralized generation, a 

power generation scheme where most of the electricity is generated in large capacity 

power stations and is transmitted by a high capacity grid network to where electricity is 

demanded.  Advantages of centralized generation include the potential for high electrical 

efficiencies made possible due to the large physical size of the generation plant, as well 

as the fact that centralized generation plants can be located far away from cities, reducing 

the pollution of the cities while still burning dirtier fuels such as coal, or in the case of 

nuclear power, increased safety of the residents in the city.  A major disadvantage of 

centralized generation is that it produces unusable waste heat that is simply dumped into 

the environment.   

 Distributed generation is a power generation scheme where electricity is 

generated close to where it is needed.  It is generally done on a smaller scale than 

centralized generation; however the size of distributed generation resources can vary 

greatly, from the order of 1 kW to 10 MW.  While distributed generation systems that 

burn fossil fuels are generally less efficient electrically than large scale centralized 

generation plants, their total efficiency can be increased by using the generated heat as 

well as the electrical power.  In a combustion power plant, there is always some waste 

heat, the amount of which depends on the efficiency of the electricity generation.  Low 

efficiency plants produce a greater amount of waste heat.  This heat can be useful for a 

variety of things such as industrial processes, space heating, water heating, or even 
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absorption cooling.  This greater utilization of fuel allows lower electrically efficient 

distributed generation systems to have a greater total efficiency than higher electrical 

efficiency centralized power plants that dump the waste heat into the atmosphere.  The 

use of exhaust heat from an electrical generator is called CHP (combined heat and power) 

or cogeneration.   

 Each application of CHP has differing demands for heat and power.  Some may 

require much more heat than power, and some may require comparatively little heat.   

Thus, the heat to power ratio is an important characteristic of cogeneration systems that 

helps match the type of CHP generator to the application.  For instance, a building with a 

large heat need and lower power need could benefit from the high heat to power ratio of a 

microturbine, and a building that needs as much power as heat could benefit from the 

lower heat to power ratio of a diesel engine.  A building that needs distributed generation 

but does not need heat may be better suited with solar panels and/or wind turbines with a 

simple backup generator.  The heat to power ratio is defined as 

 
GeneratedorUsedyElectricit
GeneratedorUsedEnergyHeat

HPR=  (1.1) 

 An application with a higher HPR than the CHP technology will require 

additional heat from another source, such as an on-site boiler or furnace.  An application 

with a lower HPR than the CHP technology will have to either dump waste heat or 

purchase additional power from the grid.  A problem many cogeneration system 

designers face is that of fluctuating HPR.  Heat loads tend to vary by season, by day, and 

by hour.  Demand for space heating is dependant on the climate where the building is 

located and the weather it is experiencing.  This means that the instantaneous HPR can 

vary greatly when compared to the average HPR.  A cold day may result in a higher HPR 
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than the CHP system can handle, forcing backup heaters into use.  A warm day may 

result in no demand for heat at all, and operators may shut down the CHP generation due 

to economic reasons.  This hour by hour HPR is as important to the system designers as 

the average HPR for correctly sizing a cogeneration system.   

 Cogeneration is currently used mainly in larger scale applications such as office 

buildings, hospitals, and institutions.  There is however an opportunity to extend 

cogeneration into smaller scale buildings such as stores, small apartments, and even 

single family homes.  This is known as micro-CHP and it has much potential for reducing 

overall energy consumption of small buildings and private dwellings.  Each of these 

buildings already has its own heating system.  If this system was replaced with a micro-

cogeneration system, it could heat the building as well as supply its electricity.   

 For efficient generation and low total emissions, the cogeneration system would 

have to match the demanded HPR.  While the HPR does depend on many factors, 

Farahbakhsh et al. (1998) give a Canadian yearly average residential unit HPR of 

approximately 3 (when water heating is included with space heating).  To match this heat 

and electricity demand, a micro-CHP unit operating at 80% total energy efficiency would 

only need to have 20% electrical efficiency.  A relatively cheap, inefficient engine could 

be used to provide this and still have greater total efficiency than generating heat and 

electricity separately.   

1.2 Microturbines 

 Distributed generation can be produced by a variety of sources, from wind and 

solar energy to fuel cells and reciprocating internal combustion engines.  One important 
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distributed generation technology is microturbines, which are small gas turbine engines.  

In general, microturbines have a power output of less than 300 kW.  They are 

characterized by their small size which necessitates low pressure ratios and uncooled 

turbines.  Most microturbine units include a recuperator to provide increased efficiency 

for the low pressure ratio cycle.  Currently, commercially available microturbine 

generators have electrical efficiencies of around 25 – 30%, and cost between $1500 - 

$2500/kW (Kaikko and Backman, 2007).  There are currently no commercially available 

microturbines for cogeneration known to the author below 30 kW (the 2.6 kW unit does 

not have heat recovery capabilities).  Table 1.1 lists various 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% LHV1 

C60/65 Capstone 60/65 kW 29% LHV1 
C200 Capstone 200 kW 31% LHV1 

TA100 Elliott/Calnetix 107 kW 29.5% LHV2 
Para75 Honeywell 75 kW 27.5%3 

Dynajet 2.6 IHI 2.6 kW 12%3 (power only) 
MT70 IR Energy Systems 70 kW 28% LHV4 

MT250 IR Energy Systems 250 kW 30% LHV4 
T100 Turbec 100 kW 33% 5 

 

 Despite all the commercially available units and potential for market expansion, 

microturbines remain a niche product.  High investment costs and low efficiencies have 

                                                 

1 http://www.capstoneturbine.com 
2 http://www.elliottmicroturbines.com/ta100.php 
3 Shih et al. (2006) 
4 http://energy.ingersollrand.com/products_microturbines.htm 
5 http://www.turbec.com/products/techspecific.htm 
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hampered the acceptance of microturbine cogeneration.  The lack of market penetration 

has hurt microturbine manufacturers, and some companies have abandoned the 

microturbine concept altogether.  Honeywell in particular ceased production of its 

microturbine in 2002.   

 Microturbines are a possible candidate for a micro-CHP unit.  Small gas turbines 

are not as efficient as small reciprocating engines, but for high heat to power ratio 

applications, a high electrical efficiency is not necessarily required for the cogeneration 

application.  Advantages of a microturbine generator over a reciprocating engine include 

better quality heat exhaust, less maintenance, lower emissions, and less noise and 

vibration.  The waste heat in a reciprocating engine is divided between the jacket coolant 

and the exhaust heat, whereas almost all of the waste heat in a microturbine is contained 

in the exhaust.  This means the heat recovery system can be simpler for a microturbine – 

one heat exchanger is needed rather than two.  The maintenance cost for a well designed 

microturbine should be lower than that of a reciprocating engine because a microturbine 

has only one moving part.  Oil changes do not need to be performed as often, as the oil 

and bearing system are kept separate from the combustion.  The emissions for gas turbine 

engines are generally lower than reciprocating engines because of the continuous 

combustion.  This combined with an emissions reduction scheme such as water injection 

or lean premixed combustion could reduce NOx and CO emissions to very low levels.  

Reciprocating engines produce a lot of vibration and noise due to the reciprocating mass 

of the piston.  The only movement in microturbines is a balanced rotor spinning at a high 

RPM, so vibration is minimal.  High frequency noise from within the engine can be 

reduced with proper unit isolation.   
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1.3 Micro-Cogeneration System 

 A micro-cogeneration system for a personal dwelling must be sized correctly, just 

as a furnace must be sized correctly.  Too large a system and the system will only turn on 

for short periods of time to regulate the amount of heat output which could lead to 

excessive wear and failures.  Too small a system and it will not be able to heat the house 

in the coldest days of winter and need a supplementary heating system, adding to the total 

system cost and complexity.  Each house has its own specific heating needs and requires 

a specific heating capacity.  To fit every individual house with a cogeneration system 

would require a large range of sizes of units for proper operation.  The general sizing of 

the units would be in the order of 5 – 40 kW of heat output.  Farahbakhsh et al. (1998) 

gave an average residential detached house space heating energy consumption of 67 GJ 

per year for Ontario, which is an average of 2.1 kW of heating power over the year 

however the distribution of heating is not at all uniform.  If the system were to be used to 

provide heat only for space heating, it would be dormant for the summer and put to use at 

full capacity only in the coldest days of winter.  Thus the heat output must be 

significantly larger than the average yearly house heat requirement.   

 The electrical demand for the house is more consistent than the heat demand since 

it is relatively insensitive to the climate, though it will vary depending on the time of day 

and the occupant’s usage of appliances and other electrical equipment.  Farahbakhsh et 

al. (1998) reported the average residential detached house electrical usage in Ontario as 

32 GJ per year or 1.0 kW averaged over the year, not including heating or cooling.  While 

these numbers give an average heat to power ratio of approximately 2:1, the ratio will be 

much larger in the winter and smaller in the summer.  The allowable electrical output of 
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the system will also depend on whether the utility company is willing to buy back excess 

electricity from the system user or whether the excess electricity produced by the system 

is wasted.  If the utility is willing to buy back electricity at a high enough rate, the size of 

the system electrical output is not limited by the requirements of the house and so in this 

case the system can be oversized electrically but sized properly with regard to heat 

production.  The electrical production will depend on the heat output and the system 

efficiency, ranging from approximately 1 – 10 kW.   

 Space heating is not the only possible use for microturbine waste heat.  Other uses 

for the heat allow the system to run more hours per year and could improve system 

payback due to a greater amount of generated electricity.  The heat could be used for 

domestic hot water, which is much more of a constant year round load than space 

heating, allowing the system to be used throughout the whole year.  The water heating 

system could also be used to heat a pool in the summer.  An additional use for the waste 

heat in summer is through an absorption chiller air conditioning system for space cooling.  

Combining absorption cooling with pool or domestic water heating and electricity 

generation could result in even more energy savings due to the use of trigeneration (or 

combined cooling, heat and power; CCHP).   

 A completely custom designed microturbine may be the most efficient solution 

for producing a turbine based micro-cogeneration system, but it will inevitably be very 

expensive to develop and produce.  A better solution could be to build a microturbine 

generator unit around an existing engine, or perhaps an existing turbocharger.  One 

possible type of engine the system could be based around is a hobby turbojet engine.  

These engines are built to propel model airplanes, and range in size from around 50 N to 
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200 N of thrust.  The ArtesJet KJ-66 is a representative hobby turbojet engine.  Table 1.2 

gives the manufacturer’s operating specifications for the 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 determine if the KJ-66 engine would be 

suitable as the basis for a microturbine cogeneration system.  To accomplish this, the 

objectives for the work were set forward as:   

 

1.  To test the KJ-66 engine with the propelling nozzle as well as a custom diffuser to 

determine its performance 

2.  To analyze the data to determine effect of the diffuser on the engine 

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

cogeneration system based around the KJ-66 engine 

 

 The scope of the experimental testing was limited to engine testing with the 

nozzle and diffuser but without the engine producing any net shaft power.  The scope of 

the analysis was to provide a reasonable estimate of theoretical system performance, 
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ignoring the losses from the gearbox and generator.  Reliability and economics were not 

considered with the analysis of the present work.   
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Chapter 2 Literature Review 

2.1 Introduction 

 Large gas turbine engines have been used for decades in air travel and power 

generation stations.  The technology is very much advanced for these large and mid sized 

turbines.  Gas turbine engines with power output of less than about 300 kW are termed 

microturbines.   Microturbines for power generation are an emerging technology.  Higher 

microturbine efficiencies are available due to advances in materials (especially ceramics) 

technology.  This technology comes at a high price and it is only in the developing stages, 

so all of the commercially available microturbines are based on high temperature 

metals/superalloys technologies used in larger gas turbines.   

2.2 Microturbines 

 Soares (2002) provided an overview of microturbine technologies and 

applications.  The most common of these applications are in continuous combined heat 

and power generation.  Other applications which focus on electricity production include 

peaking mode (generating electricity only during peak times), islanding mode/off grid 

production, premium power, and grid support. A great advantage of microturbines is their 

fuel flexibility, which Soares (2002) demonstrated by giving many case studies of 

microturbines running off of landfill gas, biomass, and other waste fuels.  Processing of 

the dirty or low heating value gasses may be necessary to reduce combustion emissions.  

Soares (2002) also outlined the direct competition for microturbines as coming from 
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reciprocating engines, fuel cells, photovoltaic systems, turboexpanders, and wind energy, 

and pointed out that microturbines can also be used with fuel cells instead of a combustor 

to increase the efficiency of the entire system.   

 The utility of microturbines, as with that of larger generators, is largely related to 

their efficiency.  Microturbine efficiencies are generally lower than those of large gas 

turbines because their size limits the engine pressure ratio and the lack of turbine blade 

cooling limits their turbine inlet temperatures.  Two important factors for having a highly 

efficient microturbine are a high turbine inlet temperature and a high effectiveness 

recuperator.  Commercially available microturbine units are currently in the range of 26 – 

30% efficiency.  McDonald and Rodgers (2005) stated that ceramics technology could 

enable a 40% efficient microturbine to be built by allowing for higher turbine and 

recuperator inlet temperatures shown in Figure 2.1.  This, combined with exhaust heat 

recovery, would make distributed generation with microturbines a very economically 

viable concept, as long as the unit initial cost was kept reasonable.  Wilson (2002) 

predicted an efficiency of 50% for a 300 kW microturbine, with a three stage low speed 

ceramic axial turbine and an ultra effective rotary regenerator.  This is much higher than 

other predictions for ceramic microturbines.  The unit is on the large end of the 

microturbine spectrum which allows for greater efficiencies through the use of larger and 

more efficient turbomachinery.  A unit of this efficiency may not even need heat recovery 

to be economically profitable.  This unit is still in the 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 reciprocating engines for distributed 

cogeneration is their potential for very low emissions.  Cogeneration leads to lower total 

emissions but since cogeneration systems would probably be closer to a population centre 

than large power plants, the local air quality could be reduced.  Canova et al. examined 

this by comparing the emissions of a 60 kW microturbine employing lean premixed 

combustion and a 180 kW reciprocating engine, both running on natural gas, on a per-

kilowatt basis.  They found that for the system running at full load the NOx and CO 

emissions of the microturbine were much smaller than that of the reciprocating engine 

(68 to 1485 mg/kWh NOx and 47 to 1136 mg/kWh CO).  At part load however the 
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microturbine CO emissions increased rapidly to 10 251 mg/kWh at 50% loading while 

the NOx emissions stayed relatively constant.  The emissions for the reciprocating engine 

were relatively constant throughout the engine operating range.  This demonstrates the 

advantages of microturbines in low emissions but also the need to stay within a small 

operating range of fuel air ratios to maintain the low design point emissions.  Figure 2.2 

shows the part load CO, NOx, total hydrocarbon, and non-methane organic compound 

emission characteristics for the 60 kW microturbine analyzed by Canova et al.  

 

Figure 2.2: Part Load Emissions for a 60 kW Microturbine (Canova et al., 2008) 

2.3 Small Microturbines 

 At the low end of the power output scale of microturbines are units that produce 

between 1 - 5 kW electricity.  This size of generation unit is important because it matches 

approximately the electrical needs of personal homes.  McDonald and Rodgers (2001) set 

forth a power vision in which these small turbines (coined “personal turbines”) are 
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commonplace in homes around the world.  They argued a sufficiently efficient yet mass 

produced, cheap gas turbine generator network could be cost effective and greener than 

many other energy sources.  As other green technologies such as fuel cells come on 

board, they can be connected with the personal turbine system to produce a more efficient 

generation system than either of the two technologies separately.   

 Research is increasingly being done in the small microturbine field.  Rodgers 

(2000) outlined fundamental design principles for microturbines in the 5-25kW range.  

The hypothetical units described are fully metallic, with efficiencies of between 20-30%.  

The paper gave a vision of a short term attainable, mass producible, economically viable 

engine.  Ceramic turbines were not considered, other than to say the rotors are of lower 

efficiency and their structure is less predictable.   

 IHI Aerospace Co. has developed a portable gas turbine generator with a rated 

output of 2.6 kW called Dynajet 2.6, described in Kumakura et al. (2004), shown in 

Figure 2.3.  It is a first step in commercially available small microturbines, but it suffers 

from low efficiency and is fueled by kerosene.  This choice of fuel and low efficiency 

mean it is most useful as a high quality portable power 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 difficult to achieve.  Monroe et al 

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

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

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

theoretical cycle efficiency, and explained this was due to fluid and heat leakage.  Good 

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

(2006) presented one solution to heat leakage where the recuperator is wrapped around 

the combustion chamber.  Thus, any heat leakage from the combustion chamber goes into 

the recuperator, and so only the heat leakage from the recuperator to the outside makes a 

difference to the efficiency.  Other microturbine designs also incorporate the recuperator 

wrapped around the combustion chamber but this design is probably the most compact 

one, and is shown in Figure 2.4.   

 

 

Figure 2.4: Microturbine with a Swiss-Roll Recuperator (Shih et al., 2006) 
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2.4 Microturbine Cycles 

 Due to their small size, microturbines have limited pressure ratios.   Tip leakage 

and low Reynolds number effects decrease the efficiency of small turbomachinery, and 

thus high pressure stages are ineffective in microturbines.  Pressure ratios in 

microturbines are generally limited to about 4.   

 The limited pressure ratio means recuperation of the exhaust heat can be used to 

increase the low efficiency of the engine.  Intercooling is used on some microturbines, 

but it is not as universally done as recuperation.  Rodgers (2001) investigated possible 

cycles for a 50 kW microturbine, and concluded that the simple recuperated cycle was 

optimal.  He found the intercooled recuperated cycle to be slightly more efficient, but 

required a high effectiveness intercooler which added to the weight, cost, and complexity 

of the system.   Sadeghi et at. (2006) performed a thermodynamic analysis of various gas 

turbine cycles.  They demonstrated that while the thermal efficiency of cycles with both 

an intercooler and a recuperator (ICR cycle) are generally higher; the maximum exergetic 

efficiency of the recuperated only cycle is larger and occurs at a lower pressure ratio if 

exhaust heat is utilized.  The recuperated only cycle produces more usable exhaust heat 

than the intercooled cycle.  Thus, intercooled microturbines are generally only used in 

higher capacity units with no heat recovery.  Rodgers et al. (2007) also examined this 

issue for a 300 kW sized automotive microturbine, and found that the ICR engine was 

slightly more efficient but much more complex and costly to manufacture than a 

recuperated only gas turbine.   

 Recuperators are typically inserted in the gas cycle with the turbine exhaust 

heating the compressor exhaust.  Dellenback (2002) however proposed a different cycle 
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configuration.  He analyzed the effects of placing the recuperator between two turbine 

stages, as shown in Figure 2.5.  The electrical efficiency of this cycle is larger than that of 

the typical regenerator configuration, because it results in a higher temperature heat 

addition.  The cycle however leads to a lower specific work output.  The optimum 

pressure ratios for the alternative recuperated configuration however are larger than those 

for the regular recuperated cycle, and the recuperator inlet temperature is hotter which 

may present some materials problems.  The alternative recuperated cycle thus may only 

be suitable for the larger microturbines.  Figure 2.6 shows a comparison between this 

cycle, the conventional recuperated cycle, and a high pressure ratio simple cycle, for 

varying recuperator effectiveness.   

 

Figure 2.5: Alternative Recuperator Cycle Configuration (Dellenback, 2002) 
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Figure 2.6: Alternative Recuperator Cycle Comparison with Simple Cycle and 

Conventional Recuperated Cycle (Dellenback, 2002) 

 

 A method of increasing microturbine cycle efficiency without a recuperator is 

through the use of a sub-atmospheric cycle after the turbine.  Bianchi et al. (2002) and 

Agnew et al (2003) analyzed the use of an ‘inverted Brayton cycle’ (IBC) which utilized 

the heat energy from the turbine exhaust by expanding it to sub-atmospheric pressures, 

cooling it, then recompressing it to the exhaust pressure.  Their analysis was based on 

larger cogeneration plants, but is still applicable to microturbines.  The smaller pressure 

ratio cycles in unrecuperated microturbines would benefit more from an inverted 
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bottoming cycle because of their higher exhaust temperature.  A problem with inverted 

cycle components is their large size and cost, but this would not be as big of a problem 

with small microturbines since even a large inverted pressure ratio would not result in 

overly large inverted cycle components.   Fuji et al. (2001) described the testing of a 

small inverted Brayton cycle which did produce net work but was extremely inefficient.  

The prospects of using sub-atmospheric cycles to increase the efficiency of gas turbine 

systems do not look promising, and not many people have pursued them, instead looking 

to recuperators for waste heat recovery.   

 A high efficiency concept in distributed power generation is the matching of a gas 

turbine cycle with a high temperature fuel cell, most commonly a solid oxide fuel cell 

(SOFC).  Harvey and Richter (1994) showed that exergy losses were greatly reduced with 

the use of a fuel cell as a partial replacement for a gas turbine combustion chamber.  They 

also predicted that high 60% cycle efficiencies would be achievable in the near future.  

Rolls Royce is developing a 1MW fuel cell – gas turbine hybrid system, described in 

Agnew et al. (2005) and Berenyi (2006).  This system uses multiple stacks of 10 kW fuel 

cells.  There is a potential for fuel cells to be used in microturbine systems by scaling 

down the number of fuel cells.  Because the fuel cell systems are quite efficient, heat 

recovery may not be necessary for the cycle to be economically viable.  Magistri et al. 

(2002) described a theoretical hybrid fuel cell/microturbine generating unit, based on a 5 

kW microturbine.  The fuel cell is the main electricity generator, producing 31 kW.  The 

full system is 36 kW electrical output, 56% electrical efficiency.  The part load efficiency 

for both the hybrid system and the fuel cell alone is shown in Figure 2.7.  This shows that 

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

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

turbine inlet temperature) control.   

 

Figure 2.7: Part Load Performance of Fuel Cell/Microturbine Hybrid System 

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

2.5 Heat Exchangers for Microturbines 

 Heat exchangers are vital in microturbine technology because microturbines need 

exhaust heat recovery to attain suitable efficiency.  Research into efficient microturbines 

has necessitated increasing research into cheap, compact air to air heat exchangers to use 

as recuperators.  McDonald (2000) looked at the potential for low cost, mass producible 

recuperators.  He stressed the need for using a primary surface geometry made from thin 

foil stock in order to reduce the material and manufacturing cost of the recuperator, while 

still maintaining high exchanger effectiveness.  He also stressed the need for a long term 
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materials development in heat exchangers, primarily in ceramic materials, to achieve the 

highest predicted microturbine efficiencies of 50%.   

 Many different heat transfer surface geometries are possible for microturbine 

recuperators.  Utrainen and Sundén (2002) analyzed some popular potential surface 

geometries, known as cross-corrugated, cross-wavy, corrugated-undulated, and plate-fin.   

Their analysis, keeping hydraulic diameter equal for the different geometries, showed the 

superiority of the cross-corrugated primary surface heat exchanger in both thermal 

performance and ease of manufacture.  They concluded that the cross-corrugated surface, 

pictured in Figure 2.8, has the greatest potential for use in future compact recuperators.  

While their analysis was generally good, the constraint of identical hydraulic diameters 

may have been limiting to some geometries where it is easier to make small passages, or 

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

 

Figure 2.8: Cross Corrugated Primary Surface Geometry  

(Utriainen and Sunden, 2002) 
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 Within the label of cross-corrugated primary surface recuperators, many different 

geometries are possible, in both the main counterflow heat transfer area and the inlet and 

exits.  Micheli et al. (2007) performed a multi-objective optimization of the cross-

corrugated, primary surface geometry to minimize the pressure loss and maximize heat 

transfer per unit area in a representative unit cell.  A Pareto frontier was developed of 

optimized recuperator geometries where a design with a better effectiveness gave a 

higher pressure drop, and vice versa.  The final design selection was made from these 

optimized designs based on the designer’s preferences on the tradeoff between pressure 

drop and effectiveness.  The optimum corrugation geometry was found to be closer to a 

triangular wave rather than the traditional sine wave as shown in Figure 2.9.  In this 

figure, the light grey sections are the recuperator walls and the darker sections (or colored 

sections) are the flow passages.  This geometry resulted in greater mixing and vortex 

generation that improved heat transfer characteristics and pressure drops compared to the 

initial sine wave geometry.  One stated disadvantage of this design is the sharp corners 

which could lead to premature material failure.  This of course is a large issue with the 

optimized design because material strength restrictions have been a limiting factor in the 

development of recuperators.   

 

Figure 2.9: Cross-Section Comparison of Initial to Optimized Cross-Corrugated  

Geometry (Micheli et al., 2007)  
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 Treece et al. (2002) outlined the history and experience of microturbine 

recuperator manufacturing and operating experience at Capstone Turbine Corporation.  

Due to some previous troubles with brazed recuperators, Capstone had selected a fully 

welded primary surface recuperator for use in its C30 and C60 engines.  The stock 

material used was stainless steel sheet less than 0.004” thick.  Typical problems of 

recuperators in gas turbines are cracks and leaks due to thermal stress cycles.  As of 

publication, Capstone’s microturbine fleet had amassed over 1 million operating hours 

and over 200,000 start-load-stop cycles without a single recuperator failure.  The 

recuperator cartridge is pictured in Figure 2.10.   

 

Figure 2.10: Capstone Assembled Recuperator (Treece et al., 2002) 
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 While counterflow, primary surface recuperators are the most commonly used 

heat exchangers for microturbines, rotary regenerators are also being considered for use.  

Although they have many problems such as leakage and thermal stress, a new type of 

rotary regenerator using a discontinuously moving core was developed and described by 

Wilson (2003).  The discontinuously moving core allowed for much better sealing 

performance, and the core was made from a ceramic honeycomb which made it much 

more resistant to thermal stress and shock than metallic heat exchangers.  Wilson 

predicted that this regenerator could be used to produce a 300 kW microturbine that is 

capable of 50% electrical efficiency.   

2.6 Microturbine Applications 

 The main focus of microturbine research has concentrated on power generation, 

made economical by the use of cogeneration.  Pilavachi (2002) reviewed the main efforts 

in microturbine cogeneration.  He demonstrated the demand for gas turbine cogeneration, 

looking at the increased use of natural gas and other fuels suitable for gas turbines and 

other energy considerations.  He however insisted that for distributed generation and 

microturbine CHP to be economically feasible, electricity cost must be higher than it was 

in Europe in 2002.  He also claimed that CO2 emissions in Europe could potentially be 

reduced by 500-600 tonnes/year with a wide scale adoption of CHP (30% penetration).  

The uncertainty in the microturbine market was underlined, with strong dependence on 

technical advances, energy costs, finding of niche markets, and government policy.   
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 Gamou et al. (2005) modeled an extended cogeneration system that included 

power generation and heating, and also cooling.  They investigated implementing this 

CCHP system in hospitals and office buildings, sized around 30-80 kW, including the 

microturbine system and an exhaust gas fired boiler, an absorption chiller, and a 

desiccant air conditioner.  They found that the addition of the desiccant air conditioner to 

the absorption chiller saved 3-10% of the operating cost, depending on the size and usage 

patterns of the building.  Capital costs however were not taken into consideration.  

Liekens et al. (2005) found that using an absorption chiller alone did not end up 

providing energy savings over providing a separate electrical cooling system.  This 

emphasizes the need for cogeneration systems to be optimized for their specific location, 

as well as showing that CCHP has the potential to be economically viable.  Nogués et al. 

(2006) found that with at 28 kW microturbine, using a single effect – double effect 

absorption chiller, 49.2 kW of cooling could be produced experimentally.  This produced 

an expected maximum total efficiency of 60 – 65%, however this value is a poor 

indication of the benefit of the unit over an electrical chiller with a much higher 

coefficient of performance.  With a coefficient of performance of 4, 49.2 kW of cooling 

only requires 12.3 kW of energy input, so a total efficiency based on adding the electrical 

output and the cooling output is not a good indication of the true value of the system.   

 Another use of a microturbine generator could be as an auxiliary power unit 

(APU) for a diesel truck.  McDonald and Rodgers (2007) suggested that a 5 kW 

microturbine system running on diesel fuel could reduce idling in heavy duty diesel 

trucks which is horribly inefficient.  Using the existing diesel turbocharger as the basis 

for a gas turbine APU was considered, but ultimately rejected because of the low 
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efficiency of the cycle and possible feasibility issues.  Instead, they envisioned a 

standalone recuperated microturbine generator providing the truck with power and, if 

needed, heat for the cabin and de-icer.  Compared with a small diesel generator, the fuel 

consumption was found to be slightly higher.  Also, a unit cost of $250/kW was set as a 

target for large scale production, which is currently unattainable in microturbines 

produced in small quantities.  If this generator could be successfully implemented and 

marketed, it could be the first large scale production of small microturbines which could 

lead to the technology being implemented in other areas.    

2.7  Residential Cogeneration 

 Some work has been done looking at small scale residential cogeneration, but 

mainly in the area of reciprocating engines.  A few domestic cogeneration systems exist 

but none are based around microturbines.  The United States Department of Energy 

(2003) outlined a vision for small scale residential cogeneration through the technologies 

of stirling engines, rankine cycle generators, reciprocating engines, and fuel cells.  The 

cited electrical efficiencies of these technologies are low, the highest being a 

reciprocating engine having a 20% electrical efficiency and 80% total efficiency (no 

efficiency for fuel cells was cited), but this is reasonable for residential cogeneration with 

a high heat to power ratio demand.  Stirling engines however are cited to have an 

electrical efficiency around 10% which would not be optimal for system profitability 

unless the investment cost of the system was low, or the utility was unwilling to buy back 

excess electrical power.  They forecasted that to be economically competitive, by 2007 

micro-CHP technologies will need a simple payback period of 5-7 years and an 
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incremental investment cost of less than $500/kWe.  Microturbines for CHP were not 

considered in the analysis.   

 Onovwiona and Ugursal (2006) reviewed the technologies available for under 10 

kWe residential cogeneration, including reciprocating internal combustion engines, 

microturbines, fuel cells, and external combustion stirling engines.  They concluded that 

internal combustion engines had the most promising economics while stirling engines 

and fuel cells had promising technologies but, currently, not promising economics.  

Microturbines, they concluded, were not suitable for applications under 10 kWe 

applications due to the fact that there were no commercially available microturbine 

cogeneration units with power outputs of under 25 kW.  Residential cogeneration 

utilizing fuel cells was investigated in more depth by Alanne et. al. (2006).  They found 

that a small 1-2 kWe solid oxide fuel cell system could be feasible in a climate like 

Ottawa, Ontario.  While running at constant power (not matching the heat demands), a 

higher power system resulted in too much waste heat and did not save energy.  It was 

found this small power was enough to satisfy the average house electricity demands 

while not providing too much waste heat.  The analysis is based on constant power 

through the year; the system is not switched off even in the summer.  A higher power 

system might be feasible if not used during high heat demand periods.  The initial cost of 

the system was also found to be very high, estimated at $7000/kWe.   

 There are several available micro-cogeneration systems currently commercially 

available.  Table 2.1 summarizes some of these units’ type 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 reciprocating 

(gas) 
2 - 4.7 kW 6.6 – 12.5 

kW 
> 90% 

XRGI 13 EC Power reciprocating 
(gas) 

4 – 13 kW 17 – 29 kW 95% 

XRGI 15 EC Power reciprocating 
(gas) 

6 – 15.2 
kW 

17 – 30 kW 92% 

XRGI 17D EC Power reciprocating 
(diesel) 

4 – 17 kW 11 – 26 kW 85% 

Dachs SenerTec reciprocating 
(gas) 

5.5 kW 12.5 – 14.8 
kW 

88 – 99% 

WhisperGen WhisperGen 
Ltd 

stirling (gas) 1 kW 7.5 – 12 kW  
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Chapter 3 Theory 

3.1 Gas Turbine Theory 

3.1.1 Ideal Cycle 

 Gas Turbines operate on the principle of the air standard Brayton cycle.  In the 

ideal cycle, air is inlet to the compressor where it is isentropically compressed, then heat 

is added at a constant pressure in the combustor, and lastly the air is isentropically 

expanded back to atmospheric pressure in the turbine.   A low pressure ratio ideal 

Brayton cycle which is used by microturbines is shown in Figure 3.1, where process 1-2 

is the compressor, 2-3 is the combustor, and 3-4 is the turbine.   
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Figure 3.1: Example of Ideal Brayton Cycle with Low Pressure Ratio 
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3.1.2 Real Cycle 

 The ideal cycle is not attained in a real gas turbine engine because of non-

isentropic work done in the compressor and turbine, and pressure drops in other 

components.  Additionally, the mass flow through the turbine is slightly larger than 

through the compressor due to the mass of the fuel and the working fluid has slightly 

different properties than air because of the influence of combustion products.  Figure 3.2 

shows a simple cycle real cycle with non-isentropic turbomachinery and a pressure drop 

through the combustor.  Figure 3.3 shows the same cycle with a recuperator and its 

associated pressure drops.  Process 1-2 is the compressor, and 3-4 is the turbine.  For the 

simple cycle, the combustor pressure drop is the difference between the pressure at 2 and 

3.  In the recuperated cycle, points 2 and 4 are the cold and hot side recuperator inlets, 

and 2R and 5 are the cold and hot side recuperator outlets.  There is a pressure loss 

through both sides of the recuperator as well as in the combustor.   

 

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 is atmospheric air in the compressor, 

and a combination of atmospheric air and the products of combustion after the 

combustor.  The assumption of a perfect working gas for both of these was made for the 

purpose of simulation and analysis.  The equation of state is given by 

 TRP r=  (3.1) 

 Where P is pressure, r  is gas density, R is the specific gas constant for the 

working fluid, and T is the fluid temperature.  A perfect gas has a constant specific heat 

which relates the change of temperature directly to the change in enthalpy.   

 Tch pD=D  (3.2) 

 The real value of specific heat however is a function of temperature, and varies 

slightly over the range seen in the engine, so cp was only considered a constant for each 

individual component, and was calculated from the mean temperature in the component.   
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 The compressor and turbine in the gas turbine cycle do work on and extract work 

from the fluid.  The combustor and heat exchanger(s) add or remove heat from the fluid.  

The work done and heat transfer to the fluid are related to the stagnation enthalpy of the 

fluid by the energy equation.   

 ( ) ( ) 011022
2

12
1

11
2

22
1

22 hmhmVhmVhmWQ ������ -=+-+=-  (3.3) 

 Where Q�  is the rate of heat transfer into the fluid, W�  is the rate of work done by 

the fluid (power), m�  is the fluid mass flow, h is the fluid enthalpy, h0 is the fluid 

stagnation enthalpy, and V is the fluid velocity.  If the mass flow in and out of the 

component is the same, as is the case with the compressor and turbine, then equation 3.3 

combined with equation 3.2 give 

 ( )0102 TTcmWQ p -=- ���  (3.4) 

 The efficiencies used for the compressor, turbine, and diffuser are isentropic 

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

process in a perfect gas is relates the pressure ratio to the temperature ratio by 
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 Where �  is the ratio of specific heats, and is dependant on temperature; however, 

just as for the specific heat its value was always taken at the process mean temperature.   

 At most stations throughout the engine, the flow was considered to be one 

dimensional, i.e. having uniform flow parameters such as velocity, pressure, and 

temperature in a given cross section.  The only place where this assumption was not made 

was the turbine outlet, where the effects of swirling flow were taken into account.  For 

one dimensional flow, the mass flow was calculated by 
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 VAm r=�  (3.6) 

 Where �  is fluid density, V is perpendicular velocity, and A is flow area.  At the 

turbine outlet, equation 3.4 was also used but with velocity replaced with perpendicular 

velocity.  The swirling flow coming out of the turbine was assumed to be in a free vortex.  

In free vortex flow, the swirl velocity is a function of radius, related by 

 rKVswirl /=  (3.7) 

 Where K is a swirl constant and r is the radius of the point from the axis of swirl.  

Total temperature, total pressure, and axial velocity are constant across the cross section.  

Static temperature and pressure vary depending on the swirl velocity, subject to equations 

3.3 – 3.5 (assuming no heat transfer or work done on or by the fluid).  Where static 

pressures, temperatures, and swirl velocities are reported these are based on the midpoint 

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

midpoint density.   

3.1.4  Turbomachinery 

 The turbomachinery components of a gas turbine are the compressor and turbine.  

In the ideal Brayton cycle these components compress and expand the working fluid 

adiabatically and reversibly (i.e. isentropically) however in the real cycle they do not.  

Viscous losses, eddy losses, tip leakage losses, and heat leakage from the combustor to 

the compressor are some of the irreversibilities encountered in turbomachinery.  It was 

assumed however that the turbomachinery did operate under adiabatic conditions.  To 

describe the performance of turbomachines over a range of working conditions, non-

dimensional groups were derived as described in Dixon (1998).  Assuming a perfect 
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compressible gas as the working fluid,  the turbomachinery performance parameters – 

work done per unit mass of fluid for an isentropic process sh0D , the component 

efficiency h , and the compressor or turbine power W� , are functions of: the fluid 

viscosity m, the rotational speed N, the turbomachine outer diameter D, the fluid mass 

flow m� , the inlet total density 01r , the inlet speed of sound 01a , and the inlet ratio of 

specific heats g .   

 { }grmh ,,,,,,,, 01010 amDNfWh s �� =D  (3.8) 

 Selecting 01r , N, and D as common factors, the following dimensionless groups 

can be created.   
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 The dimensionless groups can be simplified by further applying the assumption of 

a perfect gas working fluid.  Isentropic heat rise coefficient can be transformed into the 

pressure ratio, the efficiency stays constant, and the power coefficient becomes the 

temperature rise coefficient.  These are functions of flow coefficient, blade Mach 

number, Reynolds number, and ratio of specific heats as shown.   
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 A common practice when analyzing turbomachines is to drop the geometric 

scaling, gas properties, and Reynolds number from these non-dimensional groups, thus 

making them quasi-dimensionless.   In the analysis of a specific size turbomachine 

operating with a single gas, the geometric scaling and gas property terms are usually 

dropped.  The Reynolds number is usually dropped because the flow is assumed to 
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operate at high Reynolds numbers and is thus fully turbulent.  In the case of 

microturbines however this is not necessarily the case, and laminar boundary layers can 

develop in the compressor and turbine which reduces their efficiency.  However, 

Reynolds number can still be dropped from the analysis because of the small range of 

Reynolds numbers over which the turbomachinery operates.  With this simplification, the 

pressure ratio, efficiency, and temperature gain ratio become a function of only the 

simplified mass flow coefficient and simplified speed coefficient.    

 

�



�
	







�
�

=
D

0101

01

01

0

01

02 ,,,
T

N
P

Tm
f

T
T

P
P �

h  (3.11) 

 Pressure ratio and efficiency are usually plotted as functions of mass flow 

coefficient and speed coefficient in compressor and turbine maps.  Temperature rise ratio 

can be calculated from these so it is usually not plotted.  These coefficients can also be 

scaled based on a reference temperature and pressure, as is done in the current work, to 

produce a corrected mass flow and speed.  Relative mass flow and speed can also be 

specified as the ratio of the corrected mass flow and speed to a design point value.  For 

initial simulation work, the turbomachinery maps used were taken directly from Davison 

(2005).  These compressor and turbine maps are shown in Figures 3.4 thru 3.7.  A 

bilinear interpolation algorithm was used to interpolate for the performance data between 

the running lines to provide a continuous running map.   
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Figure 3.4: JG-100 Compressor Pressure Ratio Map (Davison, 2005) 
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Figure 3.5: JG-100 Compressor Efficiency Map (Davison, 2005) 
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Figure 3.6: JG-100 Turbine Mass Flow Map (Davison, 2005) 
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Figure 3.7: JG-100 Turbine Efficiency Map (Davison, 2005) 
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3.1.5 Combustor 

 The two parameters that characterize a combustor are the combustion efficiency 

and combustor pressure loss.  Combustion efficiency is defined as the ratio of the actual 

thermal energy obtained by burning the fuel to the chemical energy put into the system 

through the fuel.  The chemical energy that is not converted to thermal energy exits the 

combustor as unburned hydrocarbons as well as undesired products of combustion such 

as carbon monoxide, nitrogen oxides, soot, and sulfur oxides.  Combustion efficiency can 

be calculated by dividing the difference of the energy of the products and the reactants by 

the chemical energy contained in the fuel (based on the lower heating value, LHV) as 

shown in equation 3.12.  By assuming the products and reactants are perfect gasses, their 

sensible energy can be calculated based on their temperature (T04) and the heat capacity 

(cp), compared to a reference temperature (Tref) of 25°C.  The effect of heating and 

vaporizing the fuel was assumed to be negligible because of the low fuel mass flow 

compared to the air flow.   
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 The average heat capacity between the gas temperature and the reference 

temperature must be used since the heat capacity varies with temperature.   

 Combustor pressure loss occurs from two different sources.  The first is the ‘cold’ 

pressure drop, i.e. the pressure drop due to fluid friction and kinetic energy losses of the 

airflow going through the combustor lining.  This pressure drop does not depend on what 

combustion processes are occurring.  To account for cold pressure drop in the preliminary 

model, a quadratic correlation for cold pressure drop based on mass flow was developed 
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with data from Davison (2005).  The other source of pressure drop in a combustor is the 

‘fundamental’ pressure drop associated with heat release and the fact that work has to be 

done to accelerate an expanding gas.  According to Walsh and Fletcher (2004), the 

absolute value of fundamental pressure drop is much lower 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 fluid and reduces its speed in such a 

way that the static pressure increases through the diffuser.  Due to the adverse pressure 

gradient on the walls of the diffuser which tends to make the boundary layer separate, the 

flow must be gradually diffused or it will have a high total pressure loss.  Diffuser 

efficiency is defined as the isentropic process temperature rise (over the same pressure 

ratio) divided by the actual temperature rise, shown in equation 3.13.  Pressure recovery 

coefficient is defined as actual pressure recovered divided by the maximum possible 

pressure recovery (i.e. the entire dynamic pressure head), as shown in equation 3.14.   
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 A diffuser with a pressure recovery coefficient of 1 must have an efficiency of 1 

and an infinite area ratio (i.e. slows down the flow to zero velocity, isentropically, which 

is the definition of stagnation conditions).  A real diffuser has efficiency less than 1 and a 

finite area ratio.   
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For the simulation, the diffuser area ratio was selected to be 4; the same as the 

designed diffuser described in section 4.3.  A diffuser efficiency of 80% was assumed.  

This gives a pressure recovery coefficient of 0.75 assuming incompressible one-

dimensional flow.  The pressure recovery coefficient varies with a fixed efficiency for 

compressible flow, but it remains close to 0.75 for the range of engine operation.     

3.1.7 Recuperator 

 The recuperator transfers heat energy in the exhaust to the compressor outlet air.  

Recuperator performance is described by the effectiveness and the pressure drop for each 

side of airflow.  While recuperator designs for microturbine generators do vary, primary 

surface recuperators are used most often and are generally thought to have the highest 

potential for high effectiveness and compactness with low pressure drop and 

manufacturing costs.  Thus, it was assumed that the recuperator for the simulation would 

be of the primary surface type utilizing a cross-corrugated geometry.  The effectiveness is 

the actual heat transfer divided by the maximum possible heat transfer, and is defined by 
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 Where Tc1 is the cold side inlet temperature, Tc2 is the cold side outlet 

temperature, Th1 is the hot side inlet temperature, Cc is the cold side heat capacity rate, 

and Cmin is the heat capacity ratio of either the cold or hot side, whichever is smaller.   

 Common values for effectiveness are around 0.8 – 0.85 for microturbine 

counterflow recuperators.  Kakaç and Liu (1998) gave an expression for counterflow heat 
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exchanger effectiveness as a function of number of transfer units (NTU) and heat 

capacity rate ratio (C*):  
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 Where A is heat transfer area, H is overall heat transfer coefficient, and C is heat 

capacity rate.  For a gas turbine recuperator, the cold side will always have the minimum 

heat capacity rate since the hot side has a higher mass flow from the additional fuel mass 

and a higher heat capacity due to the higher temperature.   

 An effectiveness of 0.85 was assumed at the design point of the system; however 

this was not assumed to be constant for off design performance.  For a non-constant 

effectiveness, the overall heat transfer coefficient H must vary depending on the flow.  

Kakaç and Liu (1998) gave the following correlation for cross corrugated heat 

exchangers: 
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 Where h is the heat transfer coefficient for one side, Dh is the hydraulic diameter, 

k is the fluid thermal conductivity, Ch is a correlation constant, G is the mass velocity, and 

n is approximately 0.7 for Reynolds numbers above around 100-300.  If the mean gas 

properties are assumed constant over the operating range of the recuperator, it is found 

that 



 42 

 85.0

7.0
7.0

3.03.0

7.0

flow

hII

flowh

hI

h

hI

A

mk

A
m

D

k

D

Gk
h

��
=�

�
�

�
�
�
�

�
=»  (3.20) 

 Where khI and khII are proportionality constants.  To derive a total heat transfer 

coefficient from individual sides, the sum of thermal resistances is used.  The thermal 

resistance that the wall provides is neglected, assuming a well designed thin wall primary 

surface heat exchanger.   
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 where Kh is a proportionality constant for a specific sized heat exchanger.  From 

this expression the variation of total heat transfer coefficient based on the varying 

conditions on the cold and hot side was determined.  The proportionality constants were 

found first at the design point (120 kRPM, 950°C turbine inlet temperature) with a set 

effectiveness of 85%, and then the constants were held constant at other operating 

conditions resulting in a variable effectiveness.  This model was only a rough estimate 

based on an empirical correlation, and variations in fluid properties between the hot and 

cold side were neglected.  A proper heat exchanger design would be more rigorous than 

this, however this was a first order approximation as to what the off design/part load 

performance of the recuperator would be.   
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 Pressure drops in recuperators occur in both the inlet and outlet manifolds as well 

as in the recuperator passages.  It is desirable to minimize pressure drops, but in general 

this counteracts the need for high heat transfer which allows for more compact 

recuperators which are less expensive due to reduced material cost.  Beck and Wilson 

(1996) pointed out that flow uniformity is important for a heat exchanger so a well 

designed manifold does not have a minimal pressure drop, but one that encourages flow 

uniformity through the heat exchanger passages as much as possible.  The pressure drops 

on the hot and cold side of the recuperator are not necessarily equal.  Indeed, since the 

hot atmospheric pressure air is at a much lower mean density than the cold compressed 

air, for identical flow passages, the pressure drop on the hot side of the recuperator will 

be much larger than for the cold side due to the high flow velocity.  The pressure drop on 

the cold side may be in the acceptable range but the hot side pressure drop may be very 

large, greatly affecting engine power and efficiency.   Thus, a common solution to this 

problem is to make the flow passages for the hot flow larger which brings the pressure 

drops towards equality.  The tradeoff here however is that a recuperator with non-

identical flow passages is more expensive to manufacture.    

 Kakaç and Liu (1998) gave a correlation for pressure drop in a cross corrugated 

heat exchanger channel: 
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 Where kpl is the pressure loss proportionality constant, Re is Reynold’s number, 

Leff is effective length, and Nplates is number of plates separating the hot and cold streams 

in the recuperator.  With effective length and number of heat transfer plates held constant 
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and lumped into the proportionality constant, viscosity variation neglected, hydraulic 

diameter assumed proportional to square root of flow area, and the exponent m set at 0.2 

(for relatively high Reynolds numbers), the expression was simplified to 
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 The pressure drop was calculated individually for the hot and cold side.  Design 

point cold and hot side pressure drops of 2% and 4% were assumed which required a hot 

side flow area to cold side flow area ratio of 1.57.  Just as for the effectiveness, the 

pressure drop constant kp was set using the design point pressure drop assumption, and 

then fixed when running off-design to give variable pressure drops.   

3.1.8 Mechanical Efficiency 

 A mechanical efficiency of 99.5% was assumed, the same as used by Davison.  

Mechanical efficiency is defined below in equation 3.15.  This value was an 

approximation as measurement of the mechanical efficiency at engine operating speeds 

would have been quite difficult.  It was used to determine the unknown turbine work 

from the known compressor work, and the turbine efficiency was calculated based on this 

value.  A sensitivity analysis for this value, based on real experimental data, is presented 

later in section 5.6.   

3.1.9 Performance 

 A major measure of gas turbine performance is the useful power it produces.  The 

net shaft power is given by 
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 ( )compressorturbinemechanicalshaft WWW ��� -=h  (3.26) 

 For gas turbine generators, it is not the shaft work which is desired but the net 

electrical output.  So frequently the electrical power rating of gas turbine generators is 

used as the performance measure.  Assuming the engine is connected to the electric 

generator via a gearbox, the net electrical power is given by 

 ( )compressorturbinegeneratorgearboxmechanicalelectrical WWW ��� -= hhh  (3.27) 

 In this work, the efficiencies of the hypothetical gearbox and generator were 

always assumed to be 1.   

 The efficiency of the gas turbine is an important performance measure.  The 

efficiency is the ratio of energy input to useful energy output.  This can be defined in a 

number of ways but one of the most widely used is the electrical efficiency based on fuel 

lower heating value, which is a measure of the chemical energy that can be attained by 

burning the fuel:   
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 Shaft power efficiency can also be defined in the same way, using shaft power 

instead of electrical power.  Since the gearbox and generator efficiencies were assumed to 

be 1, in this work shaft efficiency is equal to electrical efficiency.  Total (or thermal) 

efficiency of a cogeneration system can also be defined by adding the useful heat out to 

the electrical work produced:  
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 In this work, system efficiency always refers to electrical/shaft efficiency unless 

otherwise noted.   

3.2  Micro-Cogeneration System 

 Many additional components or modifications are required to build a micro-

cogeneration system based on a KJ-66 engine.  To produce net power, the engine shaft 

must be lengthened to feed into the gearbox and/or generator.  To avoid problems with 

the hot exhaust it is preferable to extend the shaft out from the front of the compressor.  A 

high speed permanent magnet generator could be connected directly to the shaft however 

these are expensive because they use rare earth materials, so a more economical method 

might be to construct a high speed reducing gearbox which brings the engine rotational 

speed down to a speed that conventional generators can handle.   

The engine in its default state produces thrust through a high speed jet of air 

coming out of the turbine.  Since a cogeneration unit would not need to produce thrust, 

the original propelling nozzle can be replaced by a diffuser which recovers the kinetic 

energy of this jet, and produces a larger turbine pressure ratio which allows the turbine to 

produce more work.  The diffuser increases the net power and efficiency of the engine.   

 The efficiency of a low pressure ratio microturbine by itself is low.  A high 

effectiveness recuperator heat exchanger increases the efficiency of low pressure ratio 

brayton cycle engines considerably.  The pressure drop through the recuperator results in 

a slightly reduced power output when the recuperator is used, so a low pressure drop 

through the recuperator is needed.  A regenerator type heat exchanger could be a 

potential alternative for a recuperator, however traditional regenerators are subject to 
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leakage and high thermal stresses, and next generation regenerators as described by 

Wilson (2003) are quite expensive.   

 The engine currently runs on kerosene mixed 5% with turbine oil.  This works for 

simplicity and compactness in the aero-engine state, however for efficiency and 

emissions considerations, the fuel and oil systems would need to be separated for a 

cogeneration system.  It may also be preferable to change the fuel from kerosene to 

natural gas, because of its better emissions profile and availability, since many people 

already have natural gas heating in their houses.  Gas turbine generators are more fuel 

flexible than reciprocating engines so these natural gas units could potentially run on 

propane or any other gaseous fuel as long as the emissions profile is satisfactory.  

Nitrogen oxides in particular must be kept very low to comply with current emissions 

regulations.   

 A heat recovery unit would also be needed to recover the heat for the 

cogeneration system.  This would most likely be an air to water heat exchanger making it 

less expensive and more compact than the recuperator, due to the good heat transfer 

properties on the water side.  This hot water could be used for space heating through 

radiators, domestic hot water supply, or pool heating.  For an ultra-efficient system, a 

condensing recovery heat exchanger could be used to recover latent heat as well as 

additional sensible heat.     

In addition to these, other components such as control electronics, power 

electronics, diagnostic sensors, air filters, fuel pumps/compressors, etc., would need to be 

fitted to the final system.  Modifications such as a ceramic turbine, a rotary regenerator, 

and even using the engine in conjunction with a fuel cell are possible but would be 
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expensive and make the system even more complex.  The aim of this micro-cogeneration 

system is to be a simple system but with sufficient power output and efficiency to make it 

a viable energy solution.  The overall system flow is shown in Figure 3.8.   

 

Figure 3.8: Microturbine Cogeneration System Diagram 

 If a working cogeneration system were being built, all these components would 

have to be integrated into the system.  The engine however was being tested to determine 

its suitability for a system such as this, so the engine performance was recorded and the 

rest of the system was simulated.  From this simulation, the viability of the cogeneration 

system based on the engine performance was determined.  A sample sketch of what the 

layout of a microturbine based cogeneration system could look like is shown in Figure 

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

 A preliminary simulation model of the engine was made to predict the 

characteristics of the engine performance with and without a custom diffuser.  This model 

did not include any heat exchangers but simply the baseline engine with a diffuser.   

Independent compressor and turbine maps were needed to simulate off-design conditions 

with back pressure and net work changing from the initial design.  While these were not 

available for the KJ-66, Davison (2005) had developed compressor and turbine maps for 

the JG-100 engine, a successor to the KJ-66 with much the same design.  These maps 

were shown in Figures 3.4 through 3.7.  The compressor on the JG-100 is only slightly 

larger than on the KJ-66, and the turbine design is identical.  Thus, it was assumed that a 

simulation based on these maps would predict to some degree the performance of the KJ-

66 engine.  The compressor map was modified slightly to reflect the smaller KJ-66 

compressor.  The reference mass flow was reduced by 32.5% and the pressure ratios were 

linearly reduced to match the engine design pressure ratio.   

 A program was written in Microsoft Excel™ and Visual Basic™ to take the 

operating inputs as specified by the user (ambient pressure and temperature, RPM, net 

work) and calculate the necessary engine operating conditions (i.e. pressure ratio, air 

mass flow, fuel flow, turbine inlet temperature, etc) to satisfy the inputs, based on the 

compressor and turbine maps and models for the other components.  The details of this 

program are described in Appendix I.  The simulation was identical to the one described, 

but did not include the recuperator or recovery heat exchanger.  Additionally, combustion 

efficiency was set to be constant at 0.9.   

 The results of the initial simulation are presented in figures 3.10 through 3.12.   
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Figure 3.10: Predicted Compressor Running Line Shift with 80% Efficient Diffuser 
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Figure 3.11: Predicted Turbine Temperature Reduction with 80% Efficient Diffuser 
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Figure 3.12: Predicted Reduction in Fuel Air Ratio with 80% Efficient Diffuser 

 

 From Figure 3.11, it can be seen the diffuser was predicted to reduce the turbine 

inlet temperature by around 80 k.  This reduction in turbine inlet temperature allowed a 

roughly 5% higher engine mass flow shown in Figure 3.10 since the air flowing through 

the turbine was colder and thus denser.  The higher air mass flow along with the reduced 

turbine inlet temperature led to a 20% decrease in fuel air ratio as shown in Figure 3.12.  

Experimental running of the engine was undertaken to determine if this analysis of 

engine changes proved to hold true for the real engine.   
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Chapter 4 Experimental 

 To determine if the characteristics of the KJ-66 engine matched those simulated in 

section 3.3, a test program was undertaken where the engine was tested with the original 

propelling nozzle and the performance compared to tests with two custom designed 

diffusers.  The test rig used by Davison (2005) was used, though some modifications 

were done to the rig.   

4.1 Objectives 

 The first step to determine if the KJ-66 was suitable to be the basis of a micro-

cogeneration system was to characterize the performance of the engine, specifically how 

much net work is attainable from the engine.  This determines the size of the 

cogeneration system.  The efficiency of the engine would be low because it is an 

unrecuperated low pressure ratio cycle, but higher efficiencies can be achieved later with 

a recuperator and, if necessary, replacement of the engine compressor, combustor, or 

turbine.   

 Simplicity will be paramount for the cogeneration system, to minimize both initial 

cost and maintenance costs.  For this reason, a design using the original engine as a gas 

generator and having a separate power turbine was rejected.  A design using only the 

original turbomachinery would be superior to a power turbine design both in cost and 

simplicity.  Another benefit to having a single shaft engine is that the electrical generator 

can be located in front of the compressor as opposed to at the rear of the engine where 

thermal isolation from the hot exhaust would be more of an issue.   
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 To produce net work with the engine, two things can be done without modifying 

the engine internals.  First, the turbine inlet temperature can be increased which increases 

turbine work.  This however can only be done up to a certain point where the turbine is 

susceptible to failure.  The other thing that can be done is replacing the engine’s thrust 

nozzle with a diffuser.  This diffuser recovers the kinetic energy that is in the engine 

exhaust and converts it to turbine work due to an increased turbine pressure ratio.  The 

increase in turbine power possible from the diffuser is subject to the turbine efficiency, as 

shown:  

 
( )

2

2

,
exhaust

texhausttincreaseturbine

Vm
KEW

�� hh =´=  (4.1) 

 This gives about 3.8 kW additional turbine power assuming a turbine efficiency 

of 0.75, an exhaust mass flow of 0.19 kg/s and velocity of 230 m/s.  A more detailed 

analysis of the impact of the diffuser on the whole system was done with compressor and 

turbine maps in section 3.3 above.   

 To produce net work, the engine would have to be attached to a component that 

absorbs power such as a dynamometer or a generator with a bank of power resistors.  

High speed dynamometers and generators are extremely expensive, so a gearbox in 

conjunction with a regular speed dynamometer would have been the most inexpensive 

way of extracting net work from the engine.  Instead of using these components however, 

the engine was tested with the nozzle and diffusers producing no net work.  The resulting 

component maps were input into a simulation which calculated an achievable net work 

value.   
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4.2  Setup and Instrumentation 

4.2.1 Test Rig 

 The engine was contained in a sealed box, constructed out of 16 gauge sheet steel 

and 1” square steel tubing.  The engine compressor drew air from inside the box, and the 

engine turbine exhausted air outside of the box.  Air was drawn into the box through an 

inlet pipe that allowed for air mass flow measurement by a pitot static tube and 

thermocouple.  The engine was completely enclosed inside the box.  This setup differed 

from that used by Davison (2005), where the engine drew air from inside the box (termed 

the inlet plenum) but the engine was completely outside of the box.  The change was 

done first to provide additional protection to the operator in the event of a catastrophic 

turbine failure, and second, because the vaned diffuser was heavy and required external 

support.  Supporting the diffuser would have been much harder to do if the engine was 

further back on the test rig.   

 The sealed box was mounted on a cart which allowed for free back-and-forth 

motion of the box and engine.  This cart was located on a stand which allowed for this 

free motion.  For testing, the cart was suspended from two high arms on the stand, 

allowing for free motion back and forth as a type of pendulum.  This motion was 

constrained with a load cell which thus allowed for a rig thrust measurement.  The thrust 

measurement however was never used in the analysis.   

 No properly sealed and ventilated test cell room was available for the engine 

testing, so a system of exhausting the engine had to be devised.  It was determined that a 

wind tunnel at the test facility could serve as an exhaust blower.  An ‘L’ shaped duct was 
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used to suck the exhaust gasses from the engine and mix them with a large amount of 

atmospheric air which lowered the temperature before it went through the blower.  From 

the blower it went through the empty wind tunnel and exhausted to the outside 

atmosphere.  Figure 4.1 shows the engine box and stand, Figure 4.2 shows the engine 

mounted inside the box, Figure 4.3 shows the exhaust duct and wind tunnel, Figure 4.4 

shows the assembled diffuser in place, and Figure 4.5 shows the internal structure of the 

assembled engine with the stations for measurement of temperature and pressure labeled.  

Stations not labeled on Figure 4.5 are station 1, at the box air inlet tube to measure mass 

flow, and station 6, at the exit plane of the diffuser (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 (original image from ArtesJet) 

 

Figures 4.6 – 4.12 show the internal components of the KJ-66 engine.   
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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 (measured in RPM) is a crucial 

measurement of any turbine.  It was set up as the control variable, with the user 

determining a required set speed and the fuel flow rate automatically adjusting to 

maintain that speed.  It was also necessary for safety; the fuel was shut off if the rotor 

was turning at too high a speed (risk of rotor failure) or if it suddenly stopped.  To 

measure shaft speed an optical sensor system was used.  A photodiode picked up the 

flashing signal of an infrared LED through a rotating hole in the shaft, which produced a 

low level fluctuating current when the shaft was turning.  This current was converted and 

amplified by an op-amp to a high level (0 – 5V) pulse voltage signal.  The signal was 
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input into an Omega DRF-FR freqency input signal conditioner which converted the 

pulsating signal into a continuous signal proportional to the pulse frequency.  This signal 

was then input to the data acquisition system.  The data acquisition board could have 

done this frequency conversion itself, but having an external frequency conditioner freed 

up resources on the data acquisition board so that it could record engine temperatures and 

pressures.  The speed sensor system is illustrated in Figure 4.13.   

Frequency
Converter

shaft

infrared
LED

photodiode

 

Figure 4.13: Photodiode Speed Sensor 

 

4.2.3  Air Mass Flow  

 Air mass flow was measured by a pitot static tube located at the centerline of the 

inlet pipe.   The tip was positioned 1 pipe diameter downstream of the inlet.  This 

measured the air centerline velocity, which was linearly proportional to mass flow.  

Davison (2005) described the process of traversing the pipe with the pitot tube which 
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gave the velocity profile which was required to correlate centerline velocity and mass 

flow.  The relation is given by  

 centerlineAVkm r=�  (4.2) 

Where �  is density, A is flow area, and k is a correction factor.  From the flow traverse 

data found in Davison (2005), correction factor for this setup was found to be 0.910 ± 

0.014, constant over the range of mass flows expected for the engine.   

4.2.4  Fuel Flow  

 Fuel flow was measured with an Omega FLR1010 Pelton turbine volumetric flow 

rate sensor.  The default calibration for this flow sensor was for water, so a fuel flow rate 

to voltage calibration curve was determined experimentally by pumping the fuel/oil 

mixture into a graduated cylinder over a specified time period.  The details of this 

calibration are found in Appendix F.   

4.2.5  Pressures 

 Static and stagnation pressures were measured at various stations in the engine.  

Static pressures at station 2 and 5 were measured by a pressure tap in the wall.  

Stagnation pressures were measured at every station.  At the inlet the dynamic pressure, 

P01 – P1 was measured with a pitot static tube so that centerline velocity could be 

determined.  All stagnation pressure measurements used specially made stagnation 

probes made from small steel tubing.  The details of these custom made probes are shown 

in Appendix G.  The static taps at stations 2 and 5 were made by drilling a small hole and 

inserting a metal tube into the hole so that the front of the tube lined up with the inner 
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edge of the wall, with no sensible burs or obstructions to the flow that would affect the 

airstream or pressure reading.   

 Pressures were measured with various silicon diaphragm pressure transducers 

from Omega.  The range of each individual sensor was selected based on the projected 

range of pressures at each station, thus maximizing measurement precision.  Table 4.1 

gives a listing of all the sensed pressures and the pressure sensor used.   

Table 4.1: Pressure Transducers 

Measured Label Sensor Range (kPa) 
P01 (abs) ambient pressure PX2760-800A5V 80 - 110 
P01 – P1 pitot pressure PX164-005D5V 0 – 1.244 

P02 inlet pressure PX141-005V5V -34.47 – 0 
P2  inlet stag. pressure PX141-005V5V -34.47 – 0 
P03 comp outlet pressure PX181B-060G5V 0 – 413.68 

P03 – P04 comb stag. pressure loss PX142-005D5V 0 – 34.47 
P5 turb outlet pressure PX143-2.5BD5V -17.24 – 17.24 
P05 turb outlet stag. pressure PX142-005D5V 0 – 34.47 
P06 diff exit stag. pressure PX143-2.5BD5V -17.24 – 17.24 

 

4.2.6  Temperatures 

 All temperature measurements were done with thermocouples.  Bare wire E 

thermocouples were used in the cold end of the engine (T1, T2, T03), and sheathed K 

thermocouples were used in the hot end of the engine (T5, T6).  All of these 

thermocouples were inserted crosswise into the flow except for T03 which was a 

stagnation temperature probe inserted parallel to the flow direction at the compressor 

outlet.  The construction of this probe was described in Davison (2005).  The 

thermocouples were connected to the data acquisition board which has a built in cold 

junction compensation sensor.  Temperature at station 4 (turbine inlet temperature) 
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measurements proved to be inaccurate due to radiation from the combustion chamber and 

the fact that combustion was not always complete by the turbine nozzle guide vanes.  

Thus, the temperature at station 4 was not measured directly but calculated from the 

turbine outlet temperature and the turbine work.  Table 4.2 lists the probes used as well as 

the type of thermocouple, as well as the time constant for a step response.  The time 

constant data is from the Omega website6.   

Table 4.2: Thermocouple Probes 

Station Type Probe Type Probe 
Diameter 

Approximate 
Time 
Constant 

Probe 
Recovery 
Factor 

T1 E bare wire 0.04” 2.5 s 0.68 
T2 E bare wire 0.04” 2.5 s 0.68 
T03 K stagnation 0.04” 2.5 s 1.0 
T5 K sheathed 0.0625” 6 s 0.68 
T6 K sheathed 0.0625” 6 s 0.68 

 

 The temperature a thermocouple experiences is neither the stagnation nor the 

static temperature.  For a cylindrical probe, the stagnation point on the forward edge of 

the cylinder experiences the stagnation temperature, and the sides experience a 

temperature closer to the static temperature.  To account for these effects a probe 

recovery factor, r, was used, such that  
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6 http://www.omega.com/temperature/Z/pdf/z051.pdf 
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 Moffatt (1962) gave a recovery factor of 0.68 ± 0.07 for thermocouples normal to 

the flow, and 0.86 ± 0.09 for thermocouples parallel to the flow.  A more precise 

recovery factor is only available with calibration of each individual probe, a process that 

was not deemed necessary for the allowable errors in temperature at each station.  The 

only station where recovery factor gave a major effect is at T5, the turbine outlet 

temperature, where the velocities approached Mach 0.5 and thus had a significant 

difference between static and stagnation temperatures.  The recovery factor for the 

stagnation temperature probe of T03 was assumed to be 1.0.   

  

4.2.7  Data Acquisition 

 Voltage outputs from all the previously mentioned measurements and sensors 

were input into a Data Translation DT3003 12-bit digital to analog convertor data 

acquisition board.  These data were recorded and monitored using a LabVIEW™ 

program described below.  Two external input buttons were also used – one to stop the 

engine in case of emergency and another to increment the auxiliary input counter which 

was used in order to differentiate engine running states.  Appendix A lists all the inputs to 

the DAQ board.   

4.2.8  Control System 

 To control, monitor, and record the data from the engine, a PC running National 

Instruments LabVIEW™ was used.  The LabVIEW™ program used was based on the 

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

Figure 4.15 shows the lower (secondary) panel.   

 

Figure 4.14: Control and Acquisition Software Main Panel 
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Figure 4.15: Control and Acquisition Software Secondary Panel 

 

 The main panel was used to monitor and control the engine while it was running.  

Every control necessary for running the engine is included on the main panel, including 

control system indicators, warning indicators, system monitoring, as well as run line 

control which allowed the engine to be stepped up to full speed and back to idle 

automatically.  The secondary panel allowed for other parameters to be adjusted that 

would not need to be adjusted during a run, such as PID control constants, data file output 

names and locations, and engine starting and running parameters.   

 A PID system was used to control the engine.  The desired speed was the set point 

and the voltage to the PWM controlling the fuel pump was the controller output.  The 

engine had different response characteristics at low and high speeds.  The P, I, and D 



 70 

constants were set by Davison to give the engine adequate stability at low speed as well 

as a reasonable rise time at high speed.   

 Each individual engine run started with a manual input of propane and application 

of the starter motor.  Once the rotational speed was adequate and the propane was 

determined to be lit, the control system start procedure commenced, slowly increasing the 

kerosene fuel rate until the idle speed of 48 kRPM was reached.  From this idle speed the 

RPM was slowly stepped up until the maximum speed of 120 kRPM was reached, and 

then back down.  At each set point, the engine was allowed to approach steady state for 

approximately 40 seconds, and then steady state data was sampled for approximately 20 

seconds before going on to the next speed level.  Davison (2005) performed a transient 

analysis on the similar JG-100 engine and found that the engine did reach a thermal 

steady state within the 40 seconds.   

 The control software also included a check to determine if the speed, exhaust 

temperature, or any of the pressure readings were beyond limits.  The speed and exhaust 

temperature limits were defined by the operation limits of the engine, and the pressure, 

fuel flow and thrust limits were set to make sure no damage 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 kRPM 130 kRPM 
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 generation, the kinetic energy of 

the exhaust must be recovered.  This was done by a diffuser which lowers the pressure at 

the turbine outlet, increasing the turbine pressure ratio and thus the turbine work.  To fit 

easily with the current engine setup the diffuser inlet must be identical to the nozzle.  The 

airflow out of the turbine is through an annular duct, and it is not always an axial flow; 

there is also a swirl component.  An effective diffuser should straighten the swirl as well 

as slowing the axial flow through an increase in area.  This can be done using turning 

vanes, although improperly designed vanes may increase the pressure loss rather than 

help the pressure recovery.  The most efficient geometry for low swirling flow was 

shown by Singh et al. (2006) to be a converging-hub, diverging-casing diffuser.  This 

means that the centre section diameter should get smaller along the length while the outer 

diameter gets larger.  Sovran and Klomp (1967) investigated the performance of this type 

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

 

 An annular diffuser was designed according to the map of Sovran and Klomp.  An 

outlet/inlet area ratio of approximately 4 and a length to initial annulus height of 20 were 

selected for a pressure recovery coefficient of approximately 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 annular diffuser design, a diffuser was 

fabricated out of 304 stainless steel.  Directly after the turbine was a section to straighten 

the flow made of bent turning vanes based on what was the predicted swirl at 100 kRPM 

with a mass flow of 0.2 kg/s.  The axial diffuser started aft of this and the inner cone was 

made of solid machined steel while the outer cone was made of cone rolled steel sheet 

which was seam welded together.  These were welded to a machined outer ring and 

flange which provided the attachment point to the engine.  This was different from the 

design in Figure 4.17 as the turning vanes were in a section separate to the diverging wall 

section.  This was done for manufacturing considerations.  The assembled diffuser is 

shown in Figures 4.18 and 4.19.  The diffuser drawings are located in Appendix B.  In 

addition to this vaned diffuser another diffuser configuration was tested, called the 

vaneless diffuser.  This diffuser was of the same configuration of the vaned diffuser on 

the outside, however the turning vanes and the inner annular 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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Chapter 5 Experimental Results 

5.1  Engine Runs 

 The engine was tested in three different states.  The first state was the default 

engine configuration, with a propelling nozzle after the turbine which produced thrust.  

The vaned and vaneless diffusers were designed to replace the nozzle, to produce a 

different engine operating line.  These diffusers had different efficiencies and so provided 

a different pressure at the exit of the turbine.  Due to this variation in back pressure 

between diffusers, each diffuser produced a slight variation in the engine operating line.  

Figures 5.1 through 5.3 show the general engine running characteristics from a number of 

runs with the nozzles and both diffusers.  The turbine inlet temperature as shown in 

Figure 5.3 was not measured directly, but was calculated based on the known turbine 

work and the measured turbine outlet temperature.   
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Figure 5.1: Engine Pressure Ratio 
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Figure 5.2: Engine Mass Flow 
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Figure 5.3: Engine Turbine Inlet Temperature 

 It can be seen that a fair amount of differing engine running characteristics 

between runs were encountered, even when the same nozzle or diffuser was affixed.  This 

variability may be attributed to a number of things, such as small changes in engine 

geometry due to rebuilds, inconsistencies in mechanical losses, data uncertainty, and 

secondary effects such as component heat capacity.   

 The complete set of data for all the runs are not presented here for brevity.  A 

summary of all the runs and data of some key running variables are given in Appendix C.  

Run data are presented for a typical run (specifically the 3rd vaneless diffuser run) in 

Appendix D.  Data from the other runs are available from the author.  Appendix E 

contains information and pictures of a turbine failure that occurred during one of the runs.  

The equations used to calculate all the engine running parameters from the measurements 
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outlined in Appendix A are presented in Appendix H.  Appendix J examines the 

behaviour of the engine while collecting data at what was assumed to be steady state.   

5.2 Diffuser Effect 

 Some effects of the two diffusers can be seen in Figures 5.1 to 5.3.  The increased 

turbine work as a result of the diffusers allowed the turbine inlet temperature to be 

reduced, predicted in Figure 3.7 and shown experimentally in Figure 5.3. This lower 

turbine temperature allows more mass flow through the turbine because of the higher gas 

density, as shown by the increased mass flows for the diffuser runs in Figure 5.2.  This 

small mass flow increase leads to a slight decrease of compressor pressure ratio predicted 

in Figure 3.6 and shown experimentally in Figure 5.1.    

 A reduction in fuel air ratio was predicted in Figure 3.8, due to the lower required 

turbine inlet temperatures for the engine when a diffuser is used.  The experimental fuel 

air ratios are shown in Figure 5.4.  It can be seen that this ratio was reduced by an 

average of about 20% for the diffuser cases.  It is interesting to note the reduction in fuel 

air ratio was in some cases greater than that predicted in Figure 3.8.  Much of this was 

due to another effect which is shown later in section 6.1.2 where the combustion 

efficiency was not constant as assumed in the simulation but was dependant on fuel air 

ratio.  A lower fuel air ratio led to higher combustion efficiency which itself gave a lower 

fuel air ratio, so the reduction in fuel air ratio was magnified due to the variable 

combustion efficiency.   

 The efficiencies of both the vaned and vaneless diffuser are shown in Figure 5.5.  

These were less than the 80% diffuser efficiency assumed in the prediction so the net 
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effect of the diffusers on the engine (apart from the fuel air ratio as discussed above) was 

not as great as predicted.  The superiority in efficiency of the vaned diffuser over the 

vaneless diffuser is shown, averaging about 25 percentage points better in efficiency over 

the operating range.  The performance however came much closer when the 

operating/design speed at the top of the range was reached.  It is interesting to note 

however the more efficient vaned diffuser shifted the engine running point less than the 

vaneless diffuser.  This may indicate that the measurement of diffuser efficiency was 

inaccurate for either one or both of the diffuser cases.   The high uncertainty of the value 

of diffuser efficiency is shown in the next section.   

0

0.005

0.01

0.015

0.02

0.025

40 50 60 70 80 90 100 110 120 130

Corrected Speed (kRPM)

F
ue

l A
ir 

R
at

io

Nozzle Run 1

Nozzle Run 2

Nozzle Run 3

Vaned Diffuser

Vaneless Diffuser Run 1

Vaneless Diffuser Run 2

Vaneless Diffuser Run 3

 

Figure 5.4: Experimental Fuel Air Ratio 
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Figure 5.5: Experimental Diffuser Efficiency 

5.3 Experimental Uncertainty 

5.3.1 Random Errors 

 The results of the engine testing shown in the previous two sections have not 

taken into account experimental uncertainty.  The effect of the uncertainty however is 

significant.  The uncertainty of each measurement due to sensor errors is outlined in 

Appendix A.  In this analysis, uncertainty propagation was done using these sensor errors 

only.  The errors were assumed to be random errors, able to be calculated by a sum of 

squares of the individual variable contribution of error, given by the equation 
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 Figures 5.2 to 5.5 are presented again below as Figures 5.6 to 5.9, but including 

the error bars as a result of the uncertainty propagation of the sensor error.  In these 

figures, the error is generally reduced at higher engine speeds.  This is due to the constant 

measurement error used over the range of measurement.  At the higher speeds, air 

velocities and temperature differences over the components are magnified, so the relative 

error is reduced.  It can be seen that the error in all cases is significant, though the 

diffuser runs definitely show a trend in the change of engine running line.  The turbine 

inlet temperature plots shows the least significant errors, and the plot of diffuser 

efficiencies is in fact dominated by the error bars.  However, these errors are exaggerated 

because of the assumption that each variable’s errors are random.  In reality the values 

are not all independent of each other.  For example, if the error for T05 is 5 K, and there is 

no error in the value of (T05 - T5), the resulting error for T5 is 5 K.  Using a sum of squares 

addition for error, the calculated error now for the value of (T05 - T5) is approximately 7 

k, instead of 0 K.  This comes about since the uncertainties of T5 and T05 are not 

independent.  Calculated uncertainties for the engine variables are given along with the 

one run of engine running data in Appendix D.   
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Figure 5.6: Engine Mass Flow Uncertainty 
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Figure 5.7: Engine Turbine Inlet Temperature Uncertainty 
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Figure 5.8: Experimental Fuel Air Ratio Uncertainty 
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Figure 5.9: Diffuser Efficiency Uncertainty 
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5.3.2 Systematic Errors 

 One source of systematic error is the inaccuracy of some of the sensors, not 

because of sensor uncertainty, but because of a fundamental difference between what the 

sensors are actually measuring and what they are assumed to be measuring.  A 

thermocouple returns a voltage depending on the temperature of the thermocouple 

junction.  This temperature is ideally only dependant on the temperature of the air 

surrounding it, but in reality this is not the case.  The temperature of the thermocouple is 

the result of the energy balance between convection between the thermocouple and the 

air, axial conduction within the thermocouple, and radiation to the surroundings.  The 

turbine inlet temperature, T04, was not measured directly because of the difficulty 

shielding it from the hot combustion processes and because of the uneven temperature 

distribution resulting from the combustion.  The diffuser outlet temperature, T6, was 

measured, but its value was always significantly lower than T5 when it should have been 

higher due to the lower flow velocity.  Since T6 was on the exit plane of the diffuser, the 

radiation with the surroundings at room temperature was the probable cause of this effect.  

The value of the T6 probe was not used in any system running calculations.  The 

stagnation temperature probe T03 was mounted facing axially forward from the outside of 

the combustor lining.  There may have been some axial conduction of the combustor heat 

that resulted in slightly inaccurate compressor efficiency.  This may be a reason for the 

large variation in compressor efficiencies shown below in section 5.6.   
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5.4 Ambient Conditions  

 Ambient temperature and pressure have an effect on the running line of the 

engine.  In general a lower inlet temperature and higher inlet pressure increase the mass 

flow (and thus net work or thrust) for gas turbines.  Net work drops off considerably with 

higher ambient temperatures while electrical efficiency is slightly reduced.  Over the run 

of engine testing however the ambient conditions did not vary much in comparison with 

other variables.  Figure 5.10 shows an example of this.   
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Figure 5.10: Change in Operating Parameters from Nozzle Run 1, 112kRPM, to 

Nozzle Run 2, 112 kRPM 

 It can be seen that the ambient pressure and temperature were both reduced, and 

mass flow was relatively unchanged.  Because of the lower inlet temperature, corrected 

speed was increased which led to an increase of compressor pressure ratio and efficiency.  

The main impact to the performance of the engine however came with the hot side 
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performance, with large changes in each of turbine efficiency, turbine temperature, fuel 

flow, combustion efficiency, and combustor pressure drop.  These performance measures 

were not directly impacted by ambient conditions, so something else was affecting the 

engine more than the change in ambient conditions.  Effects of changes in ambient 

conditions are easy to predict with non-dimensional turbomachinery maps.   

5.5 Mechanical Efficiency 

 For analysis, a mechanical efficiency of 99.5% was assumed.  This was assumed 

constant for convenience in analysis, and because mechanical efficiency could not be 

measured directly due to the difficulties in measuring an accurate turbine inlet 

temperature.  A sensitivity analysis was performed on this assumed value to determine 

the effect of an inaccurate assumption on the calculated engine parameters.  The results 

of the sensitivity analysis are found in Figure 5.11.  This analysis is based on the data 

collected at 120 kRPM in nozzle run 2.  Since the only thing for which the mechanical 

efficiency was used was to determine the turbine work from the measured compressor 

work, the only values that actually changed were the turbine work and efficiency, and 

thus by extension, the turbine inlet temperature.  The changes in turbine work and 

efficiency were not large, less than 0.5% (approx 0.1 kW) of the total value if the 

mechanical efficiency was between 99% and 100%.  If the true mechanical efficiency 

was lower than 99% the analysis gave a conservative result since it would mean the 

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

5.6 Turbomachinery Maps 

 The compressor and turbine operating data from each run were non-

dimensionalized and presented as a turbomachinery map as described in section 3.1.4.  

Figures 5.12 through 5.19 show the raw compressor and turbine maps developed from the 

engine testing, including the experimental uncertainties of this data calculated as 

described in section 5.3.  These data were interpolated from the raw test data so that a 

line of constant corrected speed could be displayed.  It should be noted that uncertainty 

bars are not shown for corrected mass flow and corrected speed not because there was no 

uncertainty associated with these values but because the uncertainties were much less 

than those of pressure ratio and efficiency.   
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Figure 5.12: Experimental Compressor Pressure Ratio Map 
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Figure 5.13: Experimental Compressor Pressure Ratio Map with Uncertainties 
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Figure 5.14: Experimental Compressor Efficiency Map 
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Figure 5.15: Experimental Compressor Efficiency Map with Uncertainties 

 

 Figures 5.12 and 5.14 show the experimental compressor map, with the 

uncertainties presented separately in Figures 5.13 and 5.15 for clarity.  Lines of constant 
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corrected speed are seen clearly on the pressure ratio map with small deviations and 

uncertainties from the roughly horizontal speed lines.  It can be seen that even with the 

nozzle and two diffuser running lines, the range of engine operation was still fairly small 

compared to the full range of possible compressor operating points.  The map did not 

give a good picture as to where the region of surge was to the left and the region of 

choking was to the right of the normal operation line.  The exact knowledge of this 

however is not that important if the engine is not going to be run near those points of 

operation (knowing the surge margin however would be useful for programming a 

control system not to go near it while the engine is in transient operation).  The points on 

the right hand side of the experimental map were produced by running with the diffusers 

while the left hand side points were the operating points while running with the nozzle.  

The compressor efficiency map did not have clear corrected speed lines.  It can be seen 

that the efficiency had high uncertainty especially at low speeds, due to the fact that 

efficiency was dependant on the difference in temperatures T02 and T03, and at low speeds 

this difference was small – so the measurement error was much more significant.  This 

led to the result that the efficiency differed by almost 10% at a given corrected mass flow 

from run to run.  The effect however was lessened at high speeds which was the most 

significant area since the engine would probably not be run under 50 – 75% speed 

anyways.   
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Figure 5.16: Experimental Turbine Mass Flow Map 
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Figure 5.17: Experimental Turbine Mass Flow Map with Uncertainties 



 92 

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

Pressure Ratio

E
ffi

ci
en

cy

20 26 32 38 44

50 56 62 68

Corrected Speed (kRPM)

 

Figure 5.18: Experimental Turbine Efficiency Map 
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Figure 5.19: Experimental Turbine Efficiency Map with Uncertainties 
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 The turbine map, shown in Figures 5.16 through 5.19, did not show much in terms 

of the lines of constant corrected speed however it did show the choking behavior of the 

turbine at higher pressure ratios.  As with the compressor, the diffuser runs gave higher 

corrected mass flows at the same corrected speed than the nozzle runs.  The diffuser runs 

had the tendency to show choked turbine flow before the nozzle runs, and also the runs 

with the diffuser gave a larger overall turbine pressure ratio at choke due to the diffuser 

pressure recovery.  As for the turbine efficiency, it had a high degree of uncertainty based 

on the uncertainty propagation.  This is because the uncertainty of the compressor 

temperature measurements combined with the uncertainty of the turbine exit temperature 

and pressure ratio produced a very high turbine efficiency uncertainty when these were 

assumed to be random variables.  The uncertainty presented here was overestimated 

because of the effect of combining dependant variable’s uncertainties as discussed in 

section 5.3.1.   
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Chapter 6 System Model 

6.1  Model Refinement  

 The experimental results of engine testing gave a better picture as to the validity 

of the model introduced in section 4.  The model was able to predict the trends of 

increased mass flow and decreased fuel air ratio as seen especially with the vaneless 

diffuser.  New turbomachinery maps were developed with the engine running data, and 

the combustor model was replaced with a new pressure drop and efficiency model.  

Additionally, models for a recuperator and a recovery heat exchanger were introduced, 

and the constraint of no net work was relaxed.  The models of the other components were 

left as described in section 3.3 with the equations listed in Appendix I.  It was hoped that 

this new system model would give a good prediction of the performance of a 

cogeneration system based on the KJ-66 engine.  The design point of the system was set 

to be 120 kRPM with a turbine inlet temperature of 950°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 compressor and turbine were produced 

resulting from the experimental work.  These maps however did not cover a large enough 

range of running conditions, as they allowed for only a narrow range of running points.  

Thus, the turbomachinery maps created by Davison (2005) as presented in Figures 3.3 

through 3.7 were modified based on this running data.  This means that the simulation 
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was more accurate when running close to the area of experimental data and potentially 

deviated from the real performance of the engine the further away the operating points 

get from this data.  However the operating point was not very far from the range of the 

experimental data so it was assumed the simulation based on these modified maps was a 

fair representation of the potential real world performance of the hypothetical system.   

 The compressor pressure ratio and the turbine mass flow maps had some rough 

running lines that were used to modify the constant speed lines in the maps.  The 

efficiency plots however did not have obvious speed lines so they could not be matched 

up to the lines in the maps in the same way.  It was attempted as much as possible for the 

constant speed lines to intersect the midpoint of the data scatter at that speed.  The 

running points were assumed to be close to the centre of the constant speed lines, close to 

the area of maximum efficiency for the compressor.  This assumption was made because 

no significant reduction of pressure ratio was seen for mass flow increases which would 

indicate choking, and there was no surge experienced when running the engine.  Figures 

6.1 through 6.4 show the resulting full compressor and turbine maps along with the run 

data from Figures 5.12 to 5.19.   
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Figure 6.1: Modified Compressor Pressure Ratio Map 
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Figure 6.2: Modified Compressor Efficiency Map 
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Figure 6.3: Modified Turbine Mass Flow Map 
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Figure 6.4: Modified Turbine Efficiency Map 



 98 

6.1.2 Combustor 

 In the previous combustor model, efficiency was assumed to be constant at 90%.   

In the analysis of the experimental data however, a variable combustion efficiency was 

encountered.  It was found that combustion efficiency was roughly dependant on fuel air 

ratio, with a general trend of decreasing efficiency at larger fuel to air ratios shown in 

Figure 6.5.  The data did have some significant scatter but it was better than a constant 

efficiency model.  A cap of 95% efficiency was imposed for the case of very low fuel to 

air ratios (encountered with a recuperated engine).  This correlation however led to some 

problems with the simulation.  In the case of a recuperated engine, the efficiency was a 

constant 95%, but without recuperation, since the turbine inlet temperature for net work 

was higher than for no net work, the fuel to air ratio was twice that experienced in the 

testing which produced very low values of efficiency.  The combustion efficiency was 

therefore floored at 60%.  During the simulation it was found that the fuel air ratio over 

the entire system operating range was so large for the non-recuperated engine that the 

combustion efficiency was constant at 60%.  While this does give a better picture of what 

would happen if the unmodified engine was used for the cogeneration system, the 

efficiencies that result from this would be too low to be useful.  Thus, for examining the 

potential to use the engine for a cogeneration system, it was assumed that the non-

recuperated engine combustor could be redesigned to give 95% combustion efficiency.  

A combustion efficiency below this would not be desirable 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 correlated with mass flow (giving the same 

result as correlating with Reynolds number assuming constant viscosity).  Figure 6.6 

shows the pressure drop correlation.  The data scatter was large due to the effects of 

rebuilding the engine which can cause large (up to ±50%) variations in the combustor 

pressure drop as shown by Davison (2005).  It can be seen that the new pressure drop 

correlation was very similar to the old one, so not much difference in engine performance 

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

6.1.3 Diffuser 

 The experimental diffuser efficiencies were shown in Figure 5.5.  The maximum 

diffuser efficiency was 65% for the vaned diffuser and around 45% for the vaneless 

diffuser.  It was assumed that a better diffuser could be made given more testing and 

design iterations, so a constant efficiency of 80% was set for the simulated diffuser.  The 

diffuser area ratio was kept the same as for the experimental diffusers.   

6.1.4 Recuperator 

 At the design point the recuperator was assumed to have 85% effectiveness, 2% 

cold side pressure drop, and 4% hot side pressure drop.  These were allowed to vary 

depending on the flow passing through the recuperator, as described in Section 3.1.7.   
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6.1.5 Recovery Heat Exchanger 

 To give useful heat out for the purpose of cogeneration, the heat must be extracted 

from the exhaust coming out of the recuperator.  For the purposes of micro-cogeneration 

the heat exchanger used for this would likely be an air to water heat exchanger allowing 

the heat to be carried off by the water.  Since water is a much better heat conductor than 

air and the water flow could be varied to accept different amounts of heat input from the 

exhaust, a simpler model was used than for the recuperator.  The recovery heat exchanger 

temperature was set to be 100°C.  The total efficiency of the system could be increased 

by lowering this temperature could be lower by using a  condensing heat exchanger.  The 

pressure drop through the recovery heat exchanger was set to be constant at 2%.   

6.2 Simulation Results 

 The simulation was run using the new turbomachinery maps and combustor 

pressure drop correlation.  Figures 6.9 and 6.10 show the simulated system performance 

at variable and constant speeds.  
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Figure 6.7: Simulated Variable Speed (T04 = 1223 k) System  

Net Work and Efficiency  
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Figure 6.8: Simulated Constant Speed (120 kRPM) System Net Work and Efficiency 
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 Table 6.1 gives the design point performance of the system, 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 section were based on many 

assumptions.  The variation of net work and electrical efficiency for small changes in 

these assumptions is shown in Figures 6.9 and 6.10.  It can be seen that the biggest 

change in net power came from the diffuser efficiency, due to the high kinetic energy at 

station 5 that could be recovered in the diffuser.  The pressure drop in the recuperator was 

the next most influential parameter, because the recuperator pressure drop was larger in 

magnitude than the recovery heat exchanger pressure drop.  The biggest changes in 

efficiency came from the changes in recuperator effectiveness.  Although recuperator 

effectiveness itself had no influence on net power, and recuperator pressure drop had only 

a small influence on efficiency, in general a more effective recuperator will have a higher 

pressure drop so a compromise between efficiency and power must be made.   
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Figure 6.9: Sensitivity Analysis for Changes in Net Power 

-15.00%

-10.00%

-5.00%

0.00%

5.00%

10.00%

15.00%

90% 95% 100% 105% 110%

% Original Value

%
 C

ha
ng

e 
in

 E
ffi

ci
e

nc
y

Diffuser Efficiency Recuperator Effectivness

Recuperator Pressure Drop Recovery Heat Exchanger Pressur Drop
 

Figure 6.10: Sensitivity Analysis for Changes in Electrical Efficiency 
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6.4 Atmospheric Variation 

 Ambient pressure and temperature affect the performance of the system.  For the 

above analysis, constant ambient conditions of 20°C and 101.3 kPa was assumed.  To 

determine the effects of ambient pressure and temperature, the simulation at the engine 

operating point was subjected to varying inlet temperatures and pressures.  The results of 

this on engine efficiency and power are shown in Figures 6.11 and 6.12.  The temperature 

had a large effect on power and efficiency, whereas the pressure had a small effect on the 

power and a negligible effect on the efficiency.  The fact that the power and efficiency 

increase at lower temperatures is beneficial to the cogeneration system since that is the 

point where more heat is needed and the cogeneration system would be operating more 

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

6.5 Control Scheme 

 The control system, while it does not affect the design point performance, has an 

effect on the part load performance of the system.  This is demonstrated in the 

comparison of Figures 6.7 and 6.8.  Figure 6.13 shows the part load efficiencies for the 

recuperated and non-recuperated case for both constant and variable speed control.  It can 

be seen that for the recuperated case, the variable speed produced a better part load 

efficiency whereas for the non-recuperated case, the constant speed control scheme 

produced the better part load efficiency.  This effect was due to the smaller part load 

mass flows in the variable speed control, which decreased the recuperator pressure drop 

and increased its effectiveness.  The better part load efficiency at variable speed has been 
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noted for microturbines with recuperators in Rodgers and 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 obtained from the system simulation were 

fairly low.  Several improvements could be made to the engine to increase these 

efficiencies.  Figures 6.14 and 6.15 show the effect on electrical and total efficiency 

predicted for an increase in compressor and turbine efficiency, turbine inlet temperature, 

and combustion efficiency, and a decrease in combustor pressure loss and heat recovery 

(exhaust) temperature.   
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Figure 6.14: Engine Improvements Effect on Electrical Efficiency 
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Figure 6.15: Engine Improvements Effect on Total Efficiency 
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 It can be seen that the greatest improvements in electrical efficiency were due to 

increased compressor and turbine efficiencies, which would require new turbomachinery 

with tighter tolerances and blade clearances.  The greatest improvement in total 

efficiency was due to a decreased recovery heat exchanger outlet temperature.  This 

would require a more effective recovery heat exchanger, while further reductions of this 

temperature would require a condensing type heat exchanger to get into the extremely 

high total efficiency range.  Combustion efficiency affected both electrical and total 

efficiency, so the highest possible combustor efficiency should be strived for.  An 

increase in turbine inlet temperature also affected both efficiencies – but to increase it 

much past 950°C would probably require the turbine to be made from a ceramic material.  

Reduction of combustor pressure drop had little effect on the efficiencies, so reducing 

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

6.7 Alternate System 

 The output capacity of the simulated system produces some problems for the 

intended application as a personal cogeneration system.  The system is generally 

oversized for a personal dwelling.  It produces 31 kW of heat which is equivalent to a 

large 106,000 BTU/hour furnace, and 9 kW of electricity is much more electricity than is 

usually needed in a house.  CSA standard F280-M90 specified that a residential space 

heating system should not have more than 40% greater capacity than expected for the 

coldest day in winter.  The large heat output means it would only be running for a 

fraction of the time needed which also means it would have to endure many start/stop 

cycles which could lead to premature wear and failure.  The large electrical output would 
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limit its use to regions where a good rate is paid for supplying excess electricity to the 

grid.  A smaller capacity engine would rectify these problems as well as reducing the 

overall cost of the system especially by allowing a smaller recuperator and heat 

exchanger which would make up a significant proportion of the system cost.   

 A smaller system could be based on a smaller hobby turbojet engine, or it could 

be based on a small turbocharger.  The advantage of using a turbocharger is that the 

additional components such as the recuperator and possibly a redesigned combustor 

would not require complete engine modifications as would be the case with a hobby 

turbojet engine.  The disadvantage of using a turbocharger is that they are not designed 

for this purpose – the turbines are designed for lower temperatures and may be of a lower 

efficiency than the turbine analyzed in the KJ-66.  The efficiency of the smaller 

compressor with a scroll diffuser may also be less than that of the KJ-66.  These effects 

would produce an engine of lower electrical efficiency 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 cogeneration system on the ArtesJet KJ-66 

engine was investigated.  An engine model based on previous experimental work on the 

similar JG-100 engine was developed, and a prediction of experimental running 

characteristics was made looking at the change of engine parameters when running with 

an 80% efficient diffuser instead of the engine’s supplied propelling nozzle.  

Experimentally, the predicted trends of an increased mass flow, decreased turbine inlet 

temperature, and decreased fuel air ratio were generally found to hold true although the 

exact change in these values remained relatively uncertain because of the high amount of 

experimental error relative to the actual shift in performance.  The actual diffuser 

efficiencies were found to be lower than the 80% that was simulated.   

 To determine if micro cogeneration based on the KJ-66 engine might be feasible, 

a possible system was simulated.  This simulation was based off of the experimental data 

obtained by running the engine with the nozzle and the diffusers.  A recuperator model 

and a recovery heat exchanger were included to make a theoretical microturbine 

cogeneration system.  It was assumed the combustor and the diffuser could be redesigned 

to give efficiencies of 95% and 80% respectively.  The simulation with the recuperator 

gave an electrical output of 8.9 kW and a heat output of 30.9 kW, resulting in an 

electrical efficiency of 15.5% and a thermal efficiency of 69.0%.  These efficiencies are 

somewhat low.  The area with the most potential for increasing the electrical efficiency is 
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in the turbomachinery design, as both compressor and turbine have low efficiencies of 

71%.  Increasing either of these to 75% increases the potential electrical efficiency to 

17.5%.  To increase the total efficiency, a condensing recovery heat exchanger may be 

used.   

7.2 Future Work 

 There still remains much work in determining if the KJ-66 would make a suitable 

basis for a micro-cogeneration system.  The simulated design point efficiency of 15.5% is 

on the low end of that hoped for; however this is based on experimental data with a 

significant uncertainty attached to it.  A more accurate prediction of the attainable net 

work and efficiency would be available with more engine testing, especially testing with 

actual shaft power being produced, requiring a high speed gearbox and a generator.  A 

new more efficient diffuser would need to be designed, and the fuel source should 

probably be changed from kerosene to natural gas or propane requiring a combustor and 

lubrication system redesign.  From this the system performance may be predicted more 

accurately, and if the work and efficiency looks promising the large task of recuperator 

design and construction may then be undertaken.  The actual transformation of the KJ-66 

engine into a cogeneration unit may not be worth it, since the advantage of the KJ-66 

engine in the first place was that it was an already assembled and tested engine.  

Increasing the efficiency of the system to 20% or above would probably require a 

complete redesign of the engine.   

  Alternative systems to the one put forward need to be investigated, especially 

systems based on smaller automotive turbochargers.  These would be more likely to have 
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work and heat outputs in the range useful for a single family house.  Making a system 

based on one of these would probably require no more redesign work than for a system 

based on the KJ-66 engine.   

A microturbine cogeneration system with minimal cost while still maintaining the 

standards of reliability, safety, and efficiency to run in a personal home remains to be 

designed.  Economic analyses must be done on the unit proposed and alternative units to 

determine their cost comparison with traditional furnaces, and how much the investment 

cost must be for the system to be economically feasible.  To accomplish this, a compact, 

effective, inexpensive recuperator must be included which is probably the biggest 

technological challenge.  A good amount of research is being put towards compact 

recuperators suitable for larger microturbines which could be scaled down to the small 

microturbine system described here.  A cheap high speed permanent magnet generator 

would be beneficial for the microturbine system, but the ones currently available are quite 

expensive.  A reducing gearbox in conjunction with a more conventional generator could 

be used but designing a reliable high speed gearbox could also prove difficult.  The noise 

produced by the microturbine would have to be isolated properly to use in a residential 

setting, but there are many larger commercial microturbine systems which meet the low 

noise requirements.  Noise attenuation is made easier by the 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 
Voltage 

High 
Voltage 

Low 
DAQ V 

High 
DAQ V 

DAQ Res Low Range High 
Range 

Resolution Sensor 
Error 

Speed (RPM) RPM Photodiode/ 
DRF-FR 

0 10 -10 10 0.0048828 0 150000 73.242 300.00 

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) 

mL/min FLR1010 0 6 -10 10 0.0048828 11.45 1241.75 1.001 9.60 

Reference T °C DA board -0.001 0.015 -0.02 0.02 9.7 66E-06 -2 30 0.020 not given 

T1 °C E thermocouple -0.001 0.015 -0.02 0.02 9.766E -06 3.25 236.98 0.143 1.78 

T2 °C E thermocouple -0.005 0.02 -0.02 0.02 9.766E- 06 -69.94 301.86 0.145 2.26 

T03 °C E thermocouple -0.005 0.02 -0.02 0.02 9.766E -06 -69.94 301.86 0.145 2.26 

T5 °C K thermocouple -0.001 0.05 -0.1 0.1 4.883E-05   886.84 0.849 3.55 

T6 °C K thermocouple -0.001 0.05 -0.1 0.1 4.883E-05   1254.33 1.201 5.02 

P01 (absolute) kPa PX2760-800A5V 0 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 0 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)   
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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 for this thesis, the dates the runs were 

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

shows between which runs the engine was rebuilt to correct 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 126 kRPM 

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 runs in graphical form, presenting the most 

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

presented for clarity and brevity – these are available from the author.   
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Figure C.1: Run Data from Vaned Diffuser Run 1, May 8 2009 
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Figure C.2: Run Data from Vaneless Diffuser Run 1, June 3 2009 
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Figure C.3: Run Data from Vaneless Diffuser Run 2, June 17 2009 
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Figure C.4: Run Data from Nozzle Run 1, June 25 2009 
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Figure C.5: Run Data from Nozzle Run 2, June 30 2009 
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Figure C.6: Run Data from Nozzle Run 3, June 30 2009 
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Figure C.7: Run Data from Diffuser Run 3, June 30 2009 
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Appendix D: Typical Run Line Data (Vaneless Diffuser, 3rd run) 

 The run data from the third run with the vaneless diffuser fitted are presented 

here.  Data presented as bolded are from actual measurements, and the rest of the data are 

calculated from these.  The calculated uncertainties are recorded below the calculated 

quantities.   

 

m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/kgK) �

1 0.0710 98.87 98.83 294.88 294.85 717.48 8.24 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 97.74 295.55 294.71 718.15 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 1311.91 82.04 0.463 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 4.35 37.61 25.02 0.012
6 0.0723 98.63 98.53 831.11 830.90 1293.68 22.28 0.413 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
47.92 0.0732 0.766 1.177 1.400 1.310

0.31 0.0201 0.099 0.019 0.427
28.30 0.1093 0.667 1.127 1.338 1.316

0.18 0.0296 0.341 0.063 0.429

97.90 mL/min
9.60 mL/min

48.13 kRPM
0.30 kRPM

0.0181
0.0053

0.00129 kg/s
0.00013 kg/s

55.53 kW
5.45 kW

74.65%
22.02%

26.28%
116.7%

Turbine

fuel flow

fuel air ratio

Compressor

speed

fuel mass flow

heat in

combustion efficiency

diffuser efficiency

 

Figure D.1: Running Data for Vaneless Diffuser Run 3, June 30 2008, 48 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/kgK) �

1 0.0846 98.87 98.82 294.59 294.54 717.19 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 97.19 295.51 294.23 718.11 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
55.93 0.0872 0.766 1.240 1.400 2.076

0.31 0.0170 0.072 0.019 0.487
33.23 0.1234 0.681 1.171 1.340 2.086

0.18 0.0237 0.253 0.064 0.489

110.97 mL/min
9.60 mL/min

56.17 kRPM
0.30 kRPM

0.0173
0.0037

0.00146 kg/s
0.00013 kg/s

62.94 kW
5.45 kW

75.96%
16.50%

28.52%
84.1%

Compressor

Turbine

fuel flow

speed

fuel air ratio

fuel mass flow

heat in

combustion efficiency

diffuser efficiency

 

Figure D.2: Running Data for Vaneless Diffuser Run 3, June 30 2008, 56 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/kgK) �

1 0.0982 98.87 98.79 294.67 294.60 717.26 11.40 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 1247.67 174.98 121.69 0.432 1.1204 1.3444

0.0142 0.32 2.83 3.90 4.38 4.36 25.74 17.68 0.013
6 0.0999 98.47 98.29 791.40 791.02 1247.67 29.38 0.433 1.1238 1.3430

0.0142 0.38 2.71 3.90 3.91 4.38 4.26 0.012

N corr M corr � PR � W
64.03 0.1013 0.769 1.319 1.400 3.126

0.32 0.0147 0.055 0.019 0.551
38.47 0.1341 0.710 1.223 1.342 3.142

0.18 0.0192 0.200 0.065 0.554

124.73 mL/min
9.60 mL/min

64.33 kRPM
0.30 kRPM

0.0167
0.0027

0.00164 kg/s
0.00013 kg/s

70.75 kW
5.45 kW

74.47%
12.63%

29.33%
62.1%

Compressor

Turbine

fuel flow

speed

fuel air ratio

fuel mass flow

heat in

combustion efficiency

diffuser efficiency

 

Figure D.3: Running Data for Vaneless Diffuser Run 3, June 30 2008, 64 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/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 11.37 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 22.93 15.66 0.014
6 0.1128 98.40 98.16 776.51 776.04 1230.51 32.59 0.441 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
71.56 0.1146 0.773 1.405 1.400 4.365

0.32 0.0130 0.043 0.019 0.612
43.24 0.1421 0.719 1.283 1.344 4.387

0.18 0.0160 0.161 0.066 0.615

135.75 mL/min
9.60 mL/min

71.96 kRPM
0.30 kRPM

0.0161
0.0022

0.00179 kg/s
0.00013 kg/s

77.00 kW
5.45 kW

74.70%
10.49%

29.33%
51.4%

Compressor

Turbine

fuel flow

speed

fuel air ratio

fuel mass flow

heat in

combustion efficiency

diffuser efficiency

 

Figure D.4: Running Data for Vaneless Diffuser Run 3, June 30 2008, 72 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/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 1276.13 112.58 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 14.31 0.014
6 0.1277 98.27 97.97 774.96 774.35 1228.40 36.89 0.441 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
79.49 0.1299 0.774 1.510 1.400 6.045

0.33 0.0116 0.034 0.019 0.675
47.84 0.1512 0.728 1.351 1.345 6.076

0.18 0.0135 0.132 0.067 0.679

148.90 mL/min
9.60 mL/min

79.91 kRPM
0.30 kRPM

0.0156
0.0017

0.00196 kg/s
0.00013 kg/s

84.46 kW
5.45 kW

76.83%
8.98%

30.11%
41.2%

Compressor

Turbine

fuel flow

speed

diffuser efficiency

fuel air ratio

fuel mass flow

heat in

combustion efficiency

 

Figure D.5: Running Data for Vaneless Diffuser Run 3, June 30 2008, 80 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/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 160.93 151.44 354.04 347.97 776.96 110.62 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 18.94 13.31 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
87.49 0.1452 0.774 1.632 1.400 8.122

0.33 0.0105 0.028 0.019 0.741
52.71 0.1572 0.747 1.427 1.346 8.163

0.18 0.0114 0.113 0.068 0.745

163.62 mL/min
9.60 mL/min

88.01 kRPM
0.30 kRPM

0.0153
0.0014

0.00215 kg/s
0.00013 kg/s

92.81 kW
5.45 kW

76.40%
7.65%

31.25%
34.1%

Compressor

Turbine

fuel flow

speed

fuel air ratio

fuel mass flow

heat in

combustion efficiency

diffuser efficiency

 

Figure D.6: Running Data for Vaneless Diffuser Run 3, June 30 2008, 88 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/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 92.37 297.02 291.60 719.62 105.44 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 17.77 12.79 0.016
6 0.1581 98.16 97.71 756.11 755.21 1207.02 44.66 0.451 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
95.34 0.1613 0.769 1.768 1.399 10.681

0.34 0.0096 0.023 0.019 0.812
57.48 0.1618 0.772 1.507 1.347 10.735

0.18 0.0097 0.100 0.069 0.816

178.35 mL/min
9.60 mL/min

95.99 kRPM
0.30 kRPM

0.0151
0.0012

0.00235 kg/s
0.00013 kg/s

101.16 kW
5.45 kW

75.99%
6.67%

32.60%
29.1%

Compressor

Turbine

fuel flow

speed

diffuser efficiency

fuel air ratio

fuel mass flow

heat in

combustion efficiency

 

Figure D.7: Running Data for Vaneless Diffuser Run 3, June 30 2008, 96 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/kgK) �

1 0.1710 98.89 98.66 294.75 294.55 717.34 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 90.76 297.49 290.60 720.09 119.30 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 189.05 176.06 376.79 369.24 799.92 123.45 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 1280.57 123.53 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 17.75 12.73 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
103.21 0.1772 0.766 1.919 1.399 13.651

0.34 0.0089 0.019 0.019 0.884
62.09 0.1648 0.777 1.607 1.347 13.720

0.18 0.0084 0.088 0.070 0.888

194.12 mL/min
9.60 mL/min

103.99 kRPM
0.30 kRPM

0.0149
0.0011

0.00255 kg/s
0.00013 kg/s

110.10 kW
5.45 kW

75.69%
5.93%

35.07%
26.6%

Compressor

Turbine

fuel flow

speed

fuel air ratio

fuel mass flow

heat in

combustion efficiency

diffuser efficiency

 

Figure D.8: Running Data for Vaneless Diffuser Run 3, June 30 2008, 104 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/kgK) �

1 0.1877 98.90 98.62 294.75 294.51 717.34 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 0.41 0.40 2.40 2.39 2.41 6.31 0.010
3 0.1877 204.47 189.34 390.15 381.73 813.42 130.49 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 112.94 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 12.98 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
111.06 0.1949 0.750 2.078 1.399 17.412

0.38 0.0086 0.017 0.020 0.990
68.08 0.1634 0.823 1.720 1.351 17.499

0.21 0.0073 0.083 0.092 0.995

212.02 mL/min
9.67 mL/min

112.01 kRPM
0.34 kRPM

0.0149
0.0009

0.00279 kg/s
0.00013 kg/s

120.26 kW
5.48 kW

68.81%
5.03%

36.69%
26.3%

Compressor

Turbine

fuel flow

speed

diffuser efficiency

fuel air ratio

fuel mass flow

heat in

combustion efficiency

 

Figure D.9: Running Data for Vaneless Diffuser Run 3, June 30 2008, 112 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/kgK) �

1 0.2035 98.90 98.57 294.52 294.24 717.12 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 1194.19 314.89 244.51 0.445 1.0975 1.3541

0.0076 0.32 3.62 5.10 5.64 5.60 19.89 13.50 0.018
6 0.2065 98.59 97.83 744.68 743.19 1194.19 57.34 0.459 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
118.95 0.2117 0.706 2.262 1.398 22.697

0.36 0.0080 0.013 0.019 1.085
70.77 0.1684 0.822 1.862 1.347 22.811

0.18 0.0064 0.069 0.075 1.091

230.13 mL/min
9.60 mL/min

120.10 kRPM
0.30 kRPM

0.0149
0.0008

0.00303 kg/s
0.00013 kg/s

130.53 kW
5.45 kW

74.73%
4.88%

38.48%
24.9%

Compressor

Turbine

fuel flow

speed

diffuser efficiency

fuel air ratio

fuel mass flow

heat in
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Figure D.10: Running Data for Vaneless Diffuser Run 3, June 30 2008, 120 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/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 90.23 297.41 290.13 720.02 122.83 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 1275.76 123.41 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 18.30 12.36 0.017
6 0.1771 98.20 97.64 743.84 742.75 1193.26 49.23 0.458 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
104.82 0.1810 0.744 1.929 1.399 14.471

0.35 0.0088 0.018 0.019 0.904
63.22 0.1651 0.777 1.644 1.348 14.544

0.18 0.0081 0.082 0.071 0.908

197.17 mL/min
9.60 mL/min

105.60 kRPM
0.30 kRPM

0.0149
0.0010

0.00259 kg/s
0.00013 kg/s

111.84 kW
5.45 kW

74.78%
5.74%

31.72%
28.6%

Compressor

Turbine

fuel flow

speed

diffuser efficiency

fuel air ratio

fuel mass flow

heat in

combustion efficiency

 

Figure D.11: Running Data for Vaneless Diffuser Run 3, June 30 2008, 105.6 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)
h0 

(kJ/kg) V (m/s) Vx (m/s)
�  

(kg/m 3̂)

Cp 

(kJ/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 163.63 153.22 359.56 352.89 782.53 115.93 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

90.59 0.1517 0.742 1.660 1.399 9.198
0.33 0.0101 0.025 0.019 0.775

54.98 0.1585 0.737 1.487 1.347 9.244
0.18 0.0106 0.100 0.070 0.779

169.36 mL/min

9.60 mL/min

91.23 kRPM

0.30 kRPM
0.0152

0.0013
0.00223 kg/s

0.00013 kg/s
96.06 kW

5.45 kW
74.43%

7.08%
25.80%
42.1%

diffuser efficiency

Compressor

Turbine

combustion efficiency

heat in

fuel mass flow

fuel air ratio

speed

fuel flow

 

Figure D.12: Running Data for Vaneless Diffuser Run 3, June 30 2008, 91.2 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/kgK) �

1 0.1198 98.90 98.79 294.61 294.51 717.21 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 23.30 14.20 0.014
6 0.1217 98.39 98.13 750.15 749.63 1200.94 33.98 0.456 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
76.37 0.1238 0.749 1.454 1.400 5.377

0.32 0.0121 0.037 0.019 0.654
46.81 0.1456 0.729 1.336 1.347 5.404

0.19 0.0142 0.140 0.067 0.657

144.37 mL/min
9.60 mL/min

76.87 kRPM
0.30 kRPM

0.0159
0.0019

0.00190 kg/s
0.00013 kg/s

81.89 kW
5.45 kW

71.32%
8.98%

22.82%
57.7%

Compressor

Turbine

fuel flow

speed

diffuser efficiency

fuel air ratio

fuel mass flow

heat in

combustion efficiency

 

Figure D.13: Running Data for Vaneless Diffuser Run 3, June 30 2008, 76.8 kRPM 
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m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/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 95.51 0.532 1.1260 1.3421

0.0147 1.91 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 27.83 0.442 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
62.15 0.0981 0.721 1.292 1.400 2.981

0.32 0.0152 0.055 0.019 0.555
37.75 0.1302 0.729 1.217 1.344 2.996

0.18 0.0200 0.219 0.070 0.558

121.32 mL/min
9.66 mL/min

62.50 kRPM
0.30 kRPM

0.0168
0.0029

0.00160 kg/s
0.00013 kg/s

68.81 kW
5.48 kW

71.49%
12.94%

21.80%
91.5%

Compressor

Turbine

fuel flow

speed

fuel air ratio

fuel mass flow

heat in

combustion efficiency

diffuser efficiency

 

Figure D.14: Running Data for Vaneless Diffuser Run 3, June 30 2008, 62.4 kRPM 



 

 

146 

m (kg/s) P0 (kPa) P (kPa) T0 (k) T (k)

h0 
(kJ/kg) V (m/s) Vx (m/s)

�  

(kg/m 3̂)

Cp 

(kJ/kgK) �

1 0.0709 98.90 98.86 294.21 294.18 716.81 8.21 1.171 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 115.62 112.79 316.19 313.96 738.88 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 1.91 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 44.52 24.46 0.014
6 0.0722 98.67 98.57 808.62 808.41 1268.21 21.65 0.425 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
47.88 0.0731 0.671 1.171 1.400 1.448

0.33 0.0203 0.086 0.019 0.462
28.65 0.1079 0.722 1.133 1.340 1.455

0.19 0.0294 0.369 0.067 0.464

98.05 mL/min
9.68 mL/min

48.11 kRPM
0.32 kRPM

0.0182
0.0053

0.00129 kg/s
0.00013 kg/s

55.62 kW
5.49 kW

71.12%
21.23%

18.69%
196.7%

Compressor

Turbine

fuel flow

speed

diffuser efficiency

fuel air ratio

fuel mass flow

heat in

combustion efficiency

 

Figure D.15: Running Data for Vaneless Diffuser Run 3, June 30 2008, 48 kRPM 
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Appendix E: Turbine Failure 

 During the vaned diffuser run 1, while running at 126 kRPM, the engine stopped 

very suddenly.  When checking the engine to see what was wrong, it was found that the 

damage was fairly extensive.  One turbine blade was detached from the turbine, and a 

turning vane was missing from the diffuser.  The rear bearing inner race was worn badly, 

probably from the sudden rotational imbalance and subsequent stop.  The sudden stop 

had detached the shaft containment tunnel from the compressor holder/diffuser and 

damaged the bolt holes, which being made of aluminum, were 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 Race 

 Subsequent testing showed that the bolts holding the shaft containment tunnel to 

the compressor holder were inadequate and coming loose and stripping probably due to 

the vibrations.  This occurred even in a full successful run, and it did not lead to 

immediate catastrophic failure.  To solve this problem, new bolt holes were tapped and 

larger bolts were used, with larger threads less likely to strip.   
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 The turbine failure occurred once again in testing, although not to the same 

destructive extent, and this time at 104 kRPM.  The failure was preceded by an irregular 

high pitched noise that may have indicated a turbine imbalance or possible turbine 

rubbing.  The turbine threw two blades, and the rear bearing was damaged in the same 

way, but there was no other damage.  After this, the mounting of the turbine 

shroud/turbine nozzle piece on the shaft tunnel was tightened so constrict the movement 

which was believed to have caused the turbine to rub and 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 meter FLR1010 was for water which 

has a different density and viscosity than the kerosene/oil mixture.  Thus, a new 

calibration was needed to determine the fuel flow rate from the flow meter output 

voltage.  This calibration was done by pumping fuel through the flow meter, filling a 

graduated cylinder over time.  The total volume pumped and the time taken were 

recorded from which a rate was calculated, and the signal voltage output from the flow 

meter was also recorded.  The uncertainty of volume was 5 mL, and the uncertainty of 

time was 1 second.  The flow rate was calculated using equation F.1 and the uncertainty 

was calculated using equation F.2.   

 
t

vol
Q =  (F.1) 

 
2
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U
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 Five flow rates and voltages over the range of expected fuel flows were recorded, 

and a linear regression was performed to determine the correlation of flow rates to 

voltages.  Figure F.1 shows the results of the regression.  The line of least squares was 

determined to be described by the equation Q = (205.0 ± 9.9)*V + (11.5 ± 11.2), to 95% 

confidence.  The standard error of the regression was determined to be 4.8 mL/min, 

leading to a 95% confidence interval for the calculated flow rate of ± 9.6 mL/min.   
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Q = 205.05*V + 11.452

0

50

100

150

200

250

300

350

400

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Signal Out (V)

F
lo

w
 R

at
e 

(m
L/

m
in

)

 

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

 Custom stagnation pressure probes were constructed for stations 2 to 6 by bending 

1/16” steel tubing and drilling out the front face of the tube so it was recessed as shown in 

Figure G.1.  The bending was done by inserting a wire into the tube as a type of mandrel 

which resisted the tendency of the tube to buckle while being bent.   

 

Figure G.1: Stagnation Pressure Probe 

 The tip of the pressure probes were recessed inwards so that the measured total 

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

shows the results of a comparative wind tunnel test where the variations of total pressure 

with flow misalignment of the stagnation pressure probe 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 much less sensitive to larger flow 

misalignments.  This result was useful because the exact flow direction everywhere in the 

engine was not known, and while most stations had an obvious direction (i.e. lined up 

axially or with a flow turning vane) the possibility of flow deviations existed.  The 

dynamic head stayed within 5% of the actual value when the custom probe axis was 

within ±20° of the actual flow angle, whereas the spherical pitot tube had a variation of 

less than 5% only within ±10°.  One will notice that there is significant asymmetry 

especially in the custom stagnation probe at high flow misalignment.  This could be for 

two reasons, the first that the curvature of the probe and the probe stem started to 

interfere with the flow pattern, as the probe was rotated in the ‘vertical’ direction, the axis 

of rotation being ‘into the page’ in Figure G.1.  The second possible reason is that the 

probes started to interfere with each other since they were tested at the same time beside 
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each other in the flow.  The spherical pitot tube, being longer, may have interfered with 

the flow to the custom probe at high positive flow misalignment angles.  If this was the 

case, then the custom probe was in fact better than 5% error within ±20° and looking at 

the negative misalignment it might have 5% error within ±30°.  Either way, the 

asymmetry was not deemed to be a big problem since an allowable 20° misalignment is 

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

 The analysis of the test results was done in Microsoft Excel.  The test data for 

each run was imported and the data collected while under the steady state phase at each 

set speed was averaged.  These average data formed the basis of all the analysis of the 

engine.  The calculations of all the other running variables were from these data.   

 For engine analysis, a constant heat capacity was assumed for over each 

component other than the combustor.  The heat capacity and enthalpy were assumed to be 

only functions of temperature and fuel air ratio (for combustion products).  These 

functions were obtained from polynomial fits presented in Walsh and Fletcher (2004).   

 Figure H.1 shows the flowchart of the calculation procedure used in the 

spreadsheet.  The calculation procedure was identical for both the diffuser and nozzle 

cases, though in the nozzle cases obviously station 6 variables and diffuser efficiency 

were not calculated.  Table H.1 lists all of the formulae used to calculate the engine 

running parameters displayed in the running data of Appendix D from the measurements 

in Appendix A.    
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Figure H.1: Running Data Calculation Flowchart 
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Table H.1: List of Calculated Variables from Running Data 
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Appendix I: System Simulation 

 The simulation of the engine and system was done in Microsoft Excel and Visual 

Basic.  It consists of a spreadsheet with all of the engine performance data which is 

calculated by iteration based on several manual inputs and assumed values.  The main 

running macro in visual basic takes the assumed value for P5 (without which the 

spreadsheet would not be able to reliably calculate the performance) and adjusts it to 

satisfy the requirements of the atmospheric outlet pressure.  Other macros were written to 

interpolate the compressor and turbine maps, and one was written to calculate turbine 

pressure ratio iteratively.  Figure I.1 shows the flowchart of the calculation procedure 

used in the spreadsheet.  This calculation procedure was used in most of the simulations, 

but a modified procedure was required where different inputs were required.  In section 

3.3 where the effect of the diffuser on the engine is simulated, the net work was forced to 

zero by modifying the turbine inlet temperature T04.  The overall iterating macro was 

modified to control both P5 and T04, based on the exhaust pressure and net work.  A fixed 

combustor efficiency was also used which negated the need to have an iterative 

procedure to fix combustor performance.    

  Tables I.1 and I.2 list all of the input and calculated engine and system 

parameters used for the simulation, as well as the formulae used to calculate them.  All 

station numbers are the same as in the nomenclature section.  The heat capacity function 

is a polynomial fit for the products of combustion as presented by Walsh and Fletcher 

(2004).   
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Figure I.1: Simulation Calculation Flowchart 
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Table I.1: List of Input Variables Used for System Simulation 

N speed in revolutions per minute 
T0,in inlet total temperature 
P0,in inlet total pressure 
T04 turbine inlet total temperature 
(AKh)rec recuperator heat transfer area * heat transfer coefficient proportionality 

constant  

�
�
�

�
�
�
�

�
4.2

,, crecflow

p

A

k
 

recuperator pressure drop constant 

Rec AR recuperator area ratio 
LHV fuel lower heating value, taken as 43100 kJ/kg for kerosene 
� d diffuser efficiency 
� m mechanical efficiency 
� , comb combustor efficiency 
Rhex � P% recovery heat exchanger percentage pressure drop 
T08 exhaust temperature (determines amount of heat recovery) 
Pref reference pressure 
Tref reference temperature 
R5,mean turbine mean blade radius 
� 5,mean turbine outlet mean blade angle 
A5 turbine outlet area/diffuser inlet area 
A6 diffuser outlet area 
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Table I.2: List of Calculated Variables From System Simulation 

P5 technically an input variable, P5 is set iteratively so that P08 = P01 
m� air fuelturbair mmm ��� -=  

Ncor, comp 

01

,
T

T
NcompNcor

ref
=  

Mcor, comp 

01

01,
P

P

T

T
mcompMcor ref

ref

air�=  

PR, comp ( ) ( )( )compMcorcompNcorfcompPR ,,,, =  - from compressor map 
� , comp ( ) ( )( )compMcorcompNcorfcomp ,,,, =h  - from compressor map 

W� , comp ( )0103,, TTcmcompW comppair -= ��  

W� , mech compWmechW m ,, �� *=h  

P03 0103 , PcompPRP *=  
T03 

��
�

�

�

��
�

�

� -
+=

-

comp
compPR

TT
turb

turb

,
1,

1

1

0103 h

g
g

 

P04 combPcrecPPP ,,,0304 D-D-=  
� P, comb 58.111.4231.120, 2 -+=D airair mmcombP ��  (experimental data fit) 

m� fuel ( ) ( )( ) ( ) ( )( )
( ) ( ) ( )( )ref

refRrefair
fuel TFARhTFARhLHVcomb

ThThTFARhTFARhm
m

,,,

,0,0,,

04

0304

--*

---
=

h

�
�  

FAR 

air

fuel

m

m
FAR

�

�
=  

PR, turb 

05

04,
P

P
turbPR =  

Ncor, turb 

04

,
T

T
NturbNcor

ref
=  

Mcor, turb ( ) ( )( )turbNcorturbPRfturbMcor ,,,, =  
� , turb ( ) ( )( )turbNcorturbPRfturb ,,,, =h  
T05 

��
�

�

�

��
�

�

�

��
�

�

�

��
�

�

�
�
�

�
�
�

�
--=

-

turb

turb

turbPR
turbTT

g
g

h

1

,
1

1,10405  

P05 
1

5

05
505

-

��
�

�
��
�

�
=

turb

turb

T

T
PP

g

g
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m� turb 

ref

ref
turb P

P

T

T
turbMcorm 04

04

,=�  

W� , turb ( )0504, TTcmW turbpturbturb -= ��  

W� , net mechcompturbnet WWWW ���� --=  

V5,blades,mean 

60,,5,,5

p
**= meanbladesmeanblades RNV  

V5,rel,y ( )meanxyrel VV ,5,5,,5 tan b=  

V5y meanbladesyrely VVV ,,5,,5,5 -=  

� 5 

�
�
�

�
�
�
�

�
= -

x

y

V

V

,5

,51
5 tana  

T5 

turbpc
V

TT
,

2
5

055 2
-=  

� 5 

5

5
5 RT

P
=r  

V5,x 

55
,5 A

m
V turb

x r
�

=  

V5 2
,5

2
,55 yx VVV +=  

Ma5 

5

5
5

RT

V
Ma

turbg
=  

T06 0506 TT =  
T6  

diffpc
V

TT
,

2
6

066 2
-=  

T6s ( )5656 TTTT ds -+= h  
V6 

66
6 A

m
V turb

r
�

=  

� 6 

6

6
6 RT

P
=r  

P6 
1

5

6
56

-

��
�

�
��
�

�
=

diff

diff

T

T
PP s

g

g

 

P06 606 PP =  (assuming loss of leftover kinetic energy) 
P08 ( ) rhexPhrecPPP %,,,0608 DD-=  
Cp, comp 

�
�

�
�
�

� +
=

2
,0 0301

,

TT
cc pcompp  
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Cp, turb 
�
�

�
�
�

� +
=

2
, 504

,

TT
FARcc pturbp  

Cp, rec, c 
�
�

�
�
�

� +
=

2
,0 0303

,,
R
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TT
cc  
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�
�
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�
�

� +
=

2
, 0706

,,
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,,

,,*
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�
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�

� +
=

2
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�
�
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=
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T03R ( )03060303 TTTT R -+= e  
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+
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Appendix J: Steady State 

 Data from the engine was attempted to be sampled at a steady state.  The engine 

was run for 30 seconds at each RPM level for the control system to reach approximately 

steady state before the data was sampled over a time of 20 seconds.  This sampled data 

was then averaged and used for the analysis.  While this data approximated steady state 

data the engine was never at true steady state.  The speed did vary over the time period as 

the control system needed time to adjust to various perturbations.  Fluid turbulence added 

to the unsteady nature of the engine.  Figures J.1 to J.4 show a sample of transient data 

from both a nozzle and diffuser run, at two different RPM levels.   

 In Figure J.1 to J.4, the fuel flow, speed, and pressure transients are shown in a 

non-dimensionalized form, based on the difference from the initial steady state value to 

the second steady state value (the one being sampled in the second half of the time frame 

shown).  It can be seen that none of the values are actually a steady state and do show 

some noise even when the engine speed is relatively constant.  The turbine exit 

temperature is also shown though it is shown dimensionally because steady state exhaust 

temperature did not always change much between states, especially at the mid RPM 

range.  The P03 (compressor exit pressure) variation is closely related to the speed 

variation as speed is the primary factor in the pressure ratio of compressors when 

operating in the range of the compressor map where the speed lines are approximately 

horizontal.  The fuel flow variation is linked to the control system’s response to the RPM 

variation and is influenced also by the time response of the fuel pump and fuel line 

friction/momentum.  The exhaust temperature variation is an almost constant noise when 

operating at quasi-steady state, and it is likely due to turbulence, unsteady combustion, 
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and unsteady turbine flow.  Since the measured temperature is actually that of the 

thermocouple inside the mineral insulated sheathe, the actual temperature variations of 

the flow must have been greater than indicated.  If a rate of heating and cooling of the 

probe could be determined, the actual temperature variations could be determined if the 

convection heat transfer coefficient could be estimated, but since the signal is aliased, no 

true rate of heating could be determined.   

 The transient response at high RPM is slower than that at low RPM, as seen when 

comparing Figure J.2 with J.1 and J.4 with J.3.  Figure J.2 shows a step change in average 

turbine temperature which indicates the system is not even completely at quasi-steady 

state, while Figure J.4 shows a turbine temperature increase over the whole time frame 

that indicates that nothing approaching steady state was ever reached at this speed.  In 

this case, data from the last 5 seconds was used as it was assumed it was the closest to the 

data that would be obtained at steady state.   
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Figure J.1: Transient Response, Nozzle Run 2, 72-80 kRPM 
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Figure J.2: Transient Response, Nozzle Run 2, 112-120 kRPM 
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Figure J.3: Transient Response, Diffuser 2 Run 3, 72-80 kRPM 
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Figure J.4: Transient Response, Diffuser 2 Run 3, 112-120 kRPM 
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 While at this quasi-steady state, each variable fluctuates over time as shown in the 

previous figures.  Figure J.5 shows the standard deviation of these fluctuations for a 

greater range of engine parameters, at two identical nozzle runs at full speed, with one 

diffuser run at full speed and another nozzle run at part speed.  This shows the differences 

and similarities in the variability between runs, configurations, and speeds.  This standard 

deviation does not include the instrument and measuring errors.  The case with the lowest 

variability in general is the lower speed case, which may be a result of decreased 

turbulence due to the lower mass flow, decreased vibrations due to the lower speed, or a 

better controlled system closer to actual steady state.   
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Figure J.5: Standard Deviations of Measured Engine Parameters 

 


