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ABSTRACT NOMENCLATURE
This paper documemts the design, manufecture and seccessfui CPR = Compressor Pressure Ratio
operation of a very small mrbojt engine for particular use in radio DP = Design Point \
comrolled rmode! jet aircraR apd other small and vamanned drones. ETAC = Compressor Iscotropic Efficiency, ([decimal] }
M = Mach Number
This work commenced & years ago and basically this engine N = Rotational Speed, [rpm]
evolved around one off-the-shelf jtem: a radial fow pressure NDM = Nop-Dimensional Mass Flow
compressor-tutbine  rotor from 8 modern automobile turbocharger P = Absoluic Pressure
systemy. AR other major compements such as the single sage SFC = Specific Fuel Consumption, [kg/N.hrf
compressar  diffuser, reverse flow combustor, turbine first siage SFN = Speeific Thrust, [N.s/kg)
nozzles and inlet and exhaust ducts are pewly manufactured items. T = Absotute Temperatre
- TIT = Turbine Inlet Temperature -
With an overall length of 310 mm, ‘a diameter of 110 mm and a ISO = Interpational Standard Organisation

weighy of 2.2 kg, this enginc formed a great challenge upoa both
authors with respect to the development of cach component. It was

both a mixture of art and science. The three challenges were: SUBSCRIPTS
' 01 = compressor inlet
a. The reverse flow combustor with » length of 110 mm, 02 = compressor outkel
b. The rotor bearing module and vibration damping (balarcing). 03 = turbin¢ inlet
c. The single stage compressor diffuser. 04 = turbine outet [

The design point performance data ay ISO condidons is:
INTRODUCTION

Gross Thrust; 40  Newtons Since the introduction of the first operational turbojel engine,
Specific Fuel Consumption: 0.225 xg/Nh some 50 years ago by Frank Whittle apd his team, ibese engincs
Compressor  Air Flow: 0.150  kgis have become only bigger apd bigger in order to meet the demands of -
Compressor  Pressure  Ratjo: 1.90 high fuel cfficiency apd specific thrust. 6 ycars ago mentioned
Turbine Inlet Tempersure: 680 *C authors joined forces and aptempted the opposic by starting the
Rotational Speed: 100000  pm design and mamuficture of a very smafl turbojet cogine.
Turbine Fuel: JP3/IP4  kerosene+gas  fuel
Maximum Sound Pressure Leve): 90  dBA at 1 mir The availibility of readily made rotor systems, high strength apd
temperature  resistamt  materials and their maching tools have made
This paper will discuss the manufacturing and design techniques the imitil step for such a project easier. Afier many hours of slatic
used and the performance and hapdling characteristics of the engine. runs and tesis it is near completion apd will soon be flight tested in a

Presented at the International Gas Turbine and Aeroengine Congress & Exhibition
Birmingham, UK — June 10-13, 1996
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Figure 1: Turbojet Engine and Compressor Diffuser Module

deHavilland Vampire [I mode] aircraft. Figure 1 shows a picture
of this engine in its current state.

Due 1o its size, the thermodymamic cycle of this engine is
characterised by relatively high operating temperatures, very low
component pressure ratios and efficiencies and a high rotstiopal
speed of the rotor. The low Reynolds pumbers encounmtered {1.5ES)
indicate the dominance of frictional forces and losses apd its
infleence on boundary layer behaviour, The result js a very
sensitive engine in terms of operation and off-design behaviour.

PRELIMINARY DESIGN CONSIDERATIONS

Rotor_Selection

The off-the-shelf rotor assembly that has been sclected is an
unmodified Garrett Airesearch model T3/T31 60-TRIM. This
assembly, with its overall diameter of 60 mm and a weight of 300
grams has proven {0 be an excellent choice. The high peak
cificiency, backswept vaned compressor has a wide stable operating
range of air flow for-a given rotational speed and is already of
excellent aerodynamic design. The radial inflow turbine is made of
a nicke steel, Inconel 713 alloy and is capable of handling
operating temperatures of up to approximately 900°C.

Combuster Configuration
Todays low weight tmrbocharger rotors also have very shon

shafts. This leaves little space between compressor and turbine rotor
{zpprox. 90 mm) to 2dd other components such as the combustor,
compressor  diffuser and wbine nozzies. It was already concluded
that positioning all of above mentioned compopents within this
limited space would be impossible. I was unkpown at the initial
design stage how lonmg the combustion chamber had to be for good
combustion  characteristics!

Instead of an annular straight flow combustor arrangement we
therefore opted for 2 reverse flow annular configuration situated aft
of the wrbine, Although the length of the nubojet cogine increased,
the overall diameter was kept very small. For applications in model
jet arcraft overall body diameter is more critical than length, & aiso
allowed for unlimited axial enlargements of the combustor and
climinated the complex imtegration of for example a swraight flow
combustor with the bearing module.

This configuration introduced probably one of the most importam
advantages of all. Placing the combuston chamber behind the
rbine isolated the mmch colder bearing module and compressor
arrangement from the high temperatres encouniered in combuster
and mwrbine. Measurements have shown that indeed, bearing
temperatures  are kept at 2 surprisingly low 80°C throughout the
stable specd operating range of the engine! It eliminated the use of
special bearings and other complex cooling arrangements.

Fuel Selection

Our wide experience with lpg fucled pulscjets has led us to
select kerosene fuel for this turbojet engine. Being the most widely
used aviation fuel it already has good combustion characteristics
when properly atomised. It is 2 mmch safer fuel to handle than gas,
gasoline or Ipg. Afthough very flammable when atomised 1 has a
lower tendency to quickly form explosive mixtures when for
cxample 2 leakage occurs in- pumps or feed lines. Safety in fuel
handling and engine operation has been 2 serious design issue,

The use of kerosene does tequire additiopa) itemws such as a booster
pump for fuel pressurisation and maybe an zadditioga! atomizing air
system. The main difficulty with kerosene fuel was cxpected to be
that of proper atomisation oOr ecvaporation within the very limited
space of the combustion chamber.

Medutar Design
A modular desigm concept has been maintained throughout the

entirc engine. Inmtegration of two or morc componemts Dot only
makes mamufactmring  difficult bw  could make any future
modifications to a specific item 2 tedious job. All components have
been designed in such & way that they can easily be manufacrured
and put into series production. The turbojet engine has been devided
into several modules that are combined together by a combination of
bolts, press-fit connecticns and special clamps, while all components
are aligned with cach other using male-female connections.
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Degian Lif

Ample margins in temperature (thermal stress) and rotor speed
(component loadings) have been introduced tfo maintain long life of
especially the hot scction compopents. The maximum operaing TIT
of 750°C is well below the turbines capability. The maximum
rotational speed of the rotor during, for cxample, takeoff s
approximately 105.000 1pm and is also well below its design limits.

a ai

Although the rotor is very light in weight its rolational speed is
high and the risk of non<ontainment should not be ignored. The
turbine is swrounded by other components made of high strength
stainless steel 316 2and Imconel 713. While normal turbojet
operation is well below is mechanical and thermal Limits, turbine
failure has never occured {hroughout the years of testing. During
the first series of lests of the preliminary design an unexpected
axial movement of the compressor has once been experienced at a
rotational speed of around 40.000 rpm. I was seen that the rubbing
of the aluminum rotor against its aluminum casing caused it 10
decelerate  very quickly to rest,

No severe damage to the other componemts had appeared and any
broken pieces remained within the engine. The selection of good
rotors without defects or cracks has also been very important,

COMPONENT DESIGN AND MANUFACTURE

Gaonerpl Lavout
This turhojet engine has been built up from several individual

modules. These are:

7) Rotor bearing module

8) Compressor-turbine  rotor
9} Exhaust oozzle assembly

10) Combustor/turbine  casing
11) Fuel control system

1) Engine intake

2} Compressor casing

3) Compressor  diffuser

4) Combustion chamber

5) Turbine nozzle guide vanes
6) Lube oil system

Figurc 2 shows a cut-away view of this engine and the layout of the
individual components.

Intake and Compressor Casing

Until now only static tests have been conducted on a testbed
and fig. 1 shows a typical bellmouth shaped intake thal was used
for good inlet flow chamcteristics. Aircraft speeds of around 280
km/Mr have been anticipated. A new divergent intake is therefore
being considered for the in-flight purpose of reducing the inlet air
velocity to acceptable levels to prevemt negative incidemce stall at
the inducer vanes of the impeller. The intake and compressor
casing are two individual items made of an aluminum alloy. The
compressor casing also includes a messing nozzle that is used to
feed compressed air 10 (e compressor rolor 10 accekrate i 0
ignition speed.

Figure 2: Cut-Away View of the Turbojet Engina

The machining of the rotor casing required high accurecy. Large tip
clearances are detrimental to overall ' engine performance and
compressor  efficiency, especially on an inlet diameter of only 46
mm. Tip clearances have been kept between 0,2 and 0,3 of amm. It
was found that a tip clearance below 0,2 mm required too much
effort into radial and axial rotor displacement control and alignment
and was not persied any further

Co ssot Diffuser

The proposed layout of the engine and the selected radial
compressor required the compressed air to be redirected to an axial
flow, The rotor diameter of 60 mm was small eaough to include 2
radial first stage vaped diffuser without exceeding our target overal
diameter of 120 mm. A 90 degree axial redirector charnel and a
sccond stage flow straightener are an integral pant of the diffuser and
were designed to provide an axial flow of air without too much
swirl. The cntire diffuser has been manufactured from a single piece
of aluminum alloy uwsing CadCam technology.

The first two referemces have provided us with excellent tools and
information for the design of our radially wvaned diffuser. For our
wrbojet engine, impeller exit velocities were estimated to be around
M=0.55. It was shown by Adkins (1983/1990) thal at and above
M=0.5 compressibility effects have to be taken into accoumt when
designing a diffuser and above M=06 these cffects arc
considerable. These severe pressure gradients at inlet to the diffuser
are caused by the large changes in air density and could easily resubt
in early boundary layer scparation and hence poor diffuser
performance. The divergence angle or area ratic al injer of the
diffuser should thercfore be small (conservative} but may increase
progressively towards its exit. These “trumpet shape® diffuser
designs are difficull to mamufacture 2nd another approach would be
longer diffusers with a lower but constant angle of divergence.

For our design easy to MMm "trumpet shape”  diffuser
channcls were possible  with socalled symmetrical  “half moon®
shaped diffuser vanes as shown in figure 3.
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Figure 3: First Stage Compressor Diffuser Vane Geometry

Similar designs have been found in many other small gas turbine
cogines and auxiliacy power units.

For this small diffuser the method of calculation as described by
Adkins (1983/1990) can only be approximate due to other, very
difficult o quantify, factors such as boundary layer behaviour and
the popuniferm inlet conditions of the air emeripg each diffuser
passage. The design and mammfacture of it has therefore been much
a mixtre of art (a good eye for shape) and science.

Sphitting a flow of air such that eack diffuser passage has the same
air mass flow and pressure is difficut. It is this inbalance between
adjacent diffuser passages that increases the tendency to suge the
compressor and cxperiments have shown that it is likely to increase
with an increased number of vapes. Increased surface area, friction
and diffuser blockage are side cffects that must be taken into
account whea 2 large number of vages is sclected.

Experiments have been done with diffusers with 15, 16 and 17
radial vanes. The final configuration chosen was 17 vanes since it
had the best performance within the part specd operating range of
the engine. An ioportant aspect with respect to the number of vanes
ts the acrodynamically induced blade vibratiog caused by the blade
passing frequencies of rotor and stator vanes. An "unbalanced”
ratic of the number of diffuser vanes to the mumber of compressor
rotor blades is preferred. To damp aerodynamically induced biade
vibration and 10 even out any imbalances in air flow and pressure
1o cach passage a vaneless space of 5 mm between rotor exit and
diffuser inlet was imtroduced.

During the tests of carly designs low frequency rumbles could be
heard very well at cenain operating points of the engine. Pressure
fluctuations also indicated such flow instabilities and the sensitive
nature of diffuser design om overall engine performance.

Combustion Chamher
The design of the reverse flow combustor has greatly been a

process of trial and error. With its length of 110 mm and its overall
diameter of 90 mm it has reached an absolute limit with respect to

4

the available volume for reasonably good combustion characteristics
oo kerosene fuel. Much effort bas been put into the testing of
specific  cooling concepis  (film, impingement) described in the
lieramure. Afier the many test runs, each up 1o 10 mimnes, visual
inspections were performed. Colour differences on the liner and the
appearance of socot, smoke and carbon deposits provided feedback om
the quality of combustion with respect o uniform temperature
distribution and local overheating (hot spots). Feedback was also
cbained on the proper layout and size of these cooling holes. It was
experienced that for these small combustors a correct balance of
several of these cooling technigues is of most importance.

Impingement cooling of the hot gases and the combustion <hamber
inner walls by means of air jets has been 2 predominamt technique in
the primary and secondary zome of the combustor. Film cooling
techniques have been used extensively in the tertiary zone and
around the transition picce near the turbine first stzge  nozzle
assembly. Due o the changing direction of the impinging hot gases
this transition piece required extra film cooling. Without this thermal
barrier local overheating and even mel-down could ocour wvery
casily.

The other very mmporamt aspect of combustor design bas been that
of primary zome reeirculation and flame stabilisation. For this
purpose the use of socalled swirl vanes at entry 10 the combustor has
been dispensed with due 10 difficulties in mamfacturing and the fact
that kerosene fuel was not intended 1o be injected by means of
individual orifice nozzles. Insiead, the adoption of Jarge scale
primary zome recirculation using a small mumber of large 2ir jets has
finally led to the successful design of this combustion chamber. The
recirculation  Roles have been imtroduced a1 a certain distance from
the corbustor end cover.

These recirculation holes, when correctly placed, significantly
improved mixing and combustion stability and after st runs resuhed
o a spotless combustion chamber. When placed badly and with the
wrong dimensions, it chilled the combustion process and resufted in
unstabie  combuston with measurable  instabilities in  ¢xhaust
termperature  and overall engine bebaviour. Visible smoke emnssions,
extreme hot spots, nop-uniform temperature distributions and even
carbon deposils on the liner inner wall were then deiscicd.

I was thought that the perforinance of such a small and fixed
geometry combustor would deteriorate  very quickly at part speed
operation. The already low operating pressures of this combustor
decrease  dramatically at part speed and this is detrimemal 1o flame
stability. The use of the large scale recirculation principles as
described above prevented this and within the siable operaling range
of the engine reasomably good combustor performance  was

Although many correlations exist that provide a good stamng point
for a combustor design it still remains a true fact thar the
development of any good combustor, no malter how big or small,

very much depends on the time spem on testing.
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The use of a redial inflow wrbine required that the hot gases
be redirected from an axial reverse flow 10 a radially inward onc.
The first stage nozzle assembly is constructed from one single piece
of alloy and includes not only a curved passage (transition piece) to
redirect this flow of hot gases but also a set of fixed geometry
radial vanes or nozzles. These vanes are used 10 simultaneously
socelerate the hot gases and generate the correct wvelocity trianmgles
at turbine tmlet, such that a smooth inward flow through the turbine
impelter passages is accomplished at its design point.

The fixed geometry vanes of our assembly have blunt leading edges
to allow the hot gases 10 enter the nozzle passages smoothly from
any direction. The disadvantage of fixed geomelry vancs is that the
flow at exit would maimain a constant angle relative 1o it. At part
speed the change in air flow and rotational speed will rearrange the
required velocity triangles at mrbine rotor inlet. The simation might
occur when hot gas impinges onto the turbine blades cither on the
driving side of the blades or in opposite direction. In general the
radial turbine is seen 10 be less sensitive towards this reaction and
the loss in stagnation pressure associated with it (shock losses) does
not increase much over a wide range of incidence angles relative 1o
the rotor. The true nmozzle and turbine characteristics of this engine
arc yet unknown with respect to the above.

Fuel injection, lanition and Control

While stability limits for sustained combustion with respect to
fuel 10 air ratio are wide, for ignition these limits are narrower.
Therefore, good ignition characteristics depend very much on the
fuel injector design and the achicvable atomisation quality. For
good ignition performance a well atomised or cvaporsted fuel
(preferably close to sioichiometric  fuel to air mtio) is required in
the primary zone. The air conditinns at inlet to our combustion
chamber (temperature and pressure) at the very low rotational
speeds are just about ambient, This is especially detrimental to
ignition performance due to large ignition heat loss and the very
poor fuel atomisation quality that can actually be achieved.

Two methods have been investigated to achieve above goals:

1) High quality fue] momisation using plain orifice nozzles.
2) Fuel pre-evaporation with an eveporator tube or manifold.

The first method has been dispensed with very quickly. Small high
performance  orificc nozzles require high fuel pressures and heavy
on board boost pumps to achieve the fine fue! sprays and are also
difficult to mamufacture, If multiple injectors were proposed then
the difficudty of flow division would be the next problem to deal
with., The most important disadvantage 1is that such orifices tend to
Create large spray cone angles and the finer the fuel spray the
larger the cone angle will be. The resulting radistion duc to
impingemem of burning droplets onto the liner inner wall is high,
especially in a4 very small combustion chamber. Fuel conmol
however is more accurate and the engine response time due 1o

changes in fue! flow (for example transient operation) is very shom.

It was concluded that fuel pre-evaporation would provide the best
solution. Our design consists of a fuel pre-evaporator manifold
located within  the combustion chamber, Since the fiel and the
combustion chamber are cold at startup fuel pre-evaporstion can not
be achieved unless the fuet is preheated to the high evaporation
temperatuses  just before ignition. Fuel preheating makes startup
procedures cumbersome and the solution was the use of a gas fuel
for startup and ignition.

The advantage of an evaporated fuel has been less emissions of
smoke and unburned hydrocarbons. A more uniforrm  combustion
process with uniforrn combustion temperature patterns and fewer hot
spots could be achieved than with the first method. It can also
operate at much lower fuel pressures. The engines response fime to
changes in liquid fuel flow is longer and actal flow comrol is less
accurate, This is primarily dictated by the cvaporstion process. Onc'
ncgative side of clevated fuel tempertures is that of fuel cracking.
This will result in carbon formation and clogging of the smafl holes
and fiel lines. This process did not appear to be very fast and was
acccptable within the already short running tmes of the engine.

Not surprisingly, the use of a gas fuel for ignition 2nd engine startup
has proven to be excelient. Afer startup 10 its minimum idle speed
transfer to kerosene fuel is initiated through the same manifold using
synchronised  valves. The alrcady hot gases in the combustion
chamber then preheats the fue! in the manifold 1o the high
evaporation  levels before it enmters the combustion chamber. Fuel
flow is comrolled by a varable speed clectric motor driven

miniature gear pump.

Ignition is accomplished by means of a specially in-house developed
5¥V  Electronic Condensor Discharge Spark Ignition Unit. The
position of the spark igniter very much influenced the starup and
ignition sequence of the engine. By changing iis position relative - o
the cvaporater manifold and the recirculation or cooling holes, the
rotational speed at which ignition could actually occur changed
significantly.  Successfil light-up speeds were observed 10 change
from 10000 rpm to as low as 3000 rpm!

A tial and error process was required to find the right position.
Ignition at reasonably high rotational speeds is preferred to prevent
flash back due to the low pressures and flows throughout the engine.
Igmition speed has finally been set to approximately 10000 rpm.

Botor_Boaring Module

The bearing module is not only the heaviest module of the cntirc
engine but construction wise it is also the most important ope. It is
entirely mede of stainless stee] and in combipation with the
compressor  diffuser and turbine nozzle assembly it is basically (e
mainframe (chassis) of the engine. The alignment of this bearing
module with all other components is of most importance since tip
clearances of both compressor aed turbipe are controlled by it.
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This construction allowed the hot section components o expand
freely to the rear of (he engine while the compressor diffuser-
bearing module combination acts as a fixed pivor. The bearing
armangemen!  within this module is a double overhung arrangement
comprising  two  special ball bearings that are capable of
withstanding the axial loadings at high rotational speeds. These
bearings require pre-loading in axial direction. This has been
accomplished with a spring.

Both bearings are Jubricated and cooled with a special turbine oil
which is fed from the externally mounted tank to the bearing
module by means of 2 tube through the compressor casing as shown
in fig. 2. This lube oil system is of the total Joss system. Omly little
oil is required during normal operation and a closed lJoop lube oil
system would be too difficult to engincer and would also require a
0o complex scaling arrangement. This would increase the overall
weight of the engine and was not persued any further. The tube oil
flow, or more appropriate, the lube oil "droplet flow™ is comtrolled
by a very small orifice and the oil is fed to both bearings using
compressor  discharge air. Before startup, when no pressure s
available, a few drops arc fed mamally. The oil is finally lost in
the exbaus! duct where it is entrained in the hot gases.

The biggest problem of al! was that of rotor balancing and vibration
damping. The use of the in-house capability of rotor balancing by
means of a twoplane dynamical balancing machine proved to be
worthwhile. It has G1.5 balancing quafity capabiliies and is also
used to balance ducted fan units for radio controlled mode] aircrafl.

COMPUTATIONAL STUDIES

Design Point Performance
To aid in the design process and the understanding of the

turbojet  engine cycle a design point performance program  was
developed. A simple cycle parameter study was carried out and
figure 4 graphically shows one of the most important results.

it was carmed out wusing consiant, best estimate, values for
component efficiencies and pressure losses while inlet conditions
were held constant a1 ISO condittions and zero flight speed. It can
be concluded that the reason for increasing CPR is clearly w
decrease  SFC.  An increase in TIT however, has a significam
positive effect on specific thrust but at the same time results in an
increzses in SFC. For a given size and weight of the turbojet
engioe CPR is more or less constrained 1o the nzrrow band as
indicated by the shaded area in fig. 4 and the only “handle™ Iefi is
that of TIT. The main design target for these small turbojet engines
remains a high thrust to weight ratio, thus a high valwe for TIT but
will always result in an increase im SFC. No tre optimums are
available to us at all.

The only way SFC can reaily be improved is by increasing either
componcnt cfficicocies or by reducing the pressure Josses and tip
clezrances of respectively combustor and rotating components.
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Figure 4: Simple Turbojet Cycle Parameter Study
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When component pressure losses are reduced and therr cfficiencies
are increased the entire map in fig. 4 will move lowards lower
specific fuel consumption and higher specific thrust.

Off-Design Performance

Simulation Program. During the design and testing phase of
the engine a second, off-design performance  program  was
developed. To perform off-design simulations the characteristics of
all compoments from inlet to exhaust nozzke are required. The
addition of a diffuser and first stage nozzle assembly has greatly
influenced the known rotor characteristics of both compressor and
turbine and thus their overall characteristics. To obtain these new
characieristics a whole set of measurements would have 1o be
underaken. Thest measmrements are cumbersome apd would require
a fully instromented and accurate st rig. At this time no effort has
been put imo such measurements. The performance simulations were
done using best estimates om the shape of these characieristics.

Part _Speed Operation_ The results of the pan speed
simulations are shown in figures 5 and 6. These simulations were

done at ISO inlet conditions and with zero flight speed.

Figure 5 shows the part speed lines that have been obtained and are
typical for these single spocl turbojet engines. Line 1 represents the
off-design behaviour corresponding to the efficiency lines as shown
on the compressor map. Line 2 is the result of constam DP
component cfficiencies throughout its part speed operating range.
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Figure 5: Turbojet Engine Part Speed Operating Lines

The nett effects on engine performance become more clear in fig.
6. Here it can be conchuded that component -cfficiencies have a
large effect on exhaust (emperature while thrust is more or less
uneflected.

When lines of copstant Ty /T, are plotted on the same compressor
map they appear to be very steep and run almost parallel to the pant
speed operating lines of the cngine, This behaviour is very much
the result of low componemt pressure ratios and efficiencies in
combination with high ratios of Tg/Ty. The increase in exhaust
temperature a! part speed is also seen in the much larger turbojet
and turbofan engines but occurs at the very low end of its stable
operating speed range. With these small turbojet engines this
behaviour can occur very carly, depending on its design.

In the carly phase of turbojet testing, when fipe tuning bad not yet
teken place, measurements showed similar behaviour to that of line
1 in fig. 6. Exhaust temperature would decrease slightly st first but
quickly intrease again from 550°C 1o 650°C. It was only afer the
many fine tuning sessions of each component of the engine that this
behaviour was greally altered. With the curremt design exhaust
temperatures  decrease  stzadily  from  580°C at 100.000 rpm o
approximately 430°C at 65.000 pm.

At the same tme the stable operating speed rapge improved
significantly from betwsen 80000 rpm and 100000 pm w
between  65.000 rpm and 105000 pm. The performance
simulations also indicate a much larger stable operating speed range
than in reality. This is seen to be caused partly by the unknown
shock losses ai the turbine rotor entry and possibly the negative
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Figure 6: Engine Part Speed Parformance Characteristics

incidence stall bebaviour of the compressor diffuser at its inlet tan
mostly due to the unknown componemt charscteristics and their

Ambient Effects, The typical effects of ambient temperature
on thrust, SFC and exhayust femperature can be seen in figure 7.
This curve is the result of simulations ai constant rodational speed of
the rotor (100% of DP} and at an ISO absohute humidity of (.0064
kg of water vapour per kg of dry air. This graph does not entirely
represent  rcal engine operstion on ¢ cold or bot day. Turbojer engine
operation is normally resiricted by two main factors: a) maximum
allowable rotor speed and b) maximum allowable TIT.

Figure 7 shows that on a hot day exhaust temperamre increases. The
limitation on TIT requires that o a certain exhaust temperature fuel
flow mmst be reduced in order not to exceed the TIT limil. The
effect is bowever that the resulting decrease in rotor speed and thus
air flow reduces thrust further than imitially amticipated.

On a cold day exhaust temperature is reduced. This allows the fuel
flow to be increassd to bring the exhaust temperature and TIT back
to their normal opersting levels. The result s an increase in
rotational speed and 2ir flow and #n additional iocrease in thrugt.
Thus, wrbojet operation on 2 cold day is in gemeral restricted by its
maximum asllowable rotational speed of the rotor while on 2 hot day
it is limited by its maximum allowable Turbine Inlet Temperature.

While the thrust setting of this engine is set by the measurement of
exhaust temperature care should be taken during extreme counditions,
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Figure 7: Ambient Temperature Effects on Engine
Performance

Qur experience was that exhaust temperature is easier and faster to
measure during startup and operation in the field than for example
thrust or rotaticnal speed. The negative effect of an increase in
absolute hurpidity om air density, engine air mass flow and hence
thrust bas pot been taken into account. This effect is however small
and is at maximum only half of a percent.

The effect of ambient pressure on turbojel performance is very

straightforward, Al a fixed rotational speed a decrease in ambijent
pressure  does pot have an effect on the engines non-dimensional
operating point on the compressor characteristics. For a constant
value of inlel non-dimensional mass flow (NDM,) a change ia Py
has a proportional effect op the air fiow entering the compressor
and hence thrust and fuel flow. In theory, SFC would thercfore
remain  constant with change in ambiemt pressure.  In  reality
however, a reduction in ambiemt pressure causes a reduction in air
density. The resulting decrease in Reynolds mumber has a pegative
effect  on  componem  efficiencies and  thus  specific  fuel

consumption.

Nozzle Area Variations. Anocther interesting aspect that has
been investigated is the effect of nozzle area (diameter) on engine
performance and off-design behaviowr. Figure 8 shows the results
of these simulations. Nozzle area was varied by +15% around its
design value and at a constant rotational speed (100% of DP).

To maintain constant rotational speed of the rotor the simulations
revealed thar a decrease in nozzle area requires an increase in fuel
flow. The enginc operating point moves along the constant speed
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Figure B: Nozzle Diameter Effects on Engine Performance

line towards higher values of Tpy/Ty, thercby increasing Turbine
Inlet Temperatre and exhaust temperature but at the same time
decreasing surge margin. A decrease in nozzle area of 15% resulted
in a 15% increase in thrust but also in an increase in both Turbine
Inlet Temperatire and exhaust temperature of more than 100°C!
These simulated effects have actually been confirmed oo the testbed
and show the large sensitivity of mozzle area on cogine performance.

Basically, by changing the nozzic area the off-<design speed line can
be moved further away or nearer to the surge margin. From the
above it can also be concluded thar the choice of nozzle area is very
much a trade-off berween surge margin, rotational speed, turbine
injet temperature and componem efficiencies for a specific value of
thrust. A large nozzle area places a limit on the rotational speed to
obtain a certain thrust level while its surge margin is high. A small
nozzle arca places a limit on Turbine Inlet Temperature to obtain the
same thrust as the forcmentioned scenario while its surpe margin is
low,

Since the compressor characteristics are not entrely known it is,
again, a trial and emor process to obtain the best mrbojt engine
operating point on the map. A reascnable surpe margin as well as
high component efficiencies and thus pressure ratio must be targeted
for while the best balance between Turbine Inlet Temperatre and
rotational speed must be found for a specific value of thrust. Many
experiments have been dobe with various nozzle sizes and for owr
turbojet engine design a4 nozzle diameter of approximately 40 mm
was found to give the best results.

It was discovered that changing nozzle arca allowed the fine tuning
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of the imerual serodynamics. By changing oozzle area & uew set of
unique vajues for air flow, operating ilemperature and pressure and
rolstional speed can be created, thereby changing ihe wvelocity
triangles within the rotaung compopent and stator assemblies, It
should also be mentioned however that this process does Dot
guarantee success. It greatly depends on the design of the engine
and its compopemis. A small change in nozzle area may well
improve diffuser performance slighty "but at the same time could

worsen characteristics  of other downstream components such as the”

combustor or the turbine first stage nozzle assembly.

TURBOJET HANDLING AND OPERATION

The Turboiat Engine Tesathed

At this Ume cogine starup, shutdown 2nd oormal running have
only been dope on a specially designed testbed. This testbed
coutzins several measuring devices to monitor engine performance
and comrect turbojet operation. Figure 9 shows a picture of this
texbed. The available measurements include:

4) Thrust {static)
5) Bearing + cil temperatore
6) Fue! pressure/temperature

1) Rotational speed
2) Exbaust iemperature
3) Compressor discharge pressure

Oil droplet flow to the bearing module can be monitored with =
sight glazs. Rotational speed is measured with an optical sensor
while static thrust is measured with a loadeell. The small lube oil
tank is mounted on the compressor casing of the engine. The
testbed also contains the miniature gear type liquid fue! pump, the
condensor  discharge spark ignition unit for the igniter and the
aynchronised contro! valves for both gas fue! and kerosene.

a b-] w
As mentioned earfier, engine startup is accomplished on gas
fusl and the stastup sequence can be done safely by a single person.

Compressed  air from 2 small, eleciic motor driven, compressor
unil is fed to the stamup nozzle located on the compressor casing.
First of all the rotor is accelerated with compressed air o 10.000
pm. At this point igniton is tumed on, the gas fuel valve is
opencd and light-up occurs, accelcrating the engine further to its
mimmum idle speed of appproximately 65000 rpm. The air starter
unit is shut down shomly afierwards. The thrust then produced is
about 5 Newions while the exhaust temperature is  480°C.
Compressor pressure ralio is then approximately 1.3.

Changeover from gas fuel to kerosene is accomplisked using the
same fuel manifold system. By simultapecusly closing the gas fuel
valve and opening the liquid fuc] valve (synchronmised) changeover
is initiated. This means that during changeover the turbojet engine
runs on a mixture of gas fuel and kerosene for a few seconds. This
method has been very successful. Further acceleration to its
maximum continuous speed of 100000 tpm can then be initiated.

Figure 9: The Turbojet Engine Testbed

Engine shutdown can be accomplished by simply closing the liquid
fue! valve after the engine has been decelerated back o its minimum
idlc specd and maintained at this speed for approx. 1 mioute, After
rotor renout the temperature within the bearing module increases
slightly from 80°C to 87°C due to radiation effects from the ambine
and combustor. This is duc to the fact that the bearing module is no
longer cooled by the relatively cold arr passing it during normal
engine operation.

POWER GENERATION APPLICATIONS

Although we have been concentrating on the design of a turbojet
engine  for model  aircraft  propulsion, its  extraordinary
thermodynamic  characteristics  have provided us  with  other
imeresting thoughts in the field of very small Simple Cycle Power or
Combined Heat & Power generstion applications.

The low combustor inlet temperature of approximately 90°C and the
very high exbaust temperature of 580°C make it ideal for a beat.
exchanger cycle. As demonstrated by Cohen and Rogers, (1987) the
positive  effect of the heatexchanger cycle on SFC increases
significantly with a decrease in CPR and an increase in TIT. The
optimum CPR for the maximum thermal efficiency however
increases slightly with increase in Turbine Inlet Tempersture.
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Studies in this field were carried out and for the same nett power
output of approximately 55 KW, the simple cycle thermal
cfficiency of 5% can be increased by at least a factor of 3 through
the addition of such a system. Even with the addition of a heat-
exchanger the remaining exhaust gases would still be hot enough to
make warm water.

The heatexchanger cycle introduces other practical design and
manufacturing  problems, bt the reverse flow combustor
arrangement would casily allow for the addition of such a system.
The use of more sophisticated super alloys or even modern glass-
ceramic-matrix-composite  materials would allow higher combustor
operating temperatures apd the results could be very promising.

CONCLUSIONS

Todays availability of high strength, (emperature resistant
materials is very good. The materials uvsed in this turbojet are
commmon ¢veryday materials and they are not too difficult to handle
and to machine with the proper equipment at hand. When the -
house capabiliies were insufficient the mamufacturing of a
particular component was contracted out by us. This combination of
activities has proved to be very successful.

It has been concluded eadier that the only way 1o increase specific
thrust is to increase the Turbine Inlet Temperature to higher levels.
This would require the use of superalloys such as Hastelloy,
pethaps in combination with thermal barrier coatings, or even new
techoology glass ceramic matrix composites.

The use of such materials however requires a new approach with
respect to the manufacturing and design of components. The costs
involved are an additiomal barmrier and for mode] aircraft
applications it is not worthwhile at this time. For any industrial
power gencration application it is certainly worth the consideration.

-A.uy discrepancies  between theoretical off-design  analysis and actual

measurements  are largely doe 1o the uncentainties of componemt
behaviour with respect o pressure losses, efficiencies and their
charactenistics and interactions. The sensitivity towards these

component pressure losses and cfficiencies increases significantly at
very low Compressor Pressure Ratios and high Turbine Inlet
Temperatures. As a result the off-design performance simulations
can be far away from reality and extremely difficolt to approach.

Component interaction on this scale is also extreme. Slight changes
in geometry of, for example the diffuser, may have a tremendous
effect (positive or negative) on the behaviour of other downstream
components as well as overall engine behaviour. The good
characteristics of an off-the-shelf item of already excellemt design
can very much be destroyed by incorrectly matched components.

it can alse be concluded that the nozzle arca may giwe the designer
a tool for the optimisaion and fine wming of components, their
behaviour and interactions as well as overall engine performance.
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