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Abstract: This paper provides experimental feedback on the feasibility of a small-scale, dual-
mode turbojet to turboprop engine. The engine used for testing was a KingTech K45-TP. Key
parameters focused on for this experiment were turbojet and turboprop thrust. A parametric cycle
analysis was performed on a pure turbojet configuration and turboprop configuration, then using
mass flow parameter various nozzles were sized to be designed and tested. Mission analysis was
also performed to get an idea of the required thrust that could be expected for takeoff and flight.
The experiment examines the effect of turbojet thrust with respect to varying nozzle exit
diameters, as well as nozzle location relative to the exhaust exit. The engine was run in both
turbojet mode and turboprop mode with the various nozzle designs with exit diameters
measuring from roughly 1.5 inches to 1 inch. During each test, the nozzles started at a backoff
distance of two inches and as the engine was running the nozzles were moved forward at quarter
inch increments until the backoff distance was half an inch. While running the engine in turbojet
mode, there was a highlighted focus on a potential performance increase in turbojet thrust as the
nozzles were moved closer to the exhaust. While running the engine in turboprop mode, the
highlighted focus was if there was a performance decrease in turboprop thrust as the nozzles
were moved closer to the exhaust. Results show that there is an optimal nozzle geometry and
placement for turbojet mode, with little effect while running in turboprop mode. Overall, the
turbojet thrust recorded during testing is found to be inadequate for high-speed cruise, however
the thrust that is produced could be useful for a transition to turboprop mode from a RATO
takeoff with a propeller lock.



TABLE OF CONTENTS

Chapter Page
L INTRODUGCTION ...tttk etk ht e bt b e sb e e she e s abe e a b e et e e beenbe e st et abbeenbeenbe e e 1
111 PROBIBM ..ttt 1
112 SONULTON .t b bbbttt s bt b e st b et et et e e ese e bt ebesbenne st 2
113 ODJECTIVE ...ttt h bttt ettt b e bbb et et et et bt bt bt et e ne e 3
. BACKGROUND.......oiitiitieti ettt ettt a bttt e bt sb e e she e s hb e e a b e e b e e beeebe e et e e abneenneenree e 5
2.1 GaS TUIDING ENQINES....cviiiieiiiicteeie ettt ettt sttt e et e be s te e s e besasestesbaenbesteessenbesrnenes 5
2.2 Variable CyCle ENQINES......cceiirieieieiieieriesestest ettt sttt ettt b e b sttt sbe bt 6
221 Past Variable Cycles Engine TeChnology ........cccceeerereninienieiiiinreseseeeeeeeseseee e 7
2.2.2 Present Variable Cycle Engine TEChNOIOQY ........ccccevirerierienieieinenienesteieee e 11

2.3 Sub-scale Variable Cycle Turbojet/TUrDOPIOP .....coviiveeciecieceeteeteeterte et 12
2.4  Parametric Cycle Analysis (PCA) for TUIDOJEL .....c.ooveeieceeeeeceeeeeee e 15
T =07 N (o] g VT4 o o] o] £ o SO OO TR 19

P T o (0] 1= | 1= o N 1= o] o SRR 20
2.7 MISSION ANAIYSIS...c.tieeietietieteitieteste sttt e st et et e e e et e st e s e s tesseesbesteessesseassessesseessesseessansesssensessennes 23
2.8 COITECIEA TRIUSE ...ttt ettt b e 25
I METHODOLOGY .ottt sttt ettt e bt e st e e be e sbe e sbeesbeesmbesnbeenbeebeenbeenbeans 27
KT8 A N (Y74 (= I =T oo TSRO 27
KT 151 B = o I 1= T o TSR 30
3.2.1 Engine Mount and PIatfOrm.........c.ooieiiiicee e 32
3.2.2 FUBT SYSTEM IMIOUNT ...ttt sttt st e e st e e s esesneeneas 38

3.3 TUrbojet CONFIGUIALION ......cocvieieieie ettt sttt ettt st e st e eneeaesneeneesneeneas 40
3.4 Turboprop CONFIQUIALION .......ccuecveriiceeieee ettt ettt st e st e esaebesreessesreennes 42
3.5 Folding vs. Fixed Propeller TeSHING ......cceceeierieieie sttt 43
3.6  Folding vs. Fixed Propeller TeSHING ......ccecveierieeeieseee ettt 45



Chapter Page

IV RESULTS ettt bt bt e bt e bt e eh et e ab e e be e ebe e sbe e sheesabesnbeenbeebeesbnenaeeas 47
4.1  Variable Nozzle Distance TUurbOJEt TESTING .....ccceovriririririerieieieeee et 47
4.2 Variable Nozzle Distance Turboprop TeSHING.....c.ccveeeriieerieiieeese st 50
4.3  Fixed Nozzle Turbojet and Turboprop TeSHING.......cecvvevireevireeecereee e 51
4.4 UNCEAINTY ANAIYSIS....icuieiieteeeectieeete sttt ettt e et e st e s be e s e s teere e besteessesbessnensesreeneas 53
45  Fixed vs. Folding Propeller RESUILS ........cc.ooveieieiiieece e 56

V. CONCLUSION ...t bbbttt b e bbb s bt bt e bt s bt e he ekt e bt et e sbeenbesbesbeebenre s 57
TS0 R T [ 1411 - PRSPPI 57
5.2 RECOMMENUALIONS.....cueietiietiieiirietirtetert ettt ettt b ettt b ettt b ettt b ettt b e 58

REFERENGCGES ... .ottt b ettt b e bt e e b e e ek et e b et e sb e et e e sbe e sbeesaeeanneennis 59

APPENDICES ...ttt h e bt s bt h bRt E e R e R et b et e e e bt e b e e nbe e nnn e nneens 61

Vi



LIST OF TABLES

Table Page
1. UAS Group 1 and 11 SPECITICALIONS.......cceruerrertirieieieiieiieie sttt st 2
2. PCA INPULS .ottt ettt ettt st b e e bt et s bt et e bt s st e et s bt et e s b e ebe e b e s b e esae bt smn e sesreeneneeeneens 18
3. Assumed Values for MiSSION ANAIYSIS .......cccveiuiirieciiiticeecese ettt ettt ete e te e aesbe e e tesbeesaesreennens 24
4. Load Cell Performance SPeCITICAIIONS. ........cceviririiieieieeeerest ettt 33
5. TESTING IMIAIIIX ..t etenteteieeitete sttt ettt ettt b e bbbttt et e bt e bt e bt s b et et e e et e st eneebenbenaenen 44
6. Summary of Dynamometer Electrical Components and InStrumentation ............c.ccecceeeeveeveieeveseennens 46
7. Uncertainty Analysis on Nozzle Geometries vs. Backoff DiStancCes .........ccoceeeeeververieneeceneneesiesennns 53

Vii



LIST OF FIGURES

Figure Page
1. SFC Characteristics of Typical Aircraft ENgiNeS [5] ....cvcvvveiiiiiiieiiiiiie e 2
P Lo Mo (I N ST I S [ [ SRS 3
3. Turbojet Schematic (top), Turboprop Schematic (DOttOM) [5] ...cvevvvviveiiiiiie e 6
4. Early VCE Valve Concept and Series—Parallel ENging [11] ..c.cocvovviieiiiieie e 8
5. Variable Steam Control ENGINE [L1L]......ooiiiieiiieiiireresie e 9
6. Rear Valve Variable Cycle ENgINe [11] ...ocooioiiiiiiiiiiie e 9
7. Engine Installed Performance CompariSOn [11].....cccooviioiiiiieiiieiiie sttt 10
8. Pratt & Whitney J58 TUIDOJEL [B] ....voveviiieieieieieist st 11
9. General Aviation XAL00 ENGINE [L] .vecveiiiieiiieiie ettt sttt sreere et e eneesne e 12
10. 15 PuUSher Prop CONCEPL [B] «..vvevereerieieieiiieieesesieie ettt sttt ettt ettt r e eb et 13
11. 2" PUShEr Prop CONCEPL [B]....vvrererereriiiirereieiesisesesese st ese st ss e ess s ebe e s st s s s 14
(N (o (o g (0Tl O g Lot oLl < [P S 14
13. Turbojet with Station NUMDETS [5] ....ooviveiiiiiiiee e 15
14. Level of TEChNOlogy ValUES [5] ...vccviiiiieii sttt sttt sttt s re e e 18
15. Diagram of Propeller NOmMenCIature [L16] ......c.ccveiieiiiiiieieiecie ettt sttt s 21
16. Notional Mission Legs for Dual-Mode ENging [3]......cccceeiiiiiiiiiiiiirse e 23
17. Notional Aircraft for DUual-Mode ENQINE..........c.coiiiiiiiiieic e st 23
18. Mass Flow Parameter vs Mach NUMDET [5] ......oviiiiiiiiiiieeeeere e 27
19, INOZZIE FIUSIIUMIS ...ttt ettt st se et ettt st et et e e s e eneebesnesbenaeneneeneas 29
20. SUNKKO 737G .tttk b bbbt b bt b ettt et b et nn e ns 29
21. Complete NOZZIES TOI TESTING......cueitireiireieie ettt bbbttt nr e 30
22. Test Stand Measurement Set-UP DIagram..........ccccueiiiieiieiie et s re e e 31
23. COMPIEEd TESE STAN ...ttt bbbttt ettt ettt enes 31
24. Engine Platform SHAING RaAI.........ccoiiiiiie s 32
25. LSM300 LA CeII [A] ...ttt 33
P oI T To =] Y oo SR 34
27. Load Cell Attached to ENgine PIatfOrm..........ooiiiiiiiiee et 35
28. Nozzle System (N0ZzIeS NOt PICTUNEA) ........oveuieiiiiiiieie et 36
29. ENQINE MOUNTING PIECE ...ttt bbb bbbttt 37
30. Supporting MouNt INSTAIIEA .........c.oiiieec et see e 37
31. First Tower of ENQINE STANG .......ccoiiiiiiiis et 39
32. Second Tower Of ENQINE STANT..........ooiiiieeiieie ettt st sreer e nae e eneenee e 39
33. U-bolt Propeller Lock (missing Pading) ........ccceuiiririnieieieieieisicsie s 40
34. Fixed Nozzle Configuration (UNINSTAHEA)...........oviiiiiiiiieieeees s 41



Figure Page

35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.

Nozzle Backoff Distances (left 2-in backoff, right 0.5-in backoff) .........c.cccooveviiiii 42
TUIDOPIOP IMIOUE ...t b bbb e et b bbb n e 42
OSU Wind TUNNEl DYNGMOMELET........ccuiiiiieieieieieesiese ettt n e 45
Jet Thrust vs Backoff Distance for 1.575-in exit diameter NOZzIe..........cccccvvveveiviieie v, 47
Jet Thrust vs. Backoff Distance for 1.417-in exit N0zzle diameter.........ccocvvvveveveniiene v 48
Jet Thrust vs Backoff Distance for 1.260-in exit N0zzle diameter..........cccocvvvevevecieeneseece e, 48
Jet Thrust vs Backoff Distance for 1.102-in exit N0zzle diameter..........cccocvvvevevecieeiese e 49
Jet Thrust vs Backoff Distance for 0.945-in exit N0zzle diameter..........ccoocvvvvevevesiiennvieee e 49
Effect of Exhaust Nozzle Backoff Distance on Turboprop ThrusSt..........cccccevvveviiiiie i 51
Jet Thrust with Fixed Nozzle vs. Throttle (0.945-IN) ... 52
Propeller Thrust with Fixed Nozzle vs. Throttle (0.945-N)........ccccceiiiiiiiiiiiee e 52
Comparison of Ct and np Fixed (left) and Folding (right) 2-Blade, 20x10 Propellers ............ccu....... 56



NOMENCLATURE

AR aspect ratio

a ratio of primary to secondary flow inlet areas
B propeller pitch angle, deg

Cc core output coefficient

CD drag coefficient

CL lift coefficient

Cprop propeller output coefficient

Ctot total output coefficient

cpc specific heat before combustion, BTU/Ibm*R
cpt specific heat after combustion, BTU/Ibm*R
d diameter, in

D drag, Ib

E aircraft endurance, min

F thrust, 1b

f acceleration due to gravity, m/s"2

gc gravitational proportionality constant, lbom*ft/Ibf*s"2
GSU ground support unit

Y ratio of specific heat



hPR heat capacity of fuel, BTU/Ibm

n efficiency

LOT Level of Technology

M Mach number

MFP Mass Flow Parameter

m mass flow rate, Ibm/s

p blade pitch, in

P pressure, psi

PCA Parametric Cycle Analysis
() installation losses

r radius, in

p density, lbm/ft3

T pressure ratio

RPM rotations per minute

s sample standard deviation
S wing area, ft2

SFC Specific Fuel Consumption
SPL Sound Pressure Level, dB
SUAS Small Unmanned Aircraft Systems
T temperature, °F
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TSFC Thrust Specific Fuel Consumption

0 measurement angle, deg

Xi



u velocity, ft/s

UAS Unmanned Aircraft Systems
UDF Unducted Fan

\% velocity, ft/s

VC Variable-Cycle

Wit aircraft weight, Ib
Subscripts

avg average

b combustor, burner

c compressor

d diffuser

f fuel

j jet

mech mechanical shaft

prop propeller

t total or stagnation property
0 ambient, freestream

2 compressor inlet

3 combustor inlet

4 turbine inlet

5 turbine exit

9 nozzle exit

Xii



CHAPTER |

INTRODUCTION

1.1.1 Problem

Small, unmanned aircraft (Group I or 1) typically desire two performance capabilities, high-
speed flight, and good fuel economy. Table 1 shows the specifications for group I and 11 UAS.
The problem, however, is a tradeoff between the two. A turbojet is a design choice for high-
speed flight bur has poor thrust specific fuel consumption (TSFC). TSFC is the rate of fuel used
by the propulsion system per unit thrust produced. A turboprop achieves a better (lower) TSFC
than a turbojet but will typically not fly as fast. Figure 1 shows the characteristics of TSFC for
typical aircraft engines. The challenge is to achieve a compromise between the two performance
parameters with the same engine. This problem has two potential solutions; first, develop an in-
between engine specifically for UAS or develop an engine capable of switching between the two
different propulsion cycles to better optimize performance. A variable cycle engine enables us to

achieve both.



Table 1: UAS Group | and 11 Specifications

UAS Category | Max GTOW (Ibf) Normal Operating | Speed (KIAS) | Representative
Altitude (ft) UAS
I 1-20 <1200 AGL 100 Pointer
] 21-55 <3500 AGL <250 ScanEagle
1L3r

\ Turbojet
g Low-BPR turbofan
E 0.9 ] gg =
T . y
.% -
E o7k /} / T High-BPR turbofan
& Conventional pro,
;: tional pi p/ /,/
'% 051 e g '//J:;Vaﬂct)d prop
L

P e
s 20 25
Aircraft Mach number
Figure 1: SFC Characteristics of Typical Aircraft Engines [5]
1.1.2 Solution

A variable cycle engine (VCE) is not a new concept. However, it has only been studied for larger

engines, typically just varying bypass. The idea behind VCE is to provide optimal thrust

performance or endurance at different stages of the flight envelope. VCEs function by allocating

air flow through specific parts of the turbine engine. For instance, if the pilot desires more thrust,
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valves, or some other method, will direct most of the air flow through the core of the engine. On
the contrary, if the pilot desires better fuel economy, airflow will be directed through the bypass.
The most recent VCE engine, the GE XA100, has been developed and tested, but has yet to be
installed on an aircraft. VCE has yet been applied to small UAS turbine engines. The proposed
solution changes the entire cycle from turbojet to turboprop. The turbojet cycle of the engine will
provide the high thrust and speed desired for take-off and pursuit. Meanwhile, once the propeller
engages the exhaust from the turbojet, the power can be throttled back for optimal endurance and
efficiency for loiter and cruise. The main challenge with this current solution is developing

viable turbojet thrust.

Figure 2: KingTech K45-TP [6]

1.1.3 Objective

In this current study a 7 hp (52 kW) KingTech K45-TP turboprop is used. Methods are created to
test the engine as a pure turbojet and a turboprop. Experiments examine the effect of turbojet
thrust with respect to nozzle geometry, as well as nozzle location relative to the turboprop
exhaust exit. In addition to turbojet thrust, the effect of turboprop thrust is also evaluated running
the same experiments with the varying nozzle geometries at different backoff distances. The

3



purpose behind these experiments is to determine if viable turbojet thrust can be produced by the
engine, as well determining if nozzles at a certain distance have any significant impact on the
turboprop. A variety of different propellers are used to evaluate the effectiveness of turboprop
thrust, specifically fixed propeller blades versus folding propeller blades. Experiments in the
OSU sub-sonic wind tunnel evaluate thrust coefficient and propeller efficiency, tested over a

range of airspeeds and RPMs. This experiment sets up the potential for multiple future projects.



CHAPTER II

BACKGROUND

2.1  Gas Turbine Engines

Gas turbine engines include an inlet, compressor, combustor, turbine, and a nozzle. The turbine
on the engine extracts air from the core flow after fuel has been mixed and combustion has
occurred. The turbine is attached to the compressor by shaft. A turbojet cycle is composed of the
five engine stages as mentions above: inlet, compressor, combustor, turbine, nozzle, and
sometimes an afterburner. Engine cycles vary based on additional engine components. For
instance, a turboprop engine is very similar to a turbojet engine. However, a turboprop has an
additional turbine, aft of the core turbine, that drives a propeller. In the figure below a distinction

is made between the two with simplified schematics.
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Figure 3: Turbojet Schematic (top), Turboprop Schematic (bottom) [5]

Turbojet engines are usually used for high-speed applications due to having high speed exhaust,
but they also have a higher thrust specific fuel consumption. Thrust specific fuel consumption is
the mass flow rate of fuel for every unit of thrust produced. Turboprops, despite being like a
turbojet, is the exact opposite relative to these to parameters. A turboprop has a much lower
thrust specific fuel consumption but is constrained to lower speeds because of the propeller. A
lower thrust specific fuel consumption is achieved by distributing a large mass of air through the
propeller with a slight increase in flow velocity. Figure 1 represents the thrust specific fuel

consumption of both engines.

2.2  Variable Cycle Engines

The future of aircraft, whether it be commercial or military, ideally should meet certain
requirements for both economic and environmental constraints. The problem is these two
performance parameters are difficult to achieve with the same engine. When it comes to the

design of an aircraft many compromises must be made in certain areas to fulfill the most desired



design parameter for the aircraft. The same dilemma occurs when designing engines for an
aircraft. On modern aircraft, commercial and military, there are two types of engines that are
commonly used, the turbojet and the turbofan. Both engines are great for what they do, however
they have their tradeoffs. Turbojets are typically used for highspeed air travel. Turbofans are
specifically designed for increased fuel efficiency. Turbofans have two subcategories of their
own, high-bypass and low-bypass. High-bypass turbofans are optimal for fuel efficiency;
however, they are not the best during takeoff since they are optimized for subsonic cruise. Low-
bypass turbofans can provide supersonic capabilities but are not as efficient as the high-bypass
engines. Turbofans are found on commercial aircraft for their efficient performance. An engine
that could provide both performance capabilities would be more than ideal. It seems an entirely
new class of engine needs to be designed to provide the best fuel efficiency when desired, while
also providing more speed when desired. Variable cycle engines are the proposed solution to the

dilemmas discussed over.

2.2.1 Past Variable Cycles Engine Technology

Variable cycle engines have been a propulsion concept since the 1970s. Researchers at the Lewis
Research Center, in partnership with GE Aviation, Pratt & Whitney, and Boeing found that the
results of trying to manufacture a VCE would be exceptionally complex [3]. They found that
VCEs would be heavy and expensive to manufacture. Maintenance on such an engine would also
have been something to consider; however, due to the available technology in the 70s, it seems
the VCE concept was not taken too seriously. However, VCEs functionally are designed for two
different modes of operation: (1) a high airflow, low jet-velocity mode for low noise takeoff and
efficient subsonic cruise, and (2) a turbojet-like, higher jet-velocity, lower airflow mode for

supersonic cruise [11]. Researchers at the Lewis Research Center in Cleveland, OH did a lot of



propulsion research. VCEs were included in the SCAR program (Supersonic Cruise Aircraft
Research) [11]. The primary problem this research in VCE was set so solve was economical
practicality. There were two methods developed to design a VCE engine. The first would rely on
valves to create two or more distinct flow paths upon demand within the engine’s structure [11].

The other would rely on component variability and spool speed variations [11].

Figure 4: Early VCE Valve Concept and Series—Parallel Engine [11]

The figure above is an airflow inverting valve (AlV), which was an early concept for VCE
engines. In effect, the valve can transpose the annular positions of two coaxial flow paths by
indexing or rotating one-half of a cut cylinder whose facing ends mate to form the valve plane
[11]. This concept would be applied to a supersonic engine between the fan and the compressor.
For a “turbojet” mode the valve would be set in the straight through position, while the
“turbofan” mode would be set in the crossover position seen in Figure 4 [11]. However, after
further examination this design was found to be heavily flawed, due to pressure loss penalties
and added weight [11]. With more iterations of the valve designs methods were made that
provided very attractive performance in both takeoff and cruise, however the added weight of the
valves countered any performance gains. For this problem, a new challenge was to make lighter

engines overall. Then Pratt & Whitney invented the inverted throttle schedule, or ITS [11]. This



technique allowed engine to maintain an optimal inlet match for the entire subsonic to supersonic

flight regime [11]. This method provided great SFC improvements.

Figure 5: Variable Steam Control Engine [11]

Figure 6: Rear Valve Variable Cycle Engine [11]

The engines seen in Figures 4 and 5 are the final the two engine designs after further refinement
and technology advancement implications. The engine in Figure 5, the variable steam control
engine (VSCE), has a flow path of a conventional duct heated turbofan and incorporates ITS
with a variable geometry fan [11]. This engine was able to perform well under both desired
operating modes. The engine in Figure 6, the rear valve variable cycle engine (RVVCE), this
design is more in line with the changing flow path approach to the VCE solution. The crossover

position of the valve provides optimal performance of that of a supersonic engine, while



eliminating the losses that were resulting in prior designs. Meanwhile the pass-through position
provided optimized performance for subsonic cruise, while also eliminating losses found in

earlier designs.
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Figure 7: Engine Installed Performance Comparison [11]

With modern technology commercial air travel has become more practical without the primary
benefits of using a VCE. At the end of this research a list of requirements for VCE engines was
developed. The list included: co-annular nozzles, clean-efficient duct burner, variable geometry
fans, hot section technology, inlets, electronic controls, and airplane/engine integration [11].
However, potential customers are still skeptical of the technology available to produce such an
engine and if that endeavor is practical. While VCEs where an impractical alternative for
supersonic cruise in the 70s, they were a substantially attractive method for hypersonic travel.
Pratt & Whitney was able to develop the J58, which was used to power the SR-71 Blackbird,

capable of traveling at speed greater than Mach 3 [5].
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Figure 8: Pratt & Whitney J58 Turbojet [5]

The J58 operated as an afterburning turbojet engine until reaching speeds of a higher Mach
number, after which flow redirected, bypassing the turbojet, to act as a ramjet engine with an
afterburner [5]. This advancement propelled the application of VVCEs for future combat aircraft,
rather than having a commercial application. As technology advances and research enables a
greater understanding of propulsion more advancements continue to be made with the VCE

concept.

2.2.2 Present Variable Cycle Engine Technology

Recently GE Aviation has developed an engine for military applications. GE’s XA100 is said to
improve thrust by 20%, improve fuel consumption by 25%, and extend range by 30% [1]. This
engine is made with the most heat resistant materials. In 2014 the engine was tested for the first
time, and they were able to achieve the highest combined compressor and turbine temperatures

in history [1].
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Figure 9: General Aviation XA100 Engine [1]

2.3 Sub-scale Variable Cycle Turbojet/Turboprop

All research has been directed toward the development of these engines at a large scale. There is
little research being done or literature available when it comes to developing a VCE at a small
scale. The reason for this might be related to the already difficult challenges faced with
integrating bypass methods into the engine itself. Oklahoma State University is a current source
of research on the topic of a sub-scale, variable cycle engine. A few years ago, this concept was
slightly researched. The research mostly focused on propeller placement, pusher or tractor prop,
and acoustics [7]. This current research is less interested in the acoustics of the engine. However,
the setup and feasibility of the two different propeller methods has provided great insight. In the

early stages of design, a pusher prop was the first concept.
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Figure 10: 1% Pusher Prop Concept [3]

The idea here shows multiple modifications to the original engine. This concept was quickly
dismissed due to insufficient head pressure needed to drive the turbine after incorporating
secondary flow. The effect of an ejector tube was quickly discarded. The conclusion from this
result was that the turbine driving the propeller needs to be directly coupled to the initial exhaust
from the engine. KingTech’s development of the K45-TP allowed for a new pusher concept to

created.
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Figure 11: 2" Pusher Prop Concept [3]

The second design of the pusher prop is much more practical. It eliminates all the addition
weight that could be had from the first concept. In addition to this new concept, assembly is very
versatile and simple. A variety of propellers could be used for this design. Installing and
removing the propellers also makes this design favorable over the first. One crucial problem with
this design was quickly realized. To get the thrust produced from turbojet mode, exhaust pipes
must be directed towards the propeller. If not situated properly, the exhaust from turbojet mode
could damage the propeller. Also, if in turboprop mode, the exhaust could still have damaging

effects on the propeller. The final concept is a tractor prop configuration.

Figure 12: Tractor Prop Concept [3]
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The tractor configuration eliminates the issue of exhaust damaging the propeller all together. It
also has all the same benefits of the second pusher concept regarding the easy of assembly and
versatility. The tractor prop configuration was the concept used for the research done in this
experiment. The concept of a VCE between a turboprop and a turbojet at the small scale may
mitigate some of the design challenges that come with the VCE at a large scale. However, there

are still plenty of challenges to overcome with the purposed concept.

2.4  Parametric Cycle Analysis (PCA) for Turbojet

A PCA of a real engine from Mattingly uses thermodynamic relations to predict performance of
gas turbine engines [5]. For a PCA a few common assumptions are made. We assume the flow is
at steady-state and one dimensional, the gas is perfect, and the nozzle is perfectly expanded.
Engine station numbers are used in a PCA to help identify pressures and temperatures at various

places in the engine.

Freestream Compressor Combustor  Turbine Nozzle

==

Figure 13: Turbojet with Station Numbers [5]

Figure 13 is a representation of a turbojet with the correct station numbers. The temperature after
the combustor would be referred to as T,,. If one in interested in the pressure ratio across a
specific component it is denoted by n, while a temperature ratio across a component is denoted

by 1. For instance, the pressure ratio across the compressor is 7. (pressure across combustor is
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1) Which is equal to P53 /P;,. In this study PCA will be used to model a smaller single spool
turbojet. Primary inputs for a PCA are a flight condition Mach number, pressure, and
temperature (M,, Py, Ty), compressor pressure ratio and turbine inlet temperature. With the flight
conditions and the compressor pressure ratio total temperatures on both sides of the compressor

can be found using the following equations:

T, =1
= L+ Mg (1)
P T, re
to __ (Zto \vc—1
Py (To ) (2)
Tiy = Tho (3)
Yc—1
Tﬂ — Ycéc
T2 = e (4)
T,
T3 = ﬁth (5)

Applying the first law of thermodynamics to the burner and dividing by the mass flow rate of the

air, the fuel to air ratio can be solved for:

__ CptTra—CpcTts 6
f Nphpr—CptTea ( )

The next step of the PCA is to perform a power balance between the compressor and the turbine

to solve for the turbine exit temperature (mass flow rate of fuel is assumed negligible):

Cpc (Tes — th)nmech = Cpt(Tt4 —Tts) (7)
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Exit properties are found with the ratio of total pressure to static pressure at the exit and

assuming no total temperature loss after the turbine:

P P P
PLj = f:”dﬂcﬂbﬂt P_Z (8)
Tis = Ty (9)
T p Ye—1
2t _ 119 vt
=t (10

Assuming that the nozzle is perfectly expanded, Py/P, = 1. With this the exit velocity and

specific thrust can then be solved for using:

Vo = \/(Tt9 —Tyo) * 2 % g * Cpt (11)
F — 1+ IVo—Vpursuit (12)
mo dc
Lastly, SFC can be calculated by:
SFC =L (13)
F /i,

The flight condition selected was 150mph at 2000ft the flight conditions selected are referenced
from recent small turbine engine experiments [7],[8]. The compressor pressure ratio was
estimated using data from other small turbine engines and recent experiments [2],[7]. The
equations and steps process were referenced from Mattingly. Level of technology (LOT) is also
used in a PCA to determine several other figures of merit for specific components. The figure
below taken from Mattingly has specific values highlighted to represent what was used in the

PCA for this experiment.
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Table 2 contains the values used to perform the PCA, detailed calculations using these values

Level of technology”

Component Figure of merit Type® 1 2 3 4
Diffuser g max A 090 095 098  0.995
B 0.88 093 0.98
C 085 090 094 096
Compressor e 0.80 084 0.90
Fan e 078 082 086 0.89
Burner m 09 [092] 09 095
s 088 | 094] 099 0999
Turbine e Uncooled 080  0.85 0.90
Cooled 083 087 089
Afterburner Tag 090 092 094 095
s 0.85 091 096 099
Nozzle D 095 097 098  0.995
™ E 093 09 097 098
F 090 093 095 097
Mechanical T Shaft only 095 097 0.995
shaft
With power 0.90 092 0.95 0.97
takeoff
Maximum 74 (K) 1110 1390 1780 2000
(R) 2500 3200 3600
Maximum 7 (K) 1390 1670 2000 2220
(R) 2500 3000 3600 4000

Figure 14: Level of Technology Values [5]

and equations can be seen in the Appendix.

Table 2: PCA Inputs

Vpursuie |190 mph T, | 098 Vi 1.36
Altitude |2000 ft  |Tgmax | 0.96 Cpe

T, 21| e, | 0.8 0.24
Tra 1400 F € | 0.89] ¢,

T 0.92| Mmech | 0.99 0.275
My 0.94| Ye 1.4 hpg 18400

Using the results from the PCA another analysis was done to size several nozzles by using mass

flow parameter:

MFP =2«
A
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Given that the engine in use is not a pure turbojet a variety of nozzles were designed based on
the losses assumed from the configuration. There is a turbine directly behind the turbojet exhaust
and when the propeller is locked it is uncertain what happens to the flow going throw that
turbine. The jet exhaust flow is then bifurcated and turned 180 degrees so that it is facing the
front of the engine and exhaust is now going in the opposite direct of the inflow. With this taken
into consideration, nozzles were sized assuming zero percent loss of flow energy up to a forty

percent loss of flow energy. The exit area of the exhaust without nozzles is just over 1.75 inches.

2.5  PCA for Turboprop

Turboprop engines usually have two spools: the core engine spool and the power spool.
Reference the bottom schematic in Figure 3. The K45-TP is different from the conventional
turboprop though. It has a turbine aft of the nozzle, rather than the turbine, which drives an 8:1
step down gear box that drives the propeller. Locking the propeller enables the exhaust to exit
past the turbine and through the modified exhaust system producing jet trust. When analyzing a
turboprop, it is more appropriate to consider the work done by the engine rather than thrust
produced. Work output coefficient (C) is defined by the power interaction or mass flow of the air
through the core of the engine over the enthalpy of the freestream of the air. For the thrust of the

core stream work output coefficient is defined as:

FcV(
Ccore - moip(;b (15)
Likewise, the coefficient for the propeller is:
NpropWpro
Cprop = pm:sz;O - (16)
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Adding the two together provides us with the total work output coefficient:
Ciot = Ceore + Cprop (17)

The PCA for a turboprop engine is very similar to the turbojet PCA except for the low-pressure
turbine that drives the propeller. Rather than performing a power balance between the
compressor and the turbine, the power out of the low-pressure turbine is equated to the power

into the propeller:
. Wprop
TlmLm4.5Cpt(Tt4.5 —Tis) = T (18)

14 is the gearbox efficiency, this must be known along with mechanical efficiency and can

change depending on the level of technology being used. Specific thrust and specific power are a

couple of key parameters to look when analyzing a turboprop:

W
m_o = CtotCCpTO (19)
F__ CrotCepTo
me Vo (20)
Specific fuel consumption is defined differently as well. When dealing with propeller driven
aircraft it is more common to refer to it as power specific fuel consumption:
S, = my /W (21)

2.6 Propeller Theory

Propellers are typically characterized by the amount of torque and thrust they produce at a given
RPM, and by the ratio of the power transferred to the air versus the mechanical power, known as

propeller efficiency [14],[15], and [16]. As is typical in aerodynamics applications, the
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dimensional thrust and power are not typically specified; rather, non-dimensional coefficients are
presented to allow the end-user of the data to adapt the results to their application, i.e., operating
with a different atmospheric density or at a different velocity. Unlike aircraft or wing
aerodynamics, propeller performance coefficients are not non-dimensionalized using freestream
velocity. This is to accommodate how Reynolds number effects are seen by the propeller, as in
the propellers frame of reference, chord-wise velocity at a given radial location is a function of
both freestream and rotational velocity. Reynolds number is defined as the ratio of momentum
force and viscous shear force. For propellers, Reynolds number is based on chord length (c),
relative velocity (Vrel), air density (p), and dynamic viscosity (u). To satisfy the objective of the
research, testing was conducted at low Reynolds numbers, Relative velocity is a result of the

freestream velocity coming into the and the rotational velocity from the propeller.

. Forward motion L - Lift
of propeller and D - Drag
dL dT i o T - Thrust
aircraft

Q - Torque
V. - Forward
\.\’_(\\‘\(\e velocity
’L""«o Vi — Relative
. .\“ﬁ\o‘j" velocity

N\ o0 r - radius
Ave o -angle of

attack

Vi

Rotation —

Figure 15: Diagram of Propeller Nomenclature [16]
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Vre
Re=ﬂj4 (22)

Propeller characteristics are typically cataloged as a function of the ratio between freestream and
angular velocity to allow for translation to arbitrary operating speeds. This ratio is known as the
advance ratio (J), which is shown symbolically in Equation 23, where V is the freestream

velocity, n is the rotational frequency in revolutions per second, and D is propeller diameter.
J=— (23)

Given the definition of advance ratio, the thrust coefficient can be defined as shown in Eq. 24. This
non-dimensional quantity relates thrust produced (T) to the rotational velocity (n) and propeller

diameter (D), where p is the density of the air the propeller is acting on.

_ T
© pn2Dp*

(24)

Ce

Similarly, power is a non-dimensional quantity that relates power (P) to the density of the air (p),

the rotational velocity (n) and propeller diameter (D), as in Eq. 25.

C,=—— (25)

P ™ pn3DS

Finally, propeller efficiency is the ratio power transferred to air to mechanical power required to

turn the propeller, which is calculated with the expression in Eq. 26.

J+C
Mp = o2 (26)
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2.7 Mission Analysis

Using the notional mission from Figure 16 and installation losses of 5%, an analysis according to
Mattingly [4] was conducted to study the impact of a variable-cycle engine on a UAS range and
endurance. Figure 17 shows a benchmark aircraft that was used for aerodynamic elements of the

analysis, and Figure 16 also shows the numbers for the mission legs.

Launch (Turbojet) * ' $ -

Figure 16: Notional Mission Legs for Dual-Mode Engine [3]

Figure 17: Notional Aircraft for Dual-Mode Engine

Primary inputs for the mission analysis include aircraft characteristics, engine SFC, flight
condition and desired range of the first leg. SFC for the turbojet (dash) leg of the mission used
the results from the PCA (mn LOT 3). The SFC for the turboprop legs used a partial throttle
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estimate for the K45TP turboprop [9]. For the mission analysis calculations, lift was assumed to

equal weight for all mission legs therefore:

CL __ 2wt (27)

"~ poV2s

CD = CDO + KCI? (28)

W is defined as the weight of the aircraft at a particular mission leg, and V is the velocity at a
certain mission leg. S is the wing area. The Breguet range equation was used to solve for fuel

burn during mission legs and loiter time.

Wi

R = —
Wiz

SF

In

<

1-® Cy,
CCn (29)

Where @ is the installation losses. The Breguet range equation was used without the velocity

term for endurance of the loiter leg of the mission and was also used to solve for the change in

aircraft weight (fuel burn) given a range to dash. A summary of assumed values can be seen in

Table 3.

Table 3: Assumed Values for Mission Analysis
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Detailed calculations can be found in the Appendix. Length of loiter when given an initial cruise
range is the focus of the mission analysis. The results of the mission analysis highlight the
tradeoff between loiter endurance and range capability of the dash leg. A mission that requires as
much loiter endurance as possible can achieve about 35 minutes of loiter if the range is kept at 10
miles. SFC was 2.29 Ibf/lbm/hr for the entire turbojet mission and 1 Ibf/lbm//hr for the entire
turboprop mission. Mission analysis results show less loiter time at all points for the turbojet
mode when compared to a dual-mode mission. The turbojet envelope features a similar negative
correlation in loiter endurance as dash range is increased. Turboprop-only loiter endurance
decreases more quickly with increased range. Although the turboprop has a much lower TSFC,
total fuel used on the dash/cruise legs increases significantly with range because of the low flight
speed. This leaves significantly less fuel for the loiter leg with increasing range. In addition to
better range and endurance in general, the variable-cycle engine also has the advantage of dash in
the first leg. These results show the effectiveness of a variable-cycle engine on a diverse mission

involving dash, loiter and low-speed return cruise.

2.8 Corrected Thrust

Corrected performance parameters allow for data taken under one set of conditions to be
extended to other conditions. There are several reasons for using corrected engine and
component performance parameters. It is impossible to accumulate experimental data for the
large number of possible operating conditions, and it is often impossible to reach many of the
conditions in a single, affordable test facility [5]. Corrected parameters allow for comparison of
engine performance operated at different test facilities with different atmospheric conditions [5].
The corrected performance highlighted in this paper will be corrected thrust and corrected SFC.

Dimensionless pressure and temperature coefficients, represented by 6 and 6 will be calculated
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based on the actual pressures and temperature recorded at the time of testing. Equations used to

get the dimensionless coefficients are:

Pressure:
— Pu
O =g (30)
Temperature:
= Tu
O =1 31)

They are then applied to thrust to get corrected thrust as follows.

Thrust:

Fo=+ (32)
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CHAPTER IlI

METHODOLOGY

3.1  Nozzle Design
After performing a PCA for the turbojet engine, a nozzle exit velocity of 1234.3 ft/s was found.
This gives us an exit Mach number of 0.612. Then using the graph below the respective MFP

was using to then size the exit area for the nozzle.

0.6847

07 r

-
/4 /‘\\
06 ,/ h
’ \
4 -
i \ Y=14
MFP x ch i1 YA

0.4 F \

w/Te [R 03T N
PA 8¢ N\

02} N

0.1 [

0.0 1 1 1 i 1 )
0.0 0.5 1.0 1.5 2.0 25 30

Mach number

Figure 18: Mass Flow Parameter vs Mach Number [5]
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As seen in the graph, with a Mach number slightly greater than 0.5 and assuming a gamma of 1.3
the chosen MFP value for sizing the nozzles is 0.5647. A desired nozzle exit area of 1.924 in?
was found assuming approximately 10 Ibf of produced thrust. These evaluations were made
based on a PCA a pure K45 turbojet engine. The engine being used in the study is a K45-TP
which has some modifications aft of the exhaust. The exhaust must travel past a fixed turbine,
when in turbojet mode, that drives the propeller, and it is then bifurcated. Without CFD it is
difficult, but CFD is also not conclusive. Because of this a variety of nozzles with varying exit
sizes were designed and fabricated. In total five different nozzle sizes were tested. There sizes
range from 1.7 in? to 0.75 in?. The diameter of each nozzle exit was found and then converted to
millimeters for ease of creating the nozzles in Solidworks. The nozzle exit diameters include
1.575-in, 1.417-in, 1.260-in, 1.102-in, and 0.945-in. The nozzles are in the shape of a frustrum,
so | designed the frustrum using the aid of an online resource, hampsonlife. Hampsonlife asks for
three different inputs to determine the remaining geometry for the frustrum. The three inputs are
base diameter, top diameter, and height. The base diameter input was 1.969-in and the height
was 1.772-in. The top diameter included the five mentioned earlier. After all the remaining
dimensions were solved for and then the nozzles were designed in Solidworks. In the figure

below the results of the nozzle frustums can be seen in the figure below.
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1.575in 1.417in 1.260in 1.102in ‘

Figure 19: Nozzle Frustrums

Two of each of the drawings of the nozzles were cut out of 35-gauge sheet metal using an
abrasive water jet provided by OSU North Campus Labs, Design and Manufacturing Lab. Once

all the cutting was completed the 2D cutouts were rolled to make the welding process easier.

Figure 20: Sunkko 737G+

In Figure 19 the Sunkko 737G+ can be seen. This is the device used to complete the

manufacturing process for all the nozzles.
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Figure 21: Complete Nozzles for Testing

The next and final step in completing the nozzles was to develop a way to mount them to the test
stand. The main challenge with the design was figuring out how to make the nozzles easily
removeable to make changing them out for a different size quick and efficient. This design will
be discussed later in the methodology section.

3.2  Test Stand Design

Because of the comparisons among different types of propulsion systems, a versatile, custom
stand for measuring thrust was desired. The test stand was created in such a way as to measure
thrust in both configurations along the same axis. The load cell was mounted in front of the
engine inlet on separate fixed platform. The engine was mounted along the same axis but can
slide forward and backward along a single track. Figure 22 below shows a general schematic of

the entire setup. Figure 23 is the actual completed test stand.
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Figure 22: Test Stand Measurement Set-up Diagram

Figure 23: Completed Test Stand

From the picture above is can be seen that there are two different sections to the whole test stand.
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3.2.1 Engine Mount and Platform

The engine mount itself was the most difficult thing to design for this test stand. There were
several major design challenges that involved incorporating components crucial to the proper
functionality of the testing system. The first component that needed to be properly installed was
a sliding rail that the engine and engine mount would rest on. The purpose of the sliding rail is to

enable the engine to move back and forth freely along a linear axis.

Figure 24: Engine Platform Sliding Rail

The reason the engine needs to be able to move freely is to enable the load cell to take data. The
load cell used for this experiment was a Futek LSM300 OEM load cell. This load cell is also
known as the belt buckle load cell. It records both tensile and compressive forces, but for
obvious reasons for this experiment force is only recorded in one direction. The figure below

represents both the load cell and how it must be mounted.
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Figure 25: LSM300 Load Cell [4]

Table 4: Load Cell Performance Specifications

SPECIFICATIONS

PERFORMANCE

Nonlinearity +0.02% of RO (2.2-100 |b)
+0.06% of RO (200 Ib)

Hysteresis +0.02% of RO (2.2-100 Ib)
+0.06% of RO (200 Ib)

Nonrepeatability +0.02% of RO

Creep +0.025% of Load

This method of mounting the load cell was cause for a very large design constraint and came
with a couple challenges. First, the load cell had to be fixed to a separate platform to ensure
proper mounting to record accurate data. Second, the load cell had to be connected to the engine
platform to be able to record both jet thrust, and propeller thrust. To mount the load cell to the
fixed platform, a piece of 1.5-in single slot t-slot aluminum was attached to the left tower. The

left tower can be seen to the right of the engine itself in Figure 26. This t-slot aluminum had two
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holes drilled into it allowing for the load cell to be fixed to it. The figure below shows the

completed design for the load cell mount.

Figure 26: Load Cell Mount

After completing the load cell mount, a few modifications had to be made to the engine platform
to connect the whole test system together. On the inlet side of the engine platform another piece
of t-slot aluminum was place perpendicular to the piece of t-slot in the figure above. The t-slot on
the engine platform is sandwiched between two pieces of stainless-steel sheet metal. The bottom
sheet is mounted to the slider as mentioned earlier. While the top sheet has the engine itself
mounted to it. The t-slot sandwiched between the two steel sheets also had a hole drilled through
it. Having this hole in the t-slot enabled the threaded rod attached to the load cell, as seen in the

figure above, to slide through and connect the whole system together. The two hex nuts which

34



can also be seen in the figure above were tightened down on both sides of the t-slot to ensure that
it was secure. The figure below shows the completed method for attaching the load cell to the

engine platform.

Figure 27: Load Cell Attached to Engine Platform

The next challenge for the engine platform was designing a method to incorporate the nozzles in
such a way that they can be moved closer to and farther from the engine exhaust while the engine
is running. This overall design required five major components. The first, is a custom bracket the
nozzles themselves attach to. The brackets for the nozzles ensure that the nozzles are completely
secure and do not shift or move while the engine is running. From there an additional couple of
brackets had to be designed. The purpose of the second set of brackets is to mount the nozzles on

their respective brackets on and connect them to a sliding rail. Which brings up the next
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component for the nozzle system. The sliding rail has the brackets holding the nozzle brackets
mounted to it. The sliding rail enables the nozzles to move freely, closer to and farther from the
engine exhaust pipes. The nozzles also slide on the same axis as the engine itself. The fourth
component crucial to the nozzle system is an INJORA RC servo 70kg super torque digital motor
with a 15T metal arm. The servo motor allows the nozzles to be moved closer and farther
remotely with the aid of a G.T. power professional servo tester. The final component of the
nozzle system is a push rod. The push rod connects the servo motor to the sliding base. The push
rod not only allows the whole system to be integrated together in a sleek fashion, but it also
increases the range of motion that the nozzles can move. An additional modification had to made
to the t-slot that hold the treaded rod connecting to the load cell. A large chunk of the t-slot had
to be machined out of it to allow the push rod to move freely. The figure below represents the

nozzle system, but the nozzles themselves are not installed.

Figure 28: Nozzle System (nozzles not pictured)
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The final component to the engine mount is a supporting mount place aft of the exhaust manifold
that supports the propeller portion of the engine. The engine itself has a place for a mount to be
installed, so the mount was largely designed around that. In the figure below the mounting piece

already attached to the engine can be seen.

F—

/

Figure 29: Engine Mounting Piece

Figure 30: Supporting Mount Installed
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The supporting mount was easy to manufacture. A piece 0.25-in thick aluminum was found and
cut down to fit around the propeller. The final dimensions of the mounting piece are 3-in by 4-in
and the slot dimension are 2-in by 1.5-in. And holes were drilled so that it could be properly

attached to the engine itself. The propeller then placed on the propeller system and secured with

5/16-in bolt.

3.2.2  Fuel System Mount

The fuel system is a part of the first tower and the second tower. The fuel system includes a fuel
pump, fuel filter, shut off valve, a fuel tank, and fuel line connecting it all together. On the first
tower (see Figure 23 for reference), the fuel pump and the fuel filter are mounted and protected
from any heat coming from the exhaust. The first tower is also the mount for the load cell. In
addition to components of the fuel system and the load cell, the first tower also has a heat shield
integrated into it. The heat shield serves to protect some of the engine electronics, and the load
itself. The second tower (again see Figure 23) is placed farther to the right of the engine. The
main purpose of the second tower is to be a mount for the fuel tank heat shield. This second heat
shield protects the fuel tank for any exhaust coming from the engine. The heat shield also has
strategic folds in it to reduce the amount of impact it may how on propeller wash from running

the engine in turboprop mode.
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Figure 32: Second Tower of Engine Stand
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3.3  Turbojet Configuration

When running the engine in turbojet mode the propeller must be locked or mounted in such a
way that it is prevented from spinning. To do this, a U-bolt was integrated into the mount that
supports the turboprop section of the engine. Padding was also placed around the propeller blade
to minimize potential damage that could be induced to the leading edge of the propeller blade.

This can be seen in Figure 33 below.

Figure 33: U-bolt Propeller Lock (missing padding)

In addition to locking the propeller, the variable distance nozzle mounts, as well as fixed nozzles
had to be integrated into the test stand. The fixed nozzle mounts were simple, as they are welding

to the exhaust pipe as seen below.
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Figure 34: Fixed Nozzle Configuration (uninstalled)

The variable distance nozzles came with more design challenges. An additional sliding rail was
acquired and placed underneath the engine in a gap between the two mounting surfaces. On the
slider, a mount for brackets was placed as well as a small mount to connect a linear rod to a
servo. A servo enables the nozzle brackets to be moved forward and backward with the aid of a
G.T. power professional servo tester. The nozzles are capable of being backed off from the
exhaust at a maximum distance of 2in, and minimum distance of 0.5-in. The setup can be seen in

the figure below.
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Figure 35: Nozzle Backoff Distances (left 2-in backoff, right 0.5-in backoff)

3.4  Turboprop Configuration
The turboprop configuration is near identical to the turbojet configuration. The only change is

that the U-bolt is removed from the support mount to enable the propeller to spin freely.

Figure 36: Turboprop Mode
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3.5  Folding vs. Fixed Propeller Testing

Five different nozzles geometries were tested at seven distances, and one nozzle geometry was
tested while fixed to the exhaust pipes. All configurations were tested in both turbojet mode and
turboprop mode. There is a wide variety of different testing configurations. They include testing
the each of the nozzles at five different distances while tracking the trend as the nozzle moves
closer to the exhaust pipe. With an exit diameter of 0.945-in, 1.102-in, 1.260-in, 1.417-in, and
1.575-in measured 2-in from the exhaust pipe to 0.5-in from the exhaust pipe (in both turbojet
mode and turboprop mode). And lastly nozzles with an exit diameter of 0.945in were fixed to the
exhaust pipes (in both turbojet mode and turboprop mode). Rather than running two separate
tests for each distance, the nozzles were moved closer to the exhaust pipe while the engine was
running. This not only allowed for a more efficient testing procedure, conserving fuel, but also
the effect of moving the nozzles closer can be seen as they get closer to the minimum backoff
distance. Two X’s means that this configuration was tested and measured in both turbojet mode

and turboprop mode. One X means only turbojet mode was tested and measured.
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Table 5: Testing Matrix

XX

XX

XX

XX

XX

XX

XX

XX

N/A

N/A

N/A

XX
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3.6  Folding vs. Fixed Propeller Testing

Tests were conducted in the OSU subsonic wind tunnel located in the Advanced Technology
Research Center. The wind tunnel runs on a 125-hp draw down drive and has a 3-ft by 3-ft area
test section. Wind tunnel flow velocity is measured using a pitot static probe attached to an
Omega differential pressure transducer (Model PX653-02D5V). This wind tunnel has an
operational dynamometer that was validated by Jdiobe et al. [14]. Angular speed is measured
using a Hall-effect sensor, and a Futek MBAS500 biaxial load cell is used to measure thrust and
torque, as shown in Figure 37. Table 1 includes a summary of dynamometer electrical

components and instrumentation.

- Vertlcal Falnng )
Leadlng Edge i

Figure 37: OSU Wind Tunnel Dynamometer
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Table 6: Summary of Dynamometer Electrical Components and Instrumentation

COMPONENT | MANUFACTURER | MODEL | SPECIFICATIONS
Drive Motor Great Plains Rimfire 50CC 5-kW, 55-V, 230-Kv
| DC Power Supply Magna-Power SL32-125/208 | 4-kW, 32-V, 125-Amp |
+LXI
Electronic Castle Creations Phoenix Edge 50-V, 160-Amp
Speed Controller HV160
Throttle Controller GT Power Pro Digital 7.4V to 12V DC input
Servo Tester 4.8V output
Hall-Effect Sensor Honeywell 554605 1.5 micro-sec
rise-fall
Thrust-Torque Futek MBAS500 50-1b, 50-in-1b,
Load Cell Error 0.25% RO,

Tests for propeller diameters 20-in fixed and folding at tunnel velocities ranging from 25 to 50-
ft/s and propeller speeds ranging from 1,500 to 5,500 RPM. Procedures for these tests are as
follows. First, mount the propeller to a dynamometer electric drive motor. Next, open Arduino
software for displaying propeller RPM. After that, open Sensit software to tare instruments and
adjust settings for autonomous testing to record thrust and torque. Then, turn on dynamometer
electric drive motor power supply. Finally, turn on wind tunnel fan drive motor power and set
test section speed to 25 ft/s. Set propeller speed to 1,500 RPM using servo tester and Arduino
display. Visually read and manually record all displays, averaging five measurements for
propeller RPM and power supply voltage and current. Run the Sensit software autonomous
recorder for 10 seconds at 100 samples per second. Repeat these steps at propeller speeds
ranging from 1,500 to 5,500 RPM. And then repeat all of those steps for wind tunnel air speeds

ranging from 25 to 50 ft/s.

46



CHAPTER IV

RESULTS

4.1  Variable Nozzle Distance Turbojet Testing

The varying nozzle geometries were all tested in turbojet mode and turbojet mode and tested at
distances of 2-in to 0.5-in. The engine was brought up to full throttle and then the nozzle distance
was changed while data was being recorded. At each measuring distance, an allotted of 8 to 10
seconds was allowed for the engine to run at that backoff distance. Again, backoff distance is the

distance between the nozzle and engine exhaust pipe.

2-in 1.75-in 1.5-in  1.25-in 1-in  0.75-in  0.5-in
Back-off Distance from Nozzle Exhaust in Inches

Thrust (Ibf)
o = N
o1 = ol N o1 w

(@)

Figure 38: Jet Thrust vs Backoff Distance for 1.575-in exit diameter nozzle
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Figure 39: Jet Thrust vs. Backoff Distance for 1.417-in exit nozzle diameter
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Figure 40: Jet Thrust vs Backoff Distance for 1.260-in exit nozzle diameter
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Figure 41: Jet Thrust vs Backoff Distance for 1.102-in exit nozzle diameter
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Figure 42: Jet Thrust vs Backoff Distance for 0.945-in exit nozzle diameter

Over the allotted time the nozzles were left at their distances thrust was recorded and the average
thrust recorded at these distances was then calculated. The average thrust at each distance is what
is represented at each of the figures above. A maximum thrust of 2.81bf recorded with the 1.102-
in nozzle occurred when the nozzle was closest to the exhaust pipes as seen in Figure 40.
Referencing figures 38 and 39, an overall negative impact can be seen with the 1.575-in and

1.417-in nozzles. Although the impact isn’t significant, it is not positive. Referencing figures 40,
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41, and 42; there is an interesting distinction at the 1.25-in backoff distance and the 0.5-in
backoff distance. All three of these graphs seem to show a peak at the 1.25-in. Looking
specifically at figures 40 and 41 now, another peak is shown at the 0.5-in backoff distance. If the
0.945-in nozzle did not show certain operability errors is possible that the same trend at the 0.5-
in distance could have been seen. The maximum thrust record with the 1.260-in was 2.71bf. The
maximum thrust recorded with the 1.575-in nozzle was 2.78Ibf and this occurred somewhere in
between the seven observation points. At 2 inches off the exhaust pipe the 1.102 nozzle has
providing 2.5Ibf of jet thrust and at 0.5 inches there is a peak thrust of 2.771bf, this is a 10.8%
increase in thrust. Because of this trend with a smaller nozzle diameter, 0.945-in, was fixed to the
exhaust pipes, this will be discussed later. However, looking at Figure 38 the maximum thrust
occurred when the nozzles were farther away from the exhaust pipes. Moving the 1.575-in
nozzles closer to the exhaust pipes has a very negative impact on the jet thrust. The peak thrust
of 2.78Ibf and the thrust recorded at 0.5 inches from the exhaust pipe was 1.88Ibf, this is a 32%
decrease in jet thrust. Based on this testing it can be concluded that the smaller nozzle overall
performed better than the larger nozzle. The small nozzle has better performance because the
flow area is optimal. The 0.945-in nozzle caused the engine operability to fail before they could

be brought as close as possible to the exhaust pipes.

4.2  Variable Nozzle Distance Turboprop Testing

The 1.102-in, 1.260-in, 1.417-in, and 1.575-in nozzle were both in turboprop mode and turbojet
mode and tested at distances of 2-in and 0.5-in. The engine was brought up to full throttle and
then the nozzle distance was changed while data was being recorded. The figure below shows the

results of these tests.
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Figure 43: Effect of Exhaust Nozzle Backoff Distance on Turboprop Thrust

Looking at the trends in Figure 43, there is a small negative impact on turboprop thrust when the
nozzles is moved closer to the exhaust pipes. With all nozzle configurations a peak thrust
anywhere from 25 to 28Ibf. Also, in both instances the thrust dips down just below 24 to 271bf of
thrust whenever the nozzles are closest to the exhaust pipes, only loosing 1lb of thrust when the
nozzle was closest to the exhaust pipes. However, this is around only a 3.5% to 4% decrease in
thrust. Individual graphs for each testing configuration are included in the appendix. Fixing
nozzles to the exhaust pipes is further justifiable with this experiment.

4.3  Fixed Nozzle Turbojet and Turboprop Testing

The 0.945-in nozzle was fixed to the exhaust pipes and test in both turboprop mode and turbojet
mode test. An attempt to bring the engine up to full throttle was done, but the potential
mechanical errors restricted the engine from operating properly. The two figures below show the

results of these tests.
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Figure 44: Jet Thrust with Fixed Nozzle vs. Throttle (0.945-in)
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Figure 45: Propeller Thrust with Fixed Nozzle vs. Throttle (0.945-in)

While the result for both configurations with the fixed nozzle is very promising, there is one

issue that arises. It is believed that there is some back pressure within the engine prohibiting it
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from running properly and causing the engine to fail. While running the engine in turbojet mode
a max thrust of 1.46Ibf was recorded, and this occurred at only 20% of the engine throttle. The
engine was on track to reach the previously recoded max turboprop thrust of 28Ibf however, at
90% throttle the engine failed. Only assumptions can be made as to why the engine is unable to
run in this fixed nozzle configuration, but if it can be managed then the results should prove to be

very promising.

4.4  Uncertainty Analysis
Sources of error for thrust data can come from the load cell itself. Looking back at Table 3, the
load cell has a read-out error of 0.02%. The following equation is what was used to find the

uncertainty factor in the data itself.

U=.p%+P? (33)

U is the uncertainty factor, B is the uncertainty bias, and P is the precision error. The uncertainty
bias is found by using the read-out error given by the load cell company and multiplying by the
average thrust recorded over a certain time, or in this case during specific backoff distance. The
precision error is found dividing the average thrust recorded at a specific backoff distance by the
standard deviation of that same backoff distance. The table below represents all nozzle diameters
at each backoff distance and each configuration’s average, uncertainty bias, precision error, and

uncertainty factor.

Table 7: Uncertainty Analysis on Nozzle Geometries vs. Backoff Distances
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For the most part all the uncertainty factors are below 5%. There are a couple of instances,
referring to Table 6, where the percentage is greater than 5%. For both the 1.575-in and the
1.417-in nozzle, at the 0.5-in backoff distance, an uncertainty factor of 17% and 10% are
calculated. I believe the reason for this high of a percentage is due to the sudden drop in thrust

performance in these configurations.
4.5  Fixed vs. Folding Propeller Results

Figure 46 depicts performance of fixed 2-blade 20x10 APC and folding 2-blade 20x10
propellers. On the left-hand side, the scale for thrust coefficient is represented. On the right side
of the figure propeller efficiency is represented. Both are in correlation with advanced ratio. The
Cr results in Figure 46 are extremely similar. The decrease of Ct observed can be attributed to
the lower Reynolds number. Lower Reynolds number typically have lower efficiencies because
it is harder for the flow to stay attached to the propeller. The ) results in both Figure 46 remain
similar between fixed and folding variants. Given that there is no significant difference in the
performance of a fixed blade propeller in contrast to a folding blade propeller, a folding blade

propeller would be suitable for RATO launch applications.
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Figure 46: Comparison of C; and n,, Fixed (left) and Folding (right) 2-Blade, 20x10 Propellers
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CHAPTER V

CONCLUSION

5.1 Summary

The results of this study present the testing of a variety of different nozzles at varying distances
for both turbojet and turboprop mode. Running the engine in turbojet mode had quite a few
issues. First, the engine was meant to operate as a turboprop. Restricting the engine’s ability to
run as a turboprop presented issues during the startup cycle. The engine at times would not meet
the required temperatures to continue to the next stage of the startup sequence, often because the
engine got too hot. Second, if the engine managed to complete the startup sequence and
officially begin running, bringing the nozzles closer to the engine would at times create an excess
of back pressure within the engine. The back pressure would often prohibit the engine’s ability to
meet the RPM being demanded by the throttle control. In most instances the engine’s inability to
maintain the RPM caused by the back pressure would cause the engine to ultimately stop running
completely and start the cool down cycle. Aside from the engine’s inconsistency in reliability
during the turbojet testing, adequate thrust could not be produced. The max thrust ever produced
in any nozzle configuration at any distance was close to three pounds. There was only one good
observation from testing the engine in turbojet mode. With some nozzle geometries, a positive

thrust trend could be seen whenever the nozzles were brought closer to the exhaust pipes. The
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engine is not capable of producing adequate jet thrust to maintain cruise or high-speed pursuit.
However, the turboprop results prove to be more promising. Testing the engine in turboprop
mode proved to show more positive results. There was only one instance where the engine
operability was prohibited. That was during the fixed nozzle test. The testing done in turboprop

mode showed that there is a negligible impact on the nozzle distance relative to propeller thrust.

5.2  Recommendations

While the engine cannot produce adequate turbojet thrust for the purposed mission, it does still
produce some thrust that could be useful for something. A RATO launch with a folding propeller
mounted to the engine is still a very attainable concept. The folding propeller would initially start
out in the locked configuration before and during the RATO launch itself. Then after the aircraft
is at altitude and speed, the lock would be released allowing the propeller to spin freely enabling
the aircraft to cruise and loiter respectively. The significance of producing a small amount of
turbojet thrust could allow for a smooth transition from the RATO launch to turboprop methods
of power. In addition to this project, a mechanism capable of keeping the folding propeller
locked and releasing the folding propeller needs to be developed. The locking mechanism was
crucial to the initial concept of a dual-mode engine and is still very crucial to the concept of
RATO launching a small aircraft. Methods using a linear actuator or potentially a clutch system
are still in the early developmental stages regarding a locking mechanism. For future projects, |
would recommend the development of a propeller locking mechanism and RATO launch with a

folding propeller be investigated.
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