
ABSTRACT 
 

 
WALLIS VERNON COLLIE.  Design and Analysis of an Unmanned Aerial Vehicle 

Propulsion System with Fluidic Flow Control Inside a Highly Compact Serpentine Inlet 

Duct.  (Under the direction of Dr. Charles E. Hall, Jr.) 

 

 
The benefits of highly compact serpentine inlet ducts extend from reductions in 

overall aircraft weight to higher survivability, as well as allow the aircraft designer greater 

flexibility in propulsion system integration. Unfortunately, due to the extreme wall curvature, 

these ducts result in significant flow distortion and total pressure losses at the engine face. It 

has been shown that active flow control in the form of micro-fluidic vortex generators 

significantly helps to reduce these losses. To date, these systems have only been tested in a 

laboratory setting in which items such as flow control air supply, system and subsystem size, 

weight, and location are not major factors. Subscale unmanned aerial vehicles provide a real 

world test bed to help overcome these constraints at a lower cost and lower risk as compared 

to full scale aircraft testing. This work presents the design, integration, testing, and analysis 

of an unmanned aerial vehicle’s propulsion system that implements fluidic flow control 

inside a highly compact serpentine inlet duct in order to reduce engine face distortion and 

increase propulsion system performance.  
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1 INTRODUCTION 
 

The most important aspect of any research aircraft, manned or unmanned, is the ability to 

collect useful, high quality data.  With computers, transducers, and turbojet engines 

becoming ever smaller, lighter, and more powerful, unmanned aerial vehicles (UAVs) can be 

instrumented to collect such high quality data at high sampling rates at a significantly 

reduced risk and cost compared to full scale, manned, flight testing1.  Additionally, UAVs 

can serve to advance the transition of new technologies from the laboratory to real world 

practical applications.  With the increasing demand for UAVs to serve as advanced systems, 

such as search and rescue or tactical reconnaissance aircraft, they are becoming increasingly 

complex and compact due to survivability, affordability, and low drag constraints2,3.  One 

promising technology that is well suited to aid in satisfying these constraints is a highly 

compact serpentine inlet duct (S-duct)4,5.  However, due to the extreme wall curvature, these 

inlet ducts result in significant separation and flow distortion that is accompanied by 

significant pressure losses at the engine face.  This inlet flow distortion at the engine 

compressor face can lead to reduced propulsion system performance and reduced engine life 

cycles due to the high frequency loading and unloading of the compressor rotor blades. 

Historically vortex generators (VGs) have been used to control flow separation and 

secondary flows in inlet ducts.  The performance and flow characteristics of an S-duct 

diffuser ingesting a thick boundary layer were examined by Anabtawi et al6. The 

experimental setup consisted of an S-duct with a semi-circular inlet that transitioned to a 

wholly circular exit. Vane-type vortex generators, on the order of 0.25-1.0 times the 

boundary layer height, were used to control boundary layer separation and minimize the 
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secondary flow. These geometric type vortex generators are, however, fixed passive devices 

and their performance is only designed around a single operating point.  In contrast to passive 

control approaches that have inherently poor performance at off-design conditions, active 

control methods may be tailored to provide near optimum performance at all conditions. One 

active control method that shows promise for flow control in compact S-ducts is micro-

fluidic vortex generators7.  These micro-fluidic VGs have been observed in theoretical results 

to provide up to a 5% increase in pressure recovery and a 50% reduction in engine face 

distortion. 

Before the application of flow control, it is first necessary to characterize the performance 

of the S-duct – that is the extent of flow separation and the magnitude of secondary flow 

distortion in the inlet duct.  The performance of the duct is often only characterized in terms 

of surface and/or exit total pressures at the engine compressor face.  However, since the 

surface pressures are time-averaged measurements, they are not well suited for active flow 

control systems.  Also, the exit total pressure measurements are intrusive, and thus further 

reduce propulsion system performance caused by blockage of the engine core mass flow.  A 

very promising alternative is the use of surface-mounted constant voltage anemometer 

(CVA) hot-film sensors.  These non-intrusive devices can provide transient measurements 

that are suitable for active flow control applications. In a recent paper, Jones et al,8 

demonstrated the use of CVA operated hot film sensors to quantify the distortion levels and 

flow separation in a diffusing duct flow.   

This work details the design of a propulsion system for a turbojet powered UAV that 

incorporates fluidic flow control inside a serpentine inlet duct.  Although most of the current 

investigation into flow control of serpentine inlet ducts has been though CFD analysis, the 
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primary focus of the work is the integration of the fluidic flow control system into a UAV 

platform for experimental, in-flight quantification of inlet and propulsion system 

performance with and without fluidic flow control. 
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2 PROJECT OVERVIEW 

2.1 Purpose 

The transition of new flow control and sensing technologies from the laboratory to full-

scale flight testing may be accelerated through the use of sub-scale UAVs as an intermediate 

step.  For over 25 years, UAVs have been extensively used at North Carolina State 

University (NC State) in just such a role.  An example was a 17.5% non-dynamically scaled 

F/A-18E Super Hornet that was used for parameter identification to aid in the development of 

the full scale aerodynamic model in the powered approach phase of flight.9 In a second 

example, another UAV at NC State was used to evaluate the effectiveness of pulsed jet 

blowing for active separation control, and demonstrated, in-flight, the capability to perform a 

roll maneuver using only pulsed blowing on the wing1. This type of work can be done at a 

substantially reduced risk, and cost, as compared to full-scale, manned, flight testing.   

The objective of this work is to describe the design, integration, and testing of a 

propulsion system for a turbojet powered sub-scale UAV that incorporates fluidic flow 

control inside a highly compact serpentine inlet duct.  The use of non-intrusive CVA hot-film 

sensors for the purpose of inlet flow distortion quantification is also investigated.  The UAV, 

called VIPER, for Versatile Integrated Platform for Experimental Research, was constructed 

at NC State to serve as a test bed for serpentine inlet duct flow control technology, Figure 2-

1. 
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Figure 2-1:  VIPER UAV 

2.2 Vehicle Description 

2.2.1 Introduction 
 
 The VIPER UAV is a 47% scale version of the SMART REVCON air vehicle that 

was jointly designed, but never built, by NASA and Lockheed Martin, Figure 2.2.  Although 

the UAV’s geometry closely follows the existing trend in modern military unmanned aircraft, 

this revolutionary concept air vehicle was specifically designed to serve as a technology 

demonstration aircraft for novel technologies and innovations.  It is a highly swept flying 

wing design with a diamond delta planform, and because of the high amounts of vortex lift 

produced from such a planform, it is capable of reaching high angles of attack with a very 

gentle stall. 
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Figure 2-2:  Artist's Rendering of SMART UAV (Courtesy of Lockheed Martin) 

 
VIPER’s overall wingspan is eight feet, will have a gross takeoff weight of 180 lbs, 

and is controlled, line-of-sight, by an external pilot. Two sets of elevons are used for pitch 

and roll control and a conventional rudder for directional control.  Four Seiko PS-050  high 

torque servos are used for the elevons, while JR DS8411 digital servos are used for rudder 

and steering control.  The landing gear is a fully retractable tricycle configuration, with a 

steerable nose gear and pneumatic brakes for ground operations.  A more detailed description 

of the landing gear design can be found in a work by Burgun10.   

 The propulsion system was designed in order to accommodate the bleed air 

requirements for the inlet flow control, minimize center of gravity (CG) shift with fuel burn, 

and have a fifteen minute endurance at full throttle.  Due to the required takeoff and landing 

distances and velocities, all flight operations will occur at the Harnett County Airport. 

2.2.2  Vehicle Design and Construction 
 

The full-scale vehicle makes use of traditional airframe construction techniques 

comprised of aluminum structures and skins. Because the airframe for this project will be 
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produced in low numbers and by hand, it is comprised of composite materials. Composite 

airframes have been successfully produced for many NC State UAVs.  The main advantages 

of composites are excellent strength to weight properties and the ability to easily conform to 

tooling.  The main complication of composites is the difficulty in accurately analyzing and 

predicting the failure of the material. To overcome this, extensive testing of candidate lay- 

ups, or test coupons, constructed in the same manner as the final design, were performed. 

The primary lay-up chosen for the airframe consists of carbon bi-directional weave, 

fiberglass, and epoxy resin, with a Korex honeycomb core.  Fiberglass female molds were 

constructed in-house off of a male plug that was manufactured by Lockheed Martin. The 

vehicle’s upper and lower skins were then produced from the female molds through a wet 

lay-up process and then vacuum bagged to remove excess epoxy resin. Internal structures 

were constructed in a similar manner then trimmed and fitted to the skins, Figure 2-3.   A 

more detailed description of the structural design and construction is covered in a work by 

Burgun10 

 

 

Figure 2-3:  Internal Structure of VIPER UAV 
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2.3 AMT AT1500 Turbojet 
 

The engine that was chosen to power the aircraft is the Aviation Microjet Technology 

(AMT) AT1500 turbojet. This prototype engine has a single stage centrifugal compressor and 

single stage axial turbine, and runs on either Jet-A or kerosene mixed with turbine oil.  The 

fuel oil mixture is used for lubrication of the two bearings that support the shaft between the 

compressor and turbine wheels.  The engine weighs 20.8lb and its overall dimensions are a 

diameter of 8.5in and length of 14in. The engine is rated for approximately 150lb of thrust at 

its maximum speed of 80,000 rpm and maximum compressor pressure ratio of 5:1, and has 

two rails that are welded to each side of the outer casing for mounting. The centrifugal 

compressor is less susceptible to non-uniform flows and allows the engine to safely operate 

with minimal losses with no flow control in the inlet duct.   

The turbojet is equipped with an Electronic Control Unit (ECU) which controls the 

engine speed and monitors the health of the engine. The ECU is a closed loop engine 

controller that monitors engine rpm, throttle position, three position switch, exhaust gas 

temperature (EGT), and controls the three fuel pumps that supply fuel to the engine.  The 

three position switch toggles between the ‘on/start-up’, ‘power-down’, and ‘off’ modes. The 

EGT is measured using a single type-K thermocouple mounted on the exterior of the engine 

and inserted into a small hole located in the exhaust nozzle.  A magnetic sensor mounted in 

the inlet of the engine measures rpm.  The ECU will automatically shut down the engine if an 

error is detected in any one of the exhaust gas temperature (EGT), engine rpm, and throttle 

position parameters.  Outputs from the ECU can be sent to an outside computer through a 

serial port for real-time telemetry monitoring.  Also, the ECU automatically stores all engine 
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parameters for the last 30 minutes of operation, and this data can be uploaded to a computer 

at a later date.  The AT1500 turbojet, ECU, and fuel pumps can be seen in Figure 2-4.  

In laboratory settings, compressed air supply for fluidic flow control is not a concern.  

However, onboard the VIPER UAV, this becomes a major issue.  Having an onboard 

compressed air tank would increase aircraft weight and complexity, as well as have a finite 

supply of air for fluidic flow control.  A previous UAV at NC State that investigated fluidic 

flow control on the wing’s surface encountered this problem, and the number of flow control 

evaluations for each test flight was limited to only 17 seconds with a separate air supply1.  To 

overcome this, the AT1500’s compressor section was tapped in order to bleed off a small 

percentage of the core air mass flow to supply the required compressed air for fluidic flow 

control.  This eliminates the need for a separate compressed air system for fluidic flow 

control air supply. These bleed taps can also be seen in Figure 2-4. 

 

Bleed Air Taps 

      Figure 2-4: AMT AT1500 Turbojet, ECU, and Fuel Pumps 
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 Most of AMT’s smaller, production turbojets, can be automatically started through an 

Automatic Start-up Unit (ASU) which allows for a completely ‘hands-off’ start-up sequence.  

However, since the start up procedure for the AT1500 differs from all the other AMT 

production models, the start up sequence is completely manual.  A detailed description of the 

AT1500 start-up procedure can be found in Appendix 8.1.  

2.4 Avionics and Instrumentation 
 

2.4.1.1    Flight Computer 
 

VIPER contains an onboard flight computer that consists of PC104 boards running a 

real time LINUX system that is capable of data acquisition at 50 Hz, Figure 2-5. This system 

can be used for real-time control system implementation, data processing, and in-flight data 

storage for aircraft data acquisition, control, and navigation11.  The flight computer is capable 

of measuring numerous analog to digital channels and will interface with the CVA hot-film 

sensors and inlet total pressure rake for in-flight evaluation of flow distortion and pressure 

recovery. Additionally, VIPER’s flight computer will be interfaced with a Crossbow 

IMU400 inertial measuring unit with full six-degree-of-freedom motion sensing capabilities, 

as well as a data boom that has a pitot-static probe, alpha, and beta vanes.  
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Figure 2-5:  Onboard Flight Computer 

2.4.2 Pressure Measurement System 
 

A Pressure Systems Inc. (PSI) ESP64HD miniature pressure scanner was used to 

acquire the inlet static and total pressures. The PSI module is capable of measuring +/- 5 psi, 

and consists of 64 silicone transducers, one for each port.  Static accuracy of the PSI module 

is 0.06% of the full scale pressure at room temperatures.  Nylon tubing was used to connect 

the PSI module to an inlet pressure rake located at the engine/inlet aerodynamic interface 

plane (AIP), and a hex inverter with open-collector outputs was developed to interface the 

PSI module with either a data acquisition computer or the flight computer.  The PSI module 

and inlet total pressure rake can be seen in Figure 2-5.   
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Figure 2-6: Miniature Pressure Sensor and Inlet Total Pressure Rake 

2.4.2.1 Hot-Film Sensors 
 

The hot-film sensor consists of a thin metallic film deposited onto a substrate. The 

operating principle of the sensor derives from the fact that the heat transfer from a 

sufficiently small heated surface depends only on the flow characteristics in the viscous 

region of the boundary layer12.  An electric current is passed through the sensor in order to 

maintain it at a constant voltage as heat is continuously transferred from the film to the 

boundary layer and to the film’s substrate. Fluctuations in the airflow change the convective 

heat transfer rate of the sensor and thus give rise to a resistance change of the hot-film. This 

resistance change results in a variant output voltage that can be measured and related to 

overall flow characteristics. 
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3 PROPULSION SYSTEM DESIGN 
 

3.1 Introduction 
 

In typical propulsion systems that incorporate micro-turbojets similar to the AT1500, a 

single duct configuration is commonly used which allows some air that is ingested through 

the inlet to bypass the engine for cooling13.  This coolant air is then re-mixed with the core 

flow aft of the engine into a separate exhaust ejector tube.  Similarly, air that is not remixed 

into the ejector pipe is bypassed around the pipe for cooling and then remixed at the aft end 

of the aircraft, Figure 3-1.  

 

 

Ejector Pipe

Ejector Pipe

Figure 3-1: Typical Bypass Installation13 
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However, in the VIPER UAV a different configuration is used in order to more easily 

evaluate the performance of inlet flow control as well as for the possibility of future projects.   

All the air ingested through the inlet capture area is core engine flow that is passed directly 

into the engine and out through an exhaust pipe to the aft of the vehicle.  Unlike the ejector 

pipe, which is displaced back from the engine nozzle, this exhaust pipe is rigidly fixed to the 

engine nozzle with no gap.  This requires that cooling air be provided from a source other 

than the primary inlet duct. NACA type-ducts located on the forward under-surface of the 

vehicle are installed for this purpose, as well as to feed cooling air into the avionics bay.  The 

air is then drawn through the secondary duct and outer exhaust pipe for engine and primary 

exhaust pipe cooling.  The inlet duct, AT1500 turbojet, exhaust pipe, and NACA cooling 

ducts can be seen in Figure 3-2.   

 

Figure 3-2:  VIPER Propulsion System Installation 

 

3.2 Inlet Duct 
 

Supplying the propulsion system with airflow is accomplished using an aerodynamic 

inlet duct.  This inlet duct conveys the freestream airflow directly to the engine compressor 

face.  Total pressure losses, flow distortion, and flow angularity at the compressor face are all 
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determined by the inlet duct geometry, and have a significant influence on overall propulsion 

system performance14.   

 With the increasing demand for more complex aircraft geometries, and more stringent 

restrictions on airframe size and weight, designers are forced to implement shorter, more 

highly curved inlet ducts15.  Typical inlet ducts, on aircraft such as the Lockheed Martin F-16 

and F-22, have aspect ratios, defined as overall inlet duct length to exit diameter, on the order 

of 7.  However, highly compact serpentine inlet ducts (S-duct) can have aspect ratios as small 

as 3.  These compact S-ducts are characterized by large centerline curvature, as well as cross-

sectional shape changes, Figure 3-3.  The high curvature and shape change causes adverse 

pressure gradients within the duct that cause flow separation and significant secondary flow 

patterns, thus leads to excessive distortion at the engine face and reduced propulsions system 

performance4. 

 

Figure 3-3:  Typical Serpentine Inlet Duct7 

 
 The highly compact S-duct being tested on the VIPER UAV was designed and 

manufactured through a stereo lithography process by Lockheed Martin.  Two manifolds, 
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along with bleed air connections, were built into the inlet duct, and each manifold feeds the 

bleed air to an array of micro-jet orifices for fluidic flow control.  The duct was designed as a 

modular unit that can easily be installed and removed from the airframe. The integration of a 

removable inlet duct is accomplished by splitting the duct into two pieces, Figure 3-5. The 

first piece includes the capture area and the portion of the duct that is ahead of the first bend. 

The remainder of the duct comprises the second piece.  Each piece is designed with a three-

quarter inch flange with a specified bolt pattern to allow easy installation and attachment to 

each other.  The capture area unit is permanently bonded to the skin of the aircraft, and two 

access hatches in the skin on either side of the duct allow for installation and removal.  All of 

the units will use 6-32 hex head bolts for attachment.  The inlet duct was also fitted with two 

quick release connectors to attach the bleed air tubing.  These connectors were designed for 

use with 3/8 in tubing. 

3.3 Inlet Interface  

A unit needed to be designed in order to interface the inlet duct to the AT1500 turbojet, 

as well as house the 40-port total pressure rake for inlet flow distortion quantification, Figure 

3-4.  The interface ring was designed in order to minimize the distance between the inlet duct 

and engine, but still have enough room for the total pressure rake.  For ground testing, two 

interface rings were actually constructed.  One interface did not have the total pressure rake 

installed while the other did.   In addition to housing the total pressure rake, 8 static ports 

were located around the perimeter of both rings for core mass flow calculations.  
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Figure 3-4: Schematic of Inlet Interface Ring 

 
This interface ring was constructed out of aluminum and bolts to the inlet duct with 

eight 6-32 bolts spaced 45 degrees apart, while the other end of the interface ring slides over 

the front of the turbojet, Figure 3-5.  Both the inlet and engine side of the interface ring have 

an o-ring installed to ensure an airtight seal.  With this configuration, the inlet duct can be 

easily removed from the aircraft without have to remove any other propulsion system 

hardware. 

 

Removable Inlet Duct
Figure 3-5:  Inlet/Engine Interface
Inlet/Engine Interface
 

 

17



 Work by Beamon13 showed significant changes in engine performance depending on 

the sharpness of the lip on any ducting leading into the turbojet.  This can be attributed to the 

severity of flow separation off a sharper lip, and the subsequent ingestion of this separated 

flow into the engine.  For this reason, a short bellmouth was constructed to bolt to the 

interface ring for baseline ground tests, and tests that did not incorporate the inlet duct, and 

insured a smooth transition of air into the engine, Figure 3-6.   

 

Bellmouth

 

 

3
 

s

s

o

 

Interface 
with Rake
 

Interface without 
Rake 

Figure 3-6:  Interface Rings with Bellmouth 

.4 AT1500 Modifications 

Before the AT1500 could be integrated into the VIPER UAV propulsion system, 

everal modifications needed to be made.  The first included the addition of two taps to 

upply the bleed air required for fluidic flow control.  Refer to Figure 2-4.  The outer casing 

f the engine had two holes cut into it in the upper half at +/- 45 degrees off centerline, and 
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then two stainless steel plugs were welded into the holes.  These stainless steel plugs were 

tapped with 3/8in NPT threads for a leak-proof seal between the engine and the bleed air pipe 

connections. 

 The second modification required that the original bellmouth of the engine be cut 

back.  The original bellmouth consisted of a curved diffusing lip followed by a constant area 

section that leads into the compressor section of the engine, Figure 3-7.  The lip was cut back 

to the constant area section, and this allowed the inlet interface ring to slide over the new 

bellmouth, Figure 3-6.   

 

Figure 3-7:  AT1500 with Original Bellmouth 

 
The final modification required the exhaust nozzle be cut back.   The AT1500 was 

designed such that the flow at the exit plane of the nozzle was extremely close to being 

choked.  To ensure that the exhaust flow did not choke due to Fanno effects inside the 

exhaust pipe before reaching the rear of the aircraft, the engine nozzle would be cut back to a 

larger diameter.  The nozzle was cut back from a diameter of 4.1in to 5.25in.   
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3.5 Bleed Air System 

For the purpose of supplying air for fluidic flow control, a small percentage of engine 

core air mass flow is bled off the compressor section of the turbojet.  At the time of the bleed 

air system design, the engine had not arrived at NC State for testing, therefore all engine 

performance numbers were based off manufacturer’s stated values.  At maximum engine 

rpm, the overall compressor pressure ratio is 5:1, which indicates that there is a significant 

increase in total temperature. The exact temperature increase is determined using basic 

turbojet compressor stage relations16.  In order to approximate a worst case scenario, it is 

assumed that the aircraft is traveling at its maximum velocity of 134m/s, in ambient air at a 

temperature and pressure of 36.85˚C and 101.3kPa, respectively. The equations 
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yields the stagnation temperature and total pressure at entry to the compressor section as 

45.78˚C and 110.8kPa, respectively.  For the diffuser’s efficiency and ratio of specific heat, 

the values of 0.9 and 1.4 were used.  The compressor efficiency and ratio of specific heat are 

assumed to be 0.75, 1.37, respectively.  Thus using Eq. 3,  
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the  total temperature at the exit of the compressor section is 277˚C. 
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The inlet duct was manufactured by Lockheed Martin from a nylon stereo lithography 

resin due to cost considerations and ease of manufacture. However, this type of resin has a 

melting temperature of 93.33˚C, therefore the bleed air must be sufficiently cooled to prevent 

damage to the inlet duct.  To overcome this, the bleed air tube is passed through the fuel tank 

in a shell-and-tube type heat exchanger configuration using the fuel for cooling.  This type of 

configuration avoids the need for a separate cooling subsystem, thus reducing overall aircraft 

complexity and weight.   

 3/8-inch copper tubing was used inside the fuel tank because of its high thermal 

conductivity.  A log mean temperature difference method for heat exchanger design was used 

to determine the required length of copper tubing to cool the air to 82.2˚C, approximately 

11˚C lower than the melting temperature of the inlet duct.17 

The overall heat transfer coefficient, U, is defined as: 

kA
thickness

AhAhUA outin

++=
111            (4) 

The heat transfer contribution from the metal pipe itself is neglected since its thickness is 

relatively small and its thermal conductivity is much larger than the convective heat transfer 

terms. Thus, the remaining heat transfer can be described in two parts: forced and free 

convection. The forced convection arises from the airflow inside the pipe, while the free 

convection arises from the fluid in which the pipes are submerged.  

It is desirable to have turbulent flow in the 3/8-inch pipe to maximize the forced 

convection term. Therefore, the Reynolds number needed to be calculated inside the pipe in 

order to determine whether the flow was laminar or turbulent.   Sutherland’s law in the form 

of 
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yields a viscosity of 2.97×10-5N/m2-s at the maximum temperature in the pipe, where 

µo=1.7894×10-5kg/m-s, To=273.11K, and S =110.56K.  Using the equation of state, the 

density was calculated as 3.51kg/m3. 

The cross sectional area of the pipe and the mass flow through the pipe were 

determined from the bleed air requirements: 

                      
A

m
ρ

•

=V       (6) 

These known values yield the mean velocity through the pipe as 135 m/s. The Reynolds 

number could then be calculated to be 136,000, indicating that the flow through the pipe is 

turbulent.  For turbulent flow in circular pipes, the Nusselt number is defined as, 

4.05/4 PrRe023.0==
k

hDNu         (7) 

Using the approximate Prandtl number for air, 0.7, the Nusselt number was found to be 124. 

Using the thermal conductivity of air, listed in Table 3-1, finally yields the convective heat 

transfer inside the pipe as, hin=1080 W/m2K. 
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Table 3-1:  Physical Properties for Air at Average Temperature of 176 ˚C 

 
Physical Property Value 

ν (m2/s) 3.168×10-5 

k (W/mK) 0.036 

Cp (J/kgK) 1021.3 

Pr 0.7 

 

The free convection regime in the heat exchanger assumes the use of Jet A aviation 

turbine fuel. The actual fuel used in the AT1500 turbine is standard Jet A fuel mixed with 

turbine oil for lubrication of the engine bearings. However, as there is only 5% of oil per 

volume of fuel it is assumed that the addition of the oil has a negligible effect on the physical 

properties of Jet A fuel.   Kerosine can also be used for fuel, and the physical properties for 

kerosene, which are extremely close to those of Jet A fuel, are listed in Table 3-2.  As the 

initial flights of the VIPER UAV were scheduled for midsummer, a worst-case scenario 

approach was taken in which the fuel is heated by both the radiant heat from the engine 

exhaust and prolonged exposure to the Sun.  It was therefore assumed that the overall 

fuel/bath temperature is approximately 37.7˚C (100˚F). Additionally, as the bleed air flows 

through the pipes for only short periods of time compared to the total flight time, the fuel 

temperature was assumed to remain constant during the time that the bleed air is active. 
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Table 3-2: Physical Properties for Kerosene at ~ 40˚C.18 

Physical Property Value 

ν (m2/s) 1.5 x 10-6 

k (W/mK) 0.1112 

Cp (J/kgK) 2219 

α (m2/s) 6.111 x 10-8 

β (1/K) 9.324 x 10-4 

 

The Nusselt number in free convection flow, is defined as: 

nCRaNu =        (8) 

C and n, listed in Table 3-3, are constants that are a function of the Rayleigh number. 

Table 3-3: Constants for Free Convection on Horizontal Cylinder17 

Ra C n 

102-104 0.850 0.188 

104-107 0.480 0.250 

107-1012 0.125 0.333 

 

The Rayleigh number is defined as: 

να
β 3)( DTTg

Ra bathsurf −=        (9) 

The Rayleigh number was found to be 1.472×107, thus C = 0.48 and n = 0.25.  The Nusselt 

number was then found to be 30.4.  Similar to the forced convection, the convective heat 
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transfer can be determined from the Nusselt number as hout = 398.42 W/m2K.   Eq. 4 thus 

yields a value for the overall heat transfer coefficient equation as U = 291 W/m2K. 

The log mean temperature difference (LMTD) method was then used to calculate the 

total surface area of pipe required to sufficiently cool the bleed air.  The total heat loss is 

defined as, 

)()( ,, LMTDAUTTCmq outgasingaspg ⋅=−=
•
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With the entry and exit temperatures of the bleed air set to 277˚C and 82.2˚C, and a bath/fuel 

temperature of 37.77˚C, results in the LMTD of 116.5˚C.  The required total heat loss is 

5,280 W, and thus, solving for A, the required length of pipe,  A/πD,  can be calculated.  The 

length of pipe required to sufficiently cool the bleed air is Lreq = 5.21m.  Thus, in the final 

design, a 5.48m length of copper tubing was manufactured to fit inside the fuel tank 

configuration.  This provides at maximum engine operating conditions bleed air at an outlet 

temperature of 77˚C.  This is 16˚C below the melting temperature of the inlet duct.  At lower 

throttle settings, the outlet temperature is significantly reduced due to the reduction in 

compressor section total temperature. In order to maximize the time the bleed tube is 

submersed in the fuel, and minimize the height of the tube in the fuel tank, a helix 

configuration was used, Figure 3-8 and Figure 3-14.   Bleed air is turned on and off by a 

solenoid valve between the engine and the inlet duct. 
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Figure 3-8:  Bleed Air System 

 

3.6 Exhaust Pipe 
 

3.6.1 Introduction 
 

Due to the internal mounting of the turbojet, an exhaust pipe needed to be designed to 

convey the hot jet exhaust from the engine to the rear of the aircraft.  As stated previously, 

typical micro-turbojet installations make use of an ejector pipe that is displaced back from 

the rear of the engine, Figure 3-1.   These ejector style configurations entrain ambient air into 

the ejector pipe, thus the flow inside the ejector pipe is significantly cooler than the primary 

exhaust of the jet.   Since the VIPER UAV’s exhaust pipe is rigidly fixed to engine nozzle 

with no gap, cooling the pipe and minimizing radiant heat transfer inside the airframe 

became a primary concern.  To overcome this, the exhaust pipe is a double walled, concentric 

pipe configuration.  The inner pipe is the primary exhaust pipe that is directly connected to 

the engine nozzle, while the outer pipe is left open, and extends slightly past the inner pipe, 
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Figure 3-9.  This allows air to be entrained between the two pipes, thus cooling the inner pipe 

and minimizing the amount of radiant heat transferred to the outer pipe and airframe. 

 

Figure 3-9:  VIPER UAV Exhaust Pipe (Outer Pipe Translucent for Visualization) 

 

3.6.2 Inner Pipe 

The inner pipe is a straight, fully circular pipe, which slips over the engine’s exhaust 

nozzle.  The pipe is then attached to the engine using a stainless steel pipe clamp.  As stated 

previously, the engine nozzle was cut back to a larger diameter to prevent choking.  To insure 

the same exhaust momentum as the original, uncut, engine, the exhaust pipe tapers down 

from 5.25in at the exit plane of the engine, to the original diameter of the engine nozzle, 

4.1in, at the aft end of the pipe. The pipe is constructed from 0.035in stainless steel, and has 

on overall length of 57.25in.  Corrugated strips are attached to the inner pipe at two locations 

to maintain the gap between the outer pipe as well as offer support to the outer pipe.  This 

allows the outer pipe to be removed from the inner pipe at any time, Figure 3-10. 
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 Corrugated Support Strips 

Figure 3-10:  Example of Double Walled Exhaust Pipe 

 

3.6.3 Outer Pipe 

The outer pipe is also a straight, fully circular pipe, constructed from 0.010in stainless 

steel, and was designed to maintain a 0.25in gap between the two pipes.  Due to 

manufacturing issues, the pipe could not be made from a single piece of stainless steel.  

Therefore, the pipe was constructed in six sections, each made from a flat piece of stainless 

steel rolled into the correct shape and spot welded down the seam.  Each section was then 

spot welded together to form the completed pipe. The overall length of the pipe is 57.25in, 

extends 1.75in past the inner pipe, and has attachment locations at the aft end of the pipe for 

mounting to the airframe. 

The actual process by which the cooling air is entrained through the double walled 

exhaust pipe can best be explained by a basic approach developed by von Karman, Figure 3-

11.  This is a basic control volume approach that describes the transfer of momentum from 

the primary jet to the secondary flow through viscous stresses and non-viscous pressures19.  
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Many parameters such as exit Mach number, the angle of the primary flow, and peripheral 

surface area of the primary jet have an effect on the amount of secondary flow entrainment, 

but previous work at NC State has shown many inaccuracies in this control volume analysis.  

For this reason, empirical methods were typically used in which several pipe configurations 

and geometries were statically tested for their performance.  However, due to a lack of time, 

this type of testing was not permitted, and results from previous work on similar pipe 

configurations had to be used.  These results showed that a 1.5 to 2 in offset between the 

inner and outer pipe provides adequate air entrainment and thus sufficient cooling.  It should 

be noted that the goal of the current configuration was not to establish full mixing of the 

primary and secondary flows, but rather to only entrain a secondary flow around the inner 

pipe. 

 

 
Outer Pipe 

Figure 3-11:  von Karmon's Control Volume Approximation13 

` 
 

For added thermal protection, the outer exhaust pipe is wrapped in a thermal insulation 

blanket made from asbestos-free ceramic fibers, and can easily withstand continuous 

temperatures of up 3000°F.  The required thickness is determined from the hot side 
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temperature and the desired cold side temperature.  Figure 3-12 is a graph of hot-side 

temperature vs. cold side temperature based on varying insulation thicknesses. 

 

Figure 3-12: Insulation Thickness Guide 

3.7 Fuel System 
 

The fuel system is designed to be as simple as possible and consists of only three major 

components: the fuel tank, the header tank, and the fuel pumps. The fuel pumps are supplied 

by the engine manufacturer, and have their own battery power supply. A single cell fuel tank 

was designed and placed to minimize the amount of center of gravity (CG) shift due to fuel 

burn during flight. This requires placement of the tank at or near the longitudinal and lateral 

CG of the aircraft. The size and shape of the fuel tank are dictated by the flight duration 

requirement, which specifies a 15 minute flight at full throttle, and the internal structural 

layout. Thus, the tank was shaped to fit between the main gear bays and the turbojet and 
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extends aft behind the main gear bays to the larger payload area, Figure 3-13. The exhaust 

pipe is routed through the fuel tank, rather than incurring complications and costs involved 

with manufacturing and installing two separate fuel tanks. 

k
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Figure 3-13:  VIPER UAV Fuel Tank Location 

This single cell aluminum fuel tank is a non-pressurized, vented tank, with a 

able bottom hatch so that the bleed air cooling tubes can be accessed.  There is a cap 

d on the top of the fuel tank for easy fueling, an overflow vent, and two compression 

s for bleed air connections, Figure 3-14.  The bottom hatch is sealed using a non-

 gasket compound called Hylomar, and a series of bolts.  Hylomar was developed 

ically for use in turbojet applications and will not break down when in contact with Jet 

ls or kerosene.   The bottom of the fuel tank is also inclined towards the center to 

ate fuel collection in a sump and minimize air ingestion.  Foamex Type IV anti-slosh 
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foam is used as fuel baffling in the areas not obscured by the bleed air tubes. This foam can 

be cut into any shape needed and only displaces 2% of the total fuel volume. 

 

Figure 3-14:  Exploded View of VIPER Fuel Tank with Bleed Tubes 

 
The total volume of the fuel tank is 7.59 gallons, including the volume that is taken up 

by the bleed air cooling tubes and fuel foam baffling. This allows an 18 minute flight at full 

throttle conditions. The empty tank, with bleed air tubes, weighs 14lbs, and its CG is located 

on the centerline 5.0in behind the aircraft’s longitudinal CG. The 7.59gallons of fuel at a 

total weight of 49lb, results in a 2.5% increase in static margin due to fuel burn.  

To help reduce the amount of radiant heat transfer to the fuel from the hot exhaust 

pipe, aluminized thermal barrier tape is placed on the outside of the tank. This tape reflects 

radiant heat up to 2000°F, and in conjunction with the ceramic thermal blanket wrap on the 

exhaust pipe, and double wall design, radiant heat addition to the fuel will be minimized.  
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Concerns arose over the possibility of air ingestion in a low fuel, high bank angle, or 

negative g situation, thereby causing engine flame-out.  To alleviate this possibility, a small 

header tank was designed and integrated into the fuel system.  This tank is a 16 ounce bottle 

with a removable lid, and connections were made for incoming and outgoing fuel lines, 

Figure 3-15.  The outgoing fuel lines are connected to a set of felt covered clunks, one for 

each fuel pump, and are suspended halfway into the tank.  In this manner, the clucks are 

always submersed in fuel even in the event of a short interruption of fuel supply from the 

main fuel tank. 

 

    

From Tank 

To Pumps 

Clunks 

Figure 3-15: Header Tank 

3.8 Aircraft Integration 
 

All of the propulsion system components needed to be integrated into the VIPER UAV 

airframe without interfering with the internal structures or other aircraft systems.  
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Additionally, locations and routing for components such as fuel lines, fuel pumps, header 

tank, engine ECU, and electrical wiring needed to be determined in advance.  Also, each 

component had to be easily accessible for installation, removal, and maintenance.  Figure 3-

16 is a solid model of the VIPER UAV with propulsion system and all aircraft components 

and avionics in place. 

 

Fuel Pump Mount Location 

Header Tank Location

ECU and Batteries 

Figure 3-16:  VIPER Systems Component Placement 
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The header tank is located in the bay just aft of the fuel tank and mounted to the side 

bulkhead, and is connected to the main tank via 10mm tubing.  From the header tank, three 

6mm tubes are routed up and over the main fuel tank to the three fuel pumps mounted in the 

engine bay.  The three outgoing lines from the fuel pumps are then tied into a single 6mm 

tube and routed to the engine.  The ECU and batteries are located in the forward avionics 

bay.  The ECU is mounted to a pallet that was constructed to mount to the upper skin above 

the inlet duct. 

All components are accessed through a series of hatches built into the aircraft skin.  

There are two hatches on either side of the inlet duct, a top, center, hatch for the engine, and 

a top rear hatch for the fuel tank, Figure 3-17.  The entire rear section of the fuselage is 

removable, and allows access to the exhaust duct.   
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Figure 3-17: VIPER Access Hatches 

 
The engine is mounted to two longitudinal bulkheads that tie into the main internal 

structures via aluminum mounting brackets.  These mounting brackets were constructed to 

handle the maximum loading of +/- 6 g’s.  These mounts attach to the longitudinal bulkheads 

with four ¼ -20 bolts each.  Figure 3-18 shows the installed engine mounts viewed from 

inside the airframe looking forward.  The AT1500 was built with a drain plug in the outer 

casing in the event of engine flooding during start up.  Therefore, a catch tray and drain hole 

were added to the lower skin just underneath the engine drain plug. 
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Engine Mounts

Drain Hole 

Figure 3-18: Engine Mounts and Fuel Drain Hole 

 
 

When the exhaust pipe arrived at NC State from the manufacturer, several 

modifications needed to be made.  The end of the pipe needed to be flared further in order to 

fit over the nozzle of the AT1500, and was heated up and forged into the correct shape by 

hand using a propane torch and hammer.  Once the exhaust pipe fit properly over the 

AT1500 nozzle, it was installed into the airframe for mounting as well as to insure proper 

fuel tank alignment.  Also, the upper skin at the rear of the fuselage needed to be cut away in 

order for the exhaust pipe to pass through.  Figure 3-19 shows the installed exhaust pipe in 

the VIPER airframe with the fuel tank installed. 
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Figure 3-19:  Installed Exhaust Pipe in VIPER Airframe 

 

The fuel tank also needed to be rigidly mounted to the airframe in order to ensure that 

the tank does not shift during flight.  Four aluminum brackets were manufactured to bolt to 

the fuel tank, and, in turn, bolt to the airframe.  Two brackets are attached to the top of the 

fuel tank and tie into one of the lateral bulkheads, while the other two brackets bolt to the 

lower flange of the tank and are attached to the longitudinal bulkheads.  A solid model of the 

mounted fuel tank can be seen in Figure 3-20. 
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Aluminum Mounting Brackets 

Figure 3-20:  VIPER Fuel Tank Mounting 
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4 PROPULSION SYSTEM TESTING 

4.1 Test Objectives 

A series of static ground tests were done to evaluated the performance of the VIPER 

UAV propulsion system.  The objectives of these tests were: 

1.  Measure and record uninstalled baseline performance of the AT1500 turbojet. 

2.  Measure, record, and analyze the effect of each component of the propulsion  
     system on overall system performance. 
  
3.  Measure, record, and analyze the extent of inlet flow distortion with and without  
     fluidic flow control. 
 
4. Measure, record, and analyze the effect of fluidic flow control on propulsion 

system performance.  
 
         5.   Measure and record CVA hot-film data for inlet flow distortion quantification. 
 
These test objectives were obtained by utilizing a component build-up approach13.  This 

involved testing an individual propulsion system component and then adding components 

until the full propulsion system configuration was reached.   

4.2 Test Apparatus 

4.2.1 Test Stand 

All of the propulsion system testing was performed on a mobile turbojet test stand at 

NC State.  A mini-turbojet test stand had previously been built for the testing of smaller 

turbojet engines, but was found to be inadequate for the AT1500 testing.  Therefore, a new 

test stand was designed and built specifically for the AT1500 turbojet and propulsion system 

testing.  Similar to the old test stand, this is a ground level test platform where no altitude or 
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ram effects are considered.  The test stand is instrumented to measure all related engine and 

propulsion system performance parameters and can easily be reconfigured for any desired 

propulsion system configuration.  All sensors and instrumentation are located on the test 

stand.  However, the fuel tank, data acquisition computer, and engine controller are separate 

from the stand itself.  All test stand instrumentation and ECU were powered from a single 

power strip mounted on the test stand, but it was found that the current draw for the ECU was 

extremely high.  For this reason, a separate power supply was needed to power the ECU.  

The AT1500 initially spools up on compressed air from a scuba tank during start-up and shut 

down.  However, due to the large volume of air required for a single engine run, the scuba 

tanks were replaced with an electric compressor that was operated manually via a valve.  The 

turbojet test stand can be seen in Figure 4-1. 

 

 
Figure 4-1:  Turbojet Test Stand 
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The parameters capable of being measured and recorded during engine tests were. 

1. Throttle Position 

2. Net Thrust 

3. Compressor Pressure/Bleed Air Pressures 

4. Engine rpm 

5. Exhaust Gas Temperature 

6. Fuel Flow Rate 

7. Engine Face Static Pressure 

8. Engine Face Total Pressures 

9. Exhaust Total Pressure and Total Temperature  

10. Atmospheric Conditions 

All parameters, with the exception of fuel flow rate, could be monitored real-time during 

engine tests, and could be automatically recorded at any point through the data acquisition 

computer.  Throttle position, engine rpm, and EGT are monitored by the ECU which is 

connected to the data acquisition computer via a modified serial cable.  These modifications 

can be found in an AMT engine manual20.   All other parameters are connected to an 

electronic interface block which connects to the data acquisition computer though a USB 

port. 

4.2.1.1 Throttle Position 

Throttle position was commanded from a radio transmitter and controls the rotor speed of the 

engine.  The throttle signal is measured by the ECU which in turn varies the voltage supplied 

to the three fuel pumps.  The throttle setting is also output to the data acquisition computer 
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for real-time telemetry monitoring during the engine tests, and all test points were performed 

at common throttle positions. 

4.2.1.2 Net Thrust 
 

The test stand had an aluminum slide table mounted to four pillow block linear 

bearings, and slide over two 0.5in stainless steel rods that were rigidly attached to the top of 

the test stand.  Four 0.5in threaded rods were bolted to the slide table to mount the AT1500 

engine, and a strain gauge load cell was placed on the test stand such that it measured the 

force applied to the slide table. This load cell voltage signal is supplied to a process meter 

which converted the voltage to net force in pounds.  The process meter was equipped with an 

analog output channel in order to interface with the external data acquisition computer.  Due 

to friction in the system, as much as 2lb of hysteresis in the thrust measurements was 

observed depending on whether the engine was throttling up or down.  To eliminate this 

hysteresis effect, all test points were reached while throttling up.  Also, variations in weight 

distribution on the slide table due to different propulsion system components affected the 

amount of friction in the system.  This required the load cell to be calibrated with known 

loads prior to the testing of each different propulsion system configuration.  The calibration 

procedure allows know loads to be applied and correlated to the voltage output from the 

process meter.  These calibrations are stored in the process meter for later runs. The exact 

setup for the calibration procedure can be seen in a work by Beamon.13 

4.2.1.3 Compressor/Bleed Air Pressure 

For all baseline engine tests, compressor pressure was measured using a 100 psig 

digital pressure transducer that was directly connected to the bleed air taps on the AT1500, 
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Figure 4-1.  The compressor pressure was read off the digital display and entered manually 

into the data acquisition computer.  For all inlet flow control tests, the two manifolds on the 

inlet duct were tapped and individually connected to a separate pressure transducer.  This 

pressure transducer was calibrated using a mercury manometer and a calibration curve was 

created.  The pressure transducer used during flow control tests was connected to the data 

acquisition computer, and was monitored and recorded automatically.  Individual inlet 

manifold pressure was used as a benchmark parameter during flow control tests. 

4.2.1.4 Engine RPM 

Engine rpm is one of the defining operating conditions of the engine.  Engine rpm 

was used for relating performance parameters for all engine tests.  The AT1500 is equipped 

with a magnetic sensor in the engine bellmouth, and sends a pulse to the ECU for each 

passing compressor blade.  The ECU converts these pulses in a rpm value.  This value is 

output to the data acquisition computer for real-time telemetry monitoring during engine 

tests. 

4.2.1.5 Exhaust Gas Temperature 

A single type-K thermocouple probe was mounted to the side of the engine and 

inserted into the exhaust nozzle for measuring EGT.  Proper placement of the probe can be 

found in an AMT engine manual20.  The EGT probe was read by the ECU and is output to the 

data acquisition computer for real-time telemetry monitoring during engine tests. 
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4.2.1.6 Fuel Flow Rate 

The old turbojet test stand was equipped with a paddle wheel flow meter that could 

instantaneously display fuel flow rate during an engine run.  However, the fuel flow rates 

required by the AT1500 were well out of the operating conditions for the flow meter.  Due to 

high costs, a more suitable flow meter could not be purchased. Therefore a graduated 

cylinder was modified to draw fuel from a sump at the bottom of the cylinder, and times were 

taken with a stopwatch to measure the amount of time to burn 200 mL of fuel.  This value 

was entered manually into the data acquisition computer, which converted the value to into a 

fuel flow rate.   

4.2.1.7 Core Air Mass Flow Rate 

During baseline engine tests without the inlet pitot rake installed, core air mass flow 

rate could be calculated from static pressure measurements taken in the constant area section 

of the engine bellmouth.  This bellmouth can be seen in Figure 4-1.  During static ground 

tests the ambient atmospheric pressure equals total pressure, therefore, only static pressure 

inside the constant area section is required to calculate velocity.  From this velocity, mass 

flow rate can be calculated: 

VAm ρ=
•

 

where ρ is the density of the air, V is velocity, and A is the cross-sectional area of the duct.  

Since inlet velocities over 100m/s were expected, compressible flow relations were used to 

calculate an engine inlet Mach number21.: 
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where γ is the ratio of specific heats, 1.4 for air, Po is ambient pressure, and P is the static 

pressure inside the engine inlet.  Once the inlet Mach number is calculated, and the speed of 

sound is found: 

RTVs γ=  

where R equals 287 J/(kg °K) for air, and T is ambient temperature in Kelvin. The inlet 

velocity can easily be solved for.   The density can be calculated using isentropic flow 

relations: 
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where ρo is the ambient density calculated from the equation of state.  

Static pressures were measure in four equally spaced locations inside the engine inlet 

bellmouth, and were measured using the ESP pressure transducer which used atmospheric 

pressure as the reference pressure.  Atmospheric pressure was recorded using the mercury 

barometer located in the NC State subsonic wind tunnel.  

 

4.2.1.8 Engine Face Total Pressure Rake  
 

A typical array for measuring total pressure recovery and distortion is eight equally 

spaced rakes with five probes per rake, Figure 4-2.  These five probes are located at the 

centroids of equal area rings within the inlet duct. The inner most ring is considered to be 

Ring 1, and the outermost ring is Ring 5.  Rake 1 is the topmost center rake and proceeds 
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clockwise around the perimeter, looking forward.  This layout conforms to the 

recommendations of ARP 1420, which can be found in Appendix 8.2.  Each rake was 

constructed from five 0.060in brass tubes brazed together.  The tips of each probe extend a 

minimum of nine tube diameters upstream to the exit plane of the inlet duct. This is the 

physical plane between the inlet duct and the inlet/engine interface unit.  Each tube then 

extends back and up through the wall of the interface ring for connection to the pressure 

measurement system.  Each rake was inserted into the interface ring individually then had a 

stabilizing ring placed between each rake to prevent flutter at high inlet Mach numbers, 

Figure 4-3.   The entire rake contributes to approximately 6% total blockage of the inlet area, 

but as the engine uses a centrifugal compressor rather than an axial one, flow distortion and 

blockage behind the rake are not a concern.  

 

Figure 4-2:  Total Pressure Probe Orientation (Nomenclature:  43 = Ring 4, Rake 3) 
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Figure 4-3: VIPER Inlet Total Pressure Rake 

 
 

Before the total pressure rake could be designed, the inlet/engine aerodynamic interface 

plane (AIP) needed to be established.  This plane is used to define distortion and performance 

at the aerodynamic interface between the inlet and the engine, and should remain invariant 

throughout the entire testing schedule22.  The following guidelines are suggested in ARP 

1420 for the selection of the physical location of the AIP: 

a) The AIP should be located in a circular section of the inlet duct 
 
b) The AIP should be located as close as practical to the engine-face plane. 

 
 
c) The AIP should be located so that all engine airflow, and only engine airflow, 

passes through it. 
 
d) The AIP location should be such that engine performance and stability are not 

measurably changed by interface instrumentation  
 
Since the inlet duct’s exit cross-section is circular, the exit plane of the inlet duct was 

determined to be the AIP.    
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4.2.1.9 Inlet Flow Distortion  

Engine face flow distortion can arise from several sources, including the ingestion of 

upstream disturbances and strong secondary flow gradients that cause flow separation 

induced by the curvature of the inlet wall itself23.  This engine face flow distortion can lead to 

degraded propulsion system performance and reduced engine life cycles due to the high 

frequency loading and unloading of compressor blades.  All of the current work focuses of 

quantifying engine face distortion caused by inlet wall curvature, and quantifying the effects 

of fluidic flow control inside the inlet duct on engine face distortion based off of the ARP 

1420 standard testing procedures, Appendix 8.2. 

The ARP 1420 methodology is based on extensive testing and research that shows 

that an engine reacts to distortion patterns that last of the order of one engine revolution as a 

steady state condition. Thus, inlet distortion data must be collected with high-response 

instrumentation. This data is collected such that the data for the full set of compressor face 

probes can be numerically evaluated at a given instant of time at very high rates and the 

"worst case" pattern selected for a given set of conditions. Engines are then tested under 

steady-state conditions with selected "worst case" patterns.  Collecting high-response data on 

a vehicle the size of the VIPER UAV is very difficult and expensive. Thus, steady-state (or 

"time average") pressure data was collected in this program. It is felt that the steady-state 

data can be used with information from other sources to make valid judgments about the 

value of flow control over the range of flight conditions possible with this vehicle. 

Flow distortion arises from non-uniformity in total pressures, i.e., velocities, across 

the face of the engine, and is measured using the total pressure rake described in the previous 

section. The distortion can be described directly in terms of these total pressure probe 
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readings, thereby creating a visual pattern, and numerically in terms of distortion descriptors, 

as described in the ARP 1420 document, that are related to the severity of the distortion.  

These descriptors can be broken up into circumferential and radial distortion elements, and 

are described on a ring-by-ring basis.22  

Circumferential distortion elements can be further broken down in terms of intensity 

and extent.  The circumferential distortion intensity element describes the magnitude of the 

pressure defect for each ring of the total pressure rake, and the extent element indicates the 

circumferential size, or angular region in degrees, in which the pressure is below ring average 

pressure.  The circumferential distortion intensity and extent elements are obtained by linear 

interpolation of the pressures in a given pressure probe ring.  Figure 4-4 shows an example of 

typical pressures for the i-th ring in the pressure rake. 

 
Figure 4-4: Example Ring Circumferential Distortion Pattern22 

 
 
The extent element is defined as: 

( )
iii 12 θθθ −=−  

and the intensity element is defined as: 
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where PAV is the overall average pressure of the ring, and PAVLOW is the average of the 

pressures below PAV for that ring. 

The radial distortion intensity element describes the difference between the ring 

average pressure and the overall engine face average pressure: 
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where PFAV is the engine face average pressure.  Positive and negative values of radial 

intensity are considered, where positive values describe average ring pressure that is below 

face average pressures and vice versa.   

Since for every operating condition there are five radial and five circumferential 

descriptors to describe engine face distortion, a single value needed to be obtained to 

quantify overall engine face distortion.  The General Electric (GE) generic distortion 

parameter, PSP, was used for this purpose.  .  In this manner, engine face distortion with and 

without flow control can easily be quantified and compared. The PSP parameter is defined 

as: 

Bt × IDRt + Ct 
or 

Bh × IDRh 

PSP = [A × EX × IDCMAX] + MAX 

         

Where EX is the extent function, A, Bt, Bh, and Ct are coefficients that are functions of 

airflow, IDCt is the standard GE circumferential parameter (without extent function), and 
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IDR is the standard GE radial parameter.  The PSP parameter calculations were performed by 

Lockheed Martin.  The complete ARP 1420 document outlining gas turbine engine inlet flow 

distortion and testing guidelines can be found in Appendix 8.2 

4.2.1.10   Exhaust Total Pressure and Total Temperature 

In order to obtain an accurate exhaust profile, a traversing rig with a total temperature 

and total pressure rake previously designed and built at NC State was used, Figure 4-5.  A 

more detailed description of the traversing rig design can be found in a work by Beamon13.  

Several modifications were made to the existing rig to better suit it for the AT1500 testing.  

These modifications included shortening the overall length of the rig and consolidating the 

two separate rakes into a single rake that alternates between temperature and pressure probes.  

The rake has a total of 12 total pressure probes and 11 total temperature probes.  The 

temperature probes attach to a thermocouple connector block which was connected to the 

data acquisition computer.  In previous work, a pressure transducer capable of measuring 

multiple channels simultaneously could not be used, and, therefore, only a single centerline 

profile could be taken.  In the current work, a pressure transducer capable of such 

measurements was procured, and thus allowed a complete exhaust total pressure profile to be 

produced.  Each exhaust scan was completely automatic, and the total length and step-size of 

the scan is controlled through the data acquisition computer. 
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Figure 4-5: Exhaust Scan Traversing Rig 

 

4.2.1.11   Atmospheric Conditions 

A digital temperature gauge was used during engine runs to record atmospheric 

temperature, and atmospheric pressure was read from the mercury manometer located in the 

NC State subsonic wind tunnel.  Atmospheric conditions were manually entered into the data 

acquisition computer during each engine test in order to correct performance data back to 

standard day conditions.  This allows comparison of performance data taken on different 

days with different atmospheric conditions. Standard day correction factors arise from non-

dimensionalizing atmospheric pressure and temperature with their standard day values as 

follows: 
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With these factors, the observed performance parameters of engine rpm, net thrust, 

fuel flow rate, air flow rate, and EGT can be referenced to a common condition.  The exact 

equations for these corrections can be found in Pratt & Whitney24. 

4.2.2 CVA Hot-Films 
 

The serpentine inlet duct was instrumented in two locations with an array of hot-film 

sensors.  The first set of sensors is located along the upper surface inside the inlet duct, while 

the second set of sensors is located circumferentially around the exit plane of the duct, Figure 

4-6.  The nickel sensors are electron beam deposited onto a Kapton substrate with an overall 

thickness of 0.002in, and are glued to the inlet duct surface.  

 

 

 

Figure 4-6: VIPER Inlet Duct Hot-Film Location 
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  A Tao Systems 16-channel constant voltage anemometer (CVA) system was used to 

operate the hot-film sensor arrays inside the inlet duct.  The CVA consists of three basic 

elements:  a stable, low noise, DC power supply, an operational amplifier, and a T-resistor 

network25.  When current is passed through the sensor, its temperature is raised above the 

ambient temperature.  Fluctuations in the airflow change the convective heat transfer rate of 

the sensor and thus give rise to resistance changes in the hot-film.  By keeping the input 

voltage constant, the output voltage changes due to this change in hot-film resistance.  A 

more detailed description of the CVA can be found in Jones8. 

4.2.3 Data Acquisition  

4.2.3.1 Pressure Measurement System 
 

A Pressure Systems Inc. (PSI) ESP64HD miniature pressure scanner, Figure 4-7 was 

used to acquire the surface and exit pressures inside the inlet duct as well as for core air mass 

flow measurements. The PSI module is capable of measuring +/- 5 psi, and consisted of 64 

silicone transducers, one for each port.  Nylon tubing was used to connect the PSI module to 

the pressure rake, and a hex inverter with open-collector outputs was developed to interface 

the PSI module with the data acquisition computer and to the flight computer during flight 

tests. The module was calibrated using a ten inch of mercury manometer and a fourth order 

polynomial fit was used in all tests26.  
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Figure 4-7:  ESP Pressure Transducer 

 

4.2.3.2 Data Acquisition Computer 
 

Two different data acquisition computers were used during the propulsion system testing 

schedule.  For tests that did not involve the CVA hot-film sensors, a single laptop computer 

running LabView was used for all telemetry monitoring and data acquisition.  The laptop 

measured thrust and the ESP pressure transducer signals through a National Instruments 

DAQPad-6020E multifunction input/output interface that connected to the computer via a 

USB cable.  As mentioned previously, an interface card was required to connect the DAQPad 

to the ESP module itself, and will also be used to interface the ESP module to the flight 

computer during flight tests.  A diagram and description of the electronic interface can be 

found in the ESP Users Manual26.   The engine telemetry parameters of engine rpm, EGT, 

and throttle position, were monitored by the computer through a RS232 serial cable that 

connected to the engine ECU.  During initial engine tests, significant electronic interference 

was experienced that required the RS232 serial connection to be optically isolated.  Therefore 

an interface was built using a Linear Technology LT1180 RS232 driver/receiver chip.  This 
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chip converts the RS232 signal from the ECU to logical input signals that are sent through 

and optical isolation card.  The signal is then converted back to an RS232 signal and 

connected to the computer.  Subsequent tests showed that all electronic interference was 

eliminated with this system.  The optical isolation card and signal conversion interface can be 

seen in Figure 4-8.   

 

 

Opto-Iso Card 

Figure 4-8:  RS232 Optical Isolation Setup 

 
For the engine tests that involved the CVA hot-film sensors, the laptop computer was 

found insufficient.  Due to the high sampling rates required by the CVA’s, the USB interface 

could not simultaneously monitor the CVA’s and ESP pressure signals.  Instead, a National 

Instruments SCB-100 interface was used, but the interface could only be connected to a 

normal desktop computer.  The desktop computer also used LabView for telemetry 

monitoring and data acquisition, and used the same serial cable for engine telemetry as 

described above.  The CVA data was also recorded using a digital tape recorder supplied and 

operated by Tao Systems.   The CVA test setup can be seen in Figure 4-9. 
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Data Acquisition Computer Digital Tape Recorder 

Figure 4-9: CVA Engine Test Setup 

 

4.3 Test Procedures 
 
All engine tests were performed on the NC State campus outside Broughton Hall, and 

followed the NC State Flight Research Standard Operating Procedures for turbojet engine 

runs.  At the beginning of each test, the stand was leveled using a digital inclinometer to 

ensure accurate thrust measurements.  Atmospheric conditions were recorded at the 

beginning and end of each tests, and were also recorded intermittently during extremely long 

tests.  All engine parameters were monitored real-time during engine tests and could be 

automatically recorded with the touch of a button. 

Each engine test consisted of eight data points at 0, 20, 40, 60, 70, 80, 90, and 100 

percent throttle.  For the CVA testing several flow control manifold pressures were tested.  

These consisted of pressures ranging from full available manifold pressure down to 50% 

maximum manifold pressure. Because engine compressor pressure, and thereby inlet flow 

control manifold pressures, vary with throttle position, the desired manifold pressure was set 
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at 100 percent throttle and allowed to vary with throttle.  CVA data scans lasted for 

approximately 20 seconds for each engine test point, and a flow distortion pressure scan was 

taken at the beginning and end of each 20 second scan. This was done to insure steady state 

conditions were being attained during each test point. 
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5 RESULTS AND DISCUSSION 

5.1 Baseline Engine Tests 

Several baseline engine runs were performed in order to determine the uninstalled 

performance of the AT1500 turbojet.  This data was compiled from several test runs 

completed on different days, and all data was corrected back to standard day conditions.  

Baseline engine static thrust verses engine rotor speed can be seen in Figure 5-1.  The 

AT1500 produced just below 114 lb of static thrust at a maximum rotor speed of 70,000 rpm.  

This is considerably less that the manufacturer’s stated value of 150lb of thrust because the 

AT1500 turbojet was originally designed for a maximum rotor speed of 80,000 rpm.  The 

engine was de-rated to a maximum of 70,000 rpm due to considerable hot spots in the burner 

section that caused failures in several turbine stator vanes during the initial test runs 

performed by the manufacturer.   
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Figure 5-1:  Baseline AT1500 Static Thrust versus Engine Rotor Speed 
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The baseline core fuel flow and core air mass flow rates can be seen in Figure 5-2.  

The maximum fuel flow rate was 0.51 gal/min, and the maximum core air mass flow rate was 

1.21 kg/s.  Similar to thrust, these values differ from the manufacturer’s stated values of 0.46 

gal/min and 1.25 kg/s because of the de-rated maximum rotor speed. 
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Figure 5-2:  Baseline Core Air and Fuel Flow Rates versus Engine Rotor Speed 

 
For jet aircraft, it is common to calculate the thrust specific fuel consumption (TSFC) which 

is defined as the rate of fuel burned per unit of thrust: 

T
m

TSFC f

•

=  

With the required values from the baseline tests, the TSFC could easily be calculated, and at 

maximum rotor speed, the AT1500 had a TSFC of 1.86 lbm/(lbf hr).  Figure 5-3 shows the 

baseline TSFC verses engine rotor speed.   
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Figure 5-3:  Baseline TSFC versus Rotor Speed 

 
Since a small percentage of the core air mass flow is being bled off for the fluidic 

flow control, the performance of the flow control becomes highly dependant on maximum 

available compressor pressure.  The baseline compressor pressure verses engine rotor speed 

can be seen in figure 5-4.  The maximum compressor pressure was 48.9 psia, which leads to 

a maximum compressor pressure ratio of 3.32.  Here again, this is significantly less that the 

manufacturer stated value of 5 due to the lower maximum engine rotor speed.  Extrapolating 

the curve out to 80,000 rpm leads to a compressor pressure of 64.97 psia, or a pressure ratio 

of 4.44, which is still less than the manufacturer’s stated value of 5. 
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             Figure 5-4:  Baseline Compressor Pressure verses Rotor Speed 

 
 

The baseline EGT versus rotor speed can be seen in Figure 5-5, and was taken from 

the single thermocouple probe in the exhaust nozzle of the AT1500.  The sinusoidal pattern is 

due to the hot spot in the burner section that was mentioned previously.  This hot spot 

propagates around the circumference of the exhaust nozzle at different throttle settings, 

thereby causing the seen fluctuations in the EGT.   The maximum EGT observed in baseline 

tests was 645 °C. 
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         Figure 5-5:  Baseline EGT verses Rotor Speed 

 
A total pressure scan at the engine face was done using the total pressure rake without 

the inlet duct installed for baseline comparisons, Figure 5-6.  The circle around the plot is the 

physical wall of the engine inlet face.  For reference, the total pressure probe locations have 

been overlaid the total pressure distribution.  As expected, the baseline engine has 100% 

pressure recovery and no flow distortion for all throttle settings. 
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Figure 5-6: Baseline Engine Face Total Pressure Recovery 

5.2 Component Testing 
 

5.2.1 Bleed Air System 
 

After the completion of the baseline engine tests, a series of tests were done to 

evaluate the effect of bleeding air off the compressor section, as well as validate the bleed air 

cooling system.  The setup for the bleed air performance evaluations can be seen in Figure 5-

7  Both the cooling system and the engine performance were tested simultaneously.  The 

original cooling system was designed around the 5:1 compressor pressure ratio of the engine, 

but with the lower actual compressor pressure, bleed temperatures were expected to be nearly 

100 °C lower.  However, the 18 ft length of the copper tubing installed in the fuel tank was 
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kept to the original specifications for the 5:1 compressor pressure ratio.  This was done for 

the possibility of future projects that may involve an upgraded engine that meets the 5:1 

compressor pressure ratio.   

 

 

Figure 5-7:  Bleed Air Cooling Test Setup 

 
 

The bleed air was turned on or off manually with a quarter-turn valve, and 

temperature measurements were taken at the entry and exit of the heat exchanger in the fuel 

tank using a standard type-K thermal probe.  Table 5-1 shows a performance comparison 

between predicted and measured values for bleed air temperatures before and after the heat 

exchanger for the measured atmospheric and engine conditions on that particular day.  The 

fuel temperature was recorded at the beginning of the tests as 19.2 °C.   
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Table 5-1:  Heat Exchanger Performance Comparisons 

 
Location Predicted Temperature Measured Temperature 

Before Heat Exchanger 150°C 98°C 

After Heat Exchanger 42°C 32.22°C 

 

The predicted temperature entering the heat exchanger was originally assumed to be 

the same as the calculated air temperature inside the compressor section of the engine.  

However, as can be seen in Figure 5-7, there is close to 3.5ft of tubing between the engine 

and the heat exchanger.  The radiant heat transfer from the exposed tubing to the 45 °F 

ambient air was not considered and could possibly account for the difference in measured 

and predicted temperatures entering the heat exchanger.  The actual measured bleed air 

temperature entering the heat exchanger was re-entered into the calculations, and 

subsequently predicted an exit temperature of 34°C.  This agrees quite well with the 

measured value of 32.22°C, and validates the heat exchanger design.  After five minutes of 

continuous bleeding through the heat exchanger, the fuel temperature was elevated to 30°C.  

At full throttle, bleeding air off the engine reduced static thrust by approximately 1.5 lb. 

5.2.2 Inlet Duct Testing 

5.2.2.1 No Flow Control 

The next step in the engine test schedule was to evaluate the effect of the non-flow 

controlled inlet duct on engine performance as well as quantify total pressure recovery and 

flow distortion across the engine face.  Figure 5-8 compares static thrust versus engine rotor 
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speed with and without the inlet duct installed corrected to standard day conditions, and 

shows that the maximum static thrust available at full throttle was reduced from 114 lb to 107 

lb.  This is approximately a 6 % loss in maximum static thrust available. 
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Figure 5-8: Thrust verses Rotor Speed With Inlet Duct 

 
 Engine EGT and TSFC were also highly affected by the installation of the inlet duct.  

Figure 5-9 and 5-10 shows engine EGT and TSFC verses rotor speed, respectively.  

Maximum EGT was increased from 632°C to 720°C, and TSFC rose from 1.8 lbm/(lbf hr) to 

2.2 lbm/(lbf hr).   
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Figure 5-9:  EGT verses Rotor Speed with Inlet Duct 
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Figure 5-10:  TSFC verses Rotor Speed with Inlet Duct 

 69



Engine face total pressure scans were done at increasing throttle settings from idle to 

full throttle.  Figure 5-11 shows the engine face total pressure distribution at full throttle.  It 

can be seen that a large pressure deficit region exists across the face, and there is very little 

area that is near full recovery as indicated by blue areas.  At full throttle, pressure losses were 

found to be as high as 15%, while the average total pressure recovery across the entire face 

was approximately 94%.  Total pressure recovery increases as the engine rotor speed 

decreases such that at idle conditions the maximum total pressure loss is only 0.5% with 

average total pressure recovery across the engine face being 99.9%.  These results quantify 

the necessity of some type of flow control to improve flow distortion at the engine face at 

higher engine rotor speeds. 
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Figure 5-11: Engine Face Total Pressure Distribution Without Flow Control 
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A flow distortion analysis was done using the methods described in Section 4.2.1.9, 

however, only the circumferential intensity and extent elements will be presented here.  

Figure 5-12 shows the circumferential pressure distribution for each ring.  From this, the 

extent of the low pressure region for each ring can be found by computing the region of 

pressures below ring average pressure. The average distortion extent across the engine face 

was 110 degrees, with a maximum extent of 140 degrees occurring on Ring 1. 
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Figure 5-12:  Ring Circumferential Distortion Pattern 

 
 

The total circumferential intensity element for the entire engine face was the average 

of the circumferential intensity elements for each ring.  Without flow control, the average 
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circumferential intensity element across the engine face was 0.043.  These values compare 

well with results from tests done on similar inlet ducts at NASA Glenn and Virginia Tech27. 

5.2.2.2 Flow Control Testing 

With the completion of inlet duct tests without flow control, the fluidic flow control 

system could be evaluated.  The goals of the fluidic flow control tests were two fold.  The 

first goal was to validate that the system worked and could easily be integrated into the 

aircraft platform, and the second was to quantify the effects of the inlet fluidic flow control 

on propulsion system performance and engine face distortion. The setup for inlet flow control 

can be seen in Figure 5-13.  This setup consists of two 3/8in pipes coming off the bleed taps 

in the engine casing that are teed into a single 3/8in line.  This single line is then connected 

into the fuel tank/heat exchanger, and then split back into two 3/8in pipes.  Each 3/8in pipe 

goes to a manifold on the inlet duct and was controlled manually with quarter-turn valves.  

The required fluidic flow control pressure was much less than the maximum engine 

compressor pressure.  Therefore, the system was outfitted with a pressure regulator to insure 

that the inlet manifolds were not over pressurized.  Each manifold was tapped and connected 

to a 100 psig digital pressure transducer with plastic tubes for independent manifold pressure 

monitoring.  Each flow control test took an inlet total pressure scan with and without flow 

control as well as recorded each manifold pressure. 
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Figure 5-13:  Inlet Flow Control Test Setup 

 

Initial flow control tests showed that the system had severe pressure losses such that 

the maximum sustainable manifold pressure was significantly less than what was required for 

fluidic flow control.  For this reason, another test was performed with each bleed tap on the 

engine supplying one manifold each. The required length of tubing was submersed in a water 

tank for cooling so that the fuel tank did not have to be used.  These tests showed that the 

minimum manifold pressure could be raised to above the required value for flow control.  

Since the fuel tank could not handle cooling two separate tubes, the entire system was 

redesigned with 1/2 in tubing coming from the engine and through the heat exchanger.  Since 

the 1/2 in tube has more surface area compared to the 3/8 in line, the required length for 
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bleed air cooling was reduced from 18 ft down to 12 ft.  After the fuel tank, the 1/2 in tube 

was teed into two 3/8 in lines that go to each manifold.  The initial flow control tests were 

repeated, and the available manifold pressure compared almost identically with the two 

individual 3/8in lines setup.   Each manifold’s pressure verses engine rotor speed can be seen 

in Figure 5-14.  Even with the modified system, there is still approximately a 15% loss of 

pressure through the heat exchanger, but is sufficient for fluidic flow control.  However, with 

the new maximum attainable manifold pressure, the necessity for a pressure regulator was 

eliminated, thus reducing system complexity and weight.  The difference in manifold 

pressures for a given rotor speed arises from the different static pressures inside the inlet duct 

at each manifold location. 
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  Figure 5-14:  Inlet Manifold Pressure verses Rotor Speed 
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It was also noticed that unburned fuel was being blown into the bleed air system, and 

thus being blown back into the inlet.  This typically would not be a concern, but the fuel 

would change the convective heat transfer rates off the CVA hot-films, thereby giving 

inaccurate data.  To eliminate the injection of fuel into the inlet through the flow control jets, 

a moisture/fuel trap was built and implanted into the system.  This was simply a settling 

chamber that allowed the fuel to collect in the bottom while the bleed air exited through the 

top to the manifolds.  There were slight pressure losses associated with the implementation of 

the fuel trap, but sufficient manifold pressure for flow control could still be attained.   

With the validation of the actual flow control system, the effect of inlet fluidic flow 

control on performance and engine face distortion could be evaluated.  All initial flow 

control tests were done with the maximum manifold pressure available.  Figure 5-15 shows 

the static thrust verses engine rotor speed with and without flow control.  The effects of flow 

control on static thrust do not become apparent until approximately 48,000 rpm.  This is due 

to the low compressor pressures at these rpm’s, which in turn results in low inlet manifold 

pressures.  From this rotor speed up, the increase in thrust is very noticeable.  At maximum 

throttle, the static thrust is increased nearly 3.5% from 107 lb to 110.6 lb with the 

implementation of fluidic flow control.  There are also significant changes in EGT and TSFC 

with the implementation of flow control, and can be seen in Figures 5-16 and 5-17, 

respectfully.  Maximum EGT is actually increased from 720°C to 730°C.  TSFC is reduced 

approximately 3.5% at maximum rotor speed with the implementation of fluidic flow control.   
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          Figure 5-15:  Thrust verses Rotor Speed With and Without Inlet Flow Control 

               rpm x1000

E
G

T
(o C

)

20 25 30 35 40 45 50 55 60 65 70
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710

Baseline (No Inlet)
No Flow Control
With Flow Control

 

 

Figure 5-16:  EGT verses Rotor Speed With and Without Flow Control 
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Figure 5-17:  TSFC verses Rotor Speed With and Without Flow Control 

               
 

Similar to the no flow control inlet duct testing, engine face total pressure scans were 

done at increasing throttle settings from idle to full throttle.  At each throttle setting, a total 

pressure scan was done without flow control immediately followed by a scan with flow 

control turned on.  Figure 5-18 shows a comparison of engine face total pressure distributions 

with and without flow control at maximum rotor speed.  The scales were kept identical 

between the two plots for comparisons.  Qualitatively, it can be seen that the large distortion 

region without flow control is considerably smaller and weaker than with flow control.  The 

distortion region has also propogated up and has been spread out along the circumference of 

the inlet wall.  This pattern of distortion propagation matches extremely well with 

computational results done by Hamstra7 as well as experimental results performed by NASA 

Glenn and Virgina Tech on a similar inlet ducts27.  Quantitatively, maximum total pressure 

 77



loss was reduced from 15% to 11%, hence the weakening of the distortion region, while the 

average pressure recovery across the entire engine face was increased 2.5%.   
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Figure 5-18:  Full Throttle Engine Face Total Pressure Distribution With and Without Inlet Fluidic Flow 
Control 

 
 

A flow distortion analysis was also done for the flow control runs in order to quantify 

the effects in terms of the circumferential intensity and extent elements, the radial distortion 

elements, and the PSP distortion parameter.   Figures 5-19 through 5-24 shows a comparison 

of ring circumferential distortion patterns with and without flow control.  From these figures, 

the effect of flow control on circumferential extent and intensity elements can be evaluated 

for each ring. 
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Figure 5-19:  Ring 1 Full Throttle Circumferential Distortion Pattern With and Without Flow Control 
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Figure 5-20:  Ring 2 Full Throttle Circumferential Distortion Pattern With and Without Flow Control 
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Figure 5-21:  Ring 3 Full Throttle Circumferential Distortion Pattern With and Without Flow Control 
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Figure 5-22:  Ring 4 Full Throttle Circumferential Distortion Pattern With and Without Flow Control 
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Figure 5-23:  Ring 5 Full Throttle Circumferential Distortion Pattern With and Without Flow Control 

 
 

Table 5-1 shows a comparison of individual ring circumferential intensity elements 

with and without flow control.  Ring 1 experiences an 91% reduction in circumferential 

intensity with flow control, while the overall reduction in intensity across the entire engine 

face is just under 10%.  This was done by taking the average of each rings intensity element. 

 

 

Table 5-2:  Comparison of Ring Circumferential Intensity Elements With and Without Flow Control at 
Full Throttle 

Ring Number Without Flow Control With Flow Control 
1 0.0404 0.0054 
2 0.0386 0.0402 
3 0.0393 0.0393 
4 0.0376 0.0426 

5 0.0248 0.0326 
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 Table 5-2 and 5-3 shows a comparison of circumferential extent and radial 

intensity elements with and without flow control.  The maximum reduction in circumferential 

extent was 54% and occurred on Ring 2.  The average reduction in circumferential distortion 

extent across the entire engine face was 22%, bringing the average of 110 degrees down to 

85 degrees. The PSP parameter was 0.055 without flow control, and was reduced to 0.032 

with flow control.  The was a 42% reduction in overall engine face distortion. 

Table 5-3:  Comparison of Ring Circumferential Extent Elements With and Without Flow Control at 
Full Throttle 

 
Ring Number Without Flow Control With Flow Control 

1 143.4650 99.5884 

2 139.2733 78.0418 
3 109.3194 75.4218 
4 83.6118 81.5944 
5 73.2341 95.1805 

 
Table 5-4:  Comparison of Radial Intensity Elements With and Without Flow Control at Full Throttle 

 
Ring Number Without Flow Control With Flow Control 

1 0.0431 -0.0194 
2 0.0152 -0.0052 
3 -0.0098 0.0060 
4 -0.0252 0.0117 

5 -0.0233 0.0070 
 

 

Initial computational results done by Hamstra showed that engine face pressure 

recovery could be increased by as much as 5%, while engine face distortion could be reduced 

by as much as 50%7.  The experimental results in the current work show that pressure 

recovery was increased by as much as 2.5% and flow distortion extent and intensity 
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decreased by 22% and just under 10% respectively.  Differences in the results from 

computational methods could arise from different inlet flow conditions.  The tests performed 

by Hamstra were at higher inlet Mach numbers compared to the tests in the current work.  

This could cause the extent of distortion and pressure recovery to be much different between 

the two cases.  Also, it was not clear which method Hamstra used to quantify overall engine 

face distortion.   

The effects of varying manifold pressures on engine face distortion were also 

investigated.  This was done by partially closing the quarter-turn valves going to each 

manifold to get the desired manifold pressure at full throttle.  The manifold pressure was then 

allowed to vary on it’s on with decreasing rotor speed.  Five different manifold pressures 

were chosen ranging from 40% to 95% of full available manifold pressure.  Figure 5-24 

shows four of the engine face total pressure distributions for four different manifold 

pressures as indicated by the pressure ratio in the upper right corner of each plot.  The first 

point that should be noticed is there is very little difference in flow distortion patterns 

between any of the different pressure settings, and the average total pressure recovery for all 

settings are within 0.3% of the full pressure results. 
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5.2.3 CVA Hot-Film Testing 

The next phase of the inlet testing included collecting data from the hot-film sensors 

mounted inside the inlet duct. Originally, the only hot-film sensors in the duct were located 

along the inside upper wall.  The circumferential sensor array at the exit plane of the inlet 

were added after the initial CVA tests.   In these initial tests, the mean and RMS voltages 

were measured for the 24 sensors along the inlet wall at a wide range of throttle settings with 

no flow control.  Low values of mean voltage and high values of RMS voltage are considered 

as indicators of flow separation, flow reattachment, or other flow phenomena, such as vortex 

lift-off that may result in low levels of wall shear stress.  Figure 5-25 and 5-26 shows the 

mean and RMS voltages for all sensors at full and half throttle without flow control, and 

indicates flow separation occurring between sensor 3 and 5, and possible reattachment 

between sensor 8 and 10.  This indicates that the sensor spacing is too great to accurately 

pinpoint an exact separation location for different engine rotor speeds.  
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Figure 5-25:  Mean and RMS Voltages for Hot-Film Sensor Array at Full Throttle 

 
 

 
Figure 5-26:  Mean and RMS Voltages for Hot-Film Sensor Array at Half Throttle 
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Because an exact separation location could not be determined, the circumferential 

array was added around the inlet exit plane.  It has been show in results from Rabe27 that 

engine face distortion could be quantified using wall shear stress measurements at the exit 

plane of the inlet duct27.  A complete series of tests were performed with and without flow 

control for varying engine rotor speeds and different manifold pressures.  These tests were 

repeated twice over a two day test period to prove repeatability of the CVA results.  The 

mean and RMS voltages were recorded for all settings, and correlations to engine face 

distortion are currently under review at Tao Systems.   

5.2.4 AT1500 Mechanical Failures 

The AT1500 engine experienced several critical failures during the propulsion system 

testing.  The first incident was caused by a significant hot spot in the burner section of the 

engine.  This is the same problem that caused the engine to be de-rated from 80,000 to 

70,000 rpm.  This abnormal hot spot burned through the entire lower right section of the 

stator vanes in the turbine section.  Also, a stator vane in the compressor section was broken 

off and ingested into the engine.  This resulted in the engine being sent back to the 

manufacture for repairs, and an ultimate redesign of the burner can to alleviate the hot spot. 

 Upon the return of the AT1500 turbojet, it was mounted to the test stand and ran 

several times for system checkout.  Upon ignition, the first noticeable change was the 

extreme decrease in maximum static thrust, down from 114 lbs to 92 lbs of thrust at 

maximum rotor speed.  Exhaust scans of total temperature and total pressure were performed 

during this run.  One or two sparks were seen coming out of the engine exhaust every so 

often.  This had been seen on nearly every previous run of the AT1500, and was considered 
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nominal, therefore the tests were continued.  After normal shut down, it was noticed that the 

front section of the engine, including the compressor hub and bellmouth, were extremely hot 

for long periods of time after shut down.  This was not observed during the tests that 

occurred before the initial engine failure.  However, the burn pattern inside the burner section 

of the engine had been completely changed and could have been the reason these components 

were becoming abnormally heated, therefore the tests were continued. The second run of the 

engine was produced similar results, except during the cool down there were several 

‘chinking’ noises heard as the engine spooled down.  This had been noticed on several of the 

earlier engine tests, but this behavior had been explained by the manufacturer as the blades of 

the turbine slightly rubbing the outer casing and should not be of any concern. The third run 

was done with the inlet duct installed.  Interestingly, the maximum static thrust was still 92 

lbs, the same as the baseline engine.  For the fourth run, the inlet duct was removed.  

However, a significant engine failure occurred during start up.  During this run, the engine 

ignited normally and began spooling up, but somewhere around 15,000 rpm, a significant 

cloud of sparks was emitted from the exhaust, followed by an extremely loud boom, followed 

by loud metal-on-metal screeching noises.  The engine came to a grinding halt, but continued 

to burn fuel.  The emergency shut-off switch was engaged on the remote transmitter.  

Compressed air was continuously blown through the engine, and the flame was extinguished 

after several seconds.  The compressor was seized, but after tapping it with the handle of a 

screwdriver, it was broken free and began to spin freely.  The compressed air was continually 

blown through the engine to cool it down to normal shut down temperatures. The front face 

of the engine remained extremely hot to the touch for nearly half an hour after the incident.  

The next day the outer casing and compressor bellmouth were removed for inspection.  It 
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was noticed that a small portion of all the compressor blades had hit the inner wall of the 

bellmouth, causing some metal deformation on the blades and some scaring of the bellmouth 

inner wall.  

5.2.5 Exhaust Total Temperature and Total Pressure Scans 

Exhaust scans were not performed before the first engine failure, therefore the extent 

of the abnormal hot-spot was not quantified.  However, after AT1500 was returned from the 

manufacture, a baseline engine exhaust scan was performed using the exhaust traversing rig.  

Total temperature and total pressure were measured at twelve stations across the exit plane of 

the exhaust nozzle.  These scans define the primary flow parameters entering the exhaust 

pipe.  Figure 5-27 and 5-28 are contour plots of the total pressure and total temperature 

across the exhaust nozzle exit plane, respectively, and are shown from the rear of the engine 

looking forward.  The solid black circle is the physical perimeter of the exhaust nozzle exit 

plane, and the small circles are each probe measurement location.  During engine start-up, 

the pressure tubes connecting the lower two probes to the pressure transducer were damaged, 

and therefore were giving a zero pressure reading throughout the exhaust scan.  Therefore the 

lower two probe measurements should be ignored. 
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Figure 5-27:  Exhaust Total Pressure Contour at Maximum Rotor Speed 
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Figure 5-28:  Exhaust Total Temperature Contour at Maximum Rotor Speed 
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 The above figures show that the flow exiting the engine is not entirely uniform.  As 

expected, the presence of the rotor hub in the center of the engine clearly causes a significant 

pressure deficit region.   A large high pressure region can be seen in the upper right side of 

the exhaust plane.  Examining the total temperature contour, several hot spots can be seen 

around the perimeter of the exhaust with one significant hotspot in the upper right corner.  

This region has temperatures exceeding 950 °C.  As expected, the lowest temperatures occur 

in the hub region.  Comparing the two plots, the high pressure regions correspond to the 

higher temperature regions across the exhaust plane.  Extending this observation to the area 

where the lower pressure ports were damaged, it can be presumed that the pressures should 

be fairly uniform in that area, with a small high pressure region that would correspond to the 

small high temperature region in the lower right corner of the exhaust. 

 The exhaust static pressure is generally equal to atmospheric pressure for subsonic 

exhaust flows, therefore the exhaust exit Mach number can be found using the isentropic 

flow relations16.  Figure 5-29, shows a Mach number contour for the AT1500. Here again, 

the lower two pressure probe measurements should be ignored.  In the region of the rotor 

hub, where the total pressures were negligible, the Mach number was set to zero, and the 

highest Mach number in the exhaust flow at full throttle was just under Mach 0.8.   
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Figure 5-29:  Exhaust Mach Number Contour at Maximum Rotor Speed 

 

5.2.6 Exhaust Pipe Testing 

Due to the latest malfunction of the AT1500, exhaust pipe tests were not able to be 

completed.  For this reason, the exhaust pipe was integrated into the airframe, and awaits the 

return of the engine for testing.  After the return of the engine, a propulsion system 

performance analysis will be performed with the exhaust pipe installed, as well as exhaust 

total temperature and total pressure scans at the exit plane of the exhaust pipe. 
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6 CONCLUDING REMARKS 

A propulsion system that implements a highly compact serpentine inlet duct with 

fluidic flow control was designed and tested for the VIPER UAV.  The propulsion system 

consisted of the serpentine inlet duct, the AT1500 turbojet engine, a double walled stainless 

steel exhaust pipe, the fuel system, and the bleed air system for inlet fluidic flow control.  A 

build-up approach was implemented in the testing of the propulsion system that started with 

the baseline engine, then added on each component, measuring its effect on system 

performance.  Other systems, such as the bleed air cooling system, were also validated before 

testing the effects of fluidic inlet flow control.   

 The baseline engine produced just below 114 lb of static thrust at a maximum rotor 

speed of 70,000 rpm, and bleeding air off of the compressor section reduced this by 1.5 lb 

down to 112.5 lb.  The addition of the serpentine inlet duct reduced maximum static thrust by 

over 6%, and increased TSFC by over 22%.  Average total pressure recovery at the engine 

face was reduced to 94%, with local maximum total pressure losses reaching nearly 15%.  

The average circumferential distortion extent across the engine face was 110 degrees, with a 

maximum extent of 143 degrees occurring on Ring 1 of the inlet total pressure rake. 

 With the implementation of fluidic flow control inside the inlet duct, maximum static 

thrust is increased nearly 3.5% and TSFC is reduced by 3% from 2.22 lbm/(lbf hr) to 2.15 

lbm/(lbf hr).  Average total pressure recovery at the engine face was increased 2.5% and the 

maximum local total pressure loss was reduced from 15% down to 11% with flow control 

turned on.  The average circumferential distortion extent across the engine face was reduced 

from 110 to 86 degrees. This was a 22% reduction in circumferential distortion extent.  
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Average circumferential distortion intensity across the engine face was reduced just under 

10% with fluidic inlet flow control.  The PSP distortion parameter was reduced from 0.055 to 

0.032 with the implementation of flow control.  This was a 42% reduction in overall engine 

face distortion. 

Although exhaust pipe performance tests were not presented in this work, these tests 

will be performed upon the return of the AT1500 engine.  Following these tests, the entire 

propulsion system will be installed into the VIPER UAV and aircraft installation tests will be 

conducted.  At that point, the VIPER UAV will be ready for taxi and flight tests, and in-flight 

evaluations of fluidic inlet flow control will be investigated. 

 

 

Figure 6-1:  VIPER UAV Team 
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8 APPENDICES 
 

8.1 AT1500 Turbojet Start-Up Procedures 
 
BEFORE ENGINE START: 

◊  Check that ECU is fully connected with the exception of the wire labeled ASU. 

◊  Check thermal probe is no more than 1-1.5 mm into the exhaust nozzle. 

◊  Make sure fuel has been mixed with turbine oil.  (1 quart oil per 5 gal. fuel) 

◊  Place fuel lines into fuel tank. 

◊  Check air supply is at least at or above 125psi. 

 

ECU CALIBRATION: 

◊  Turn on transmitter. 

◊  Make sure throttle is closed and AUX2 channel is fully down. 

◊  Turn on ECU and check to hear two beeps. 

◊  Cycle the AUX2 Channel to the middle, then high, then back to middle position.  Should 
     hear three beeps upon reaching the middle position for the second time.  
 
◊  Cycle the throttle all the way to maximum, then back down to idle.  Check for low,     
    middle, and high beeps. 
 
◊  The engine is now ready for starting. 

 

ENGINE START: 

◊  Flip AUX2 Channel to high. 

◊  Attach glow driver to glow plug  

◊  Start air supply to. 

◊  Fuel pumps should engage at approximately 2500 rpm 

◊  Engine should light within 2-5 seconds. 

◊  If engine does not light within this time, remove glow driver, stop air, and flip AUX2   
    Channel to full down position. See Flooding Procedure. 
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◊  If engine lights, immediately remove glow driver, and keep air supply on until 19,000 rpm. 
 
◊  The engine will automatically throttle up to approximately 24,000 rpm then back to 19,000 
     rpm.  This sets the idle rpm.  
  
◊  Throttle up slowly to maximum rpm of 70,000 and hold for 6 seconds to set maximum  
     rpm. 
 
◊  Bring engine back to idle. 
 
 
FLOODING PROCEDURE: 
 
◊  If engine fails to light after 2-4 seconds, the engine may become flooded.  If this should 

happen, remove the drain plug located on the bottom of the engine and allow fuel to 

completely drain.  Return drain plug and repeat the Engine Start Procedure. 
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8.2 ARP 1420  
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