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Abstract

A small turbojet engine test stand has been setup to explore the use of active compressor
stabilization to suppress surge, a one dimensional compression system instability. The engine is
equipped with a variable area nozzle that allows the operating line of the engine to be controlled.
The nozzle area and throttle settings are controlled through a computer. This arrangement allows
the operating point of the engine to be moved around the operating map. Complete details of the
test stand including the data acquisition system are given.

The engine is found to have operating point fluctuations, at constant nozzle and throttle
settings, caused by variations in the engine inlet temperature. The engine speed is also found to
change as the nozzle area is reduced, at constant throttle setting, while tracing a speed line. An
attempt to adjust the data to a constant speed line is made. Curves are fitted to the data for
several different engine runs and used to estimate the speed lines. Based on the estimated speed
lines the slope of the characteristic is calculated for several engine surge cases.

The natural disturbance levels in the engine are measured at a stable operating point. Surge
inception is examined. No evidence of a rotating disturbance prior to surge is found. A
characteristic surge cycle of the engine is described.

External forcing is applied to the engine by modulating the massflow through the customer
bleed. The forcing is described in terms of the variations in the massflow through the customer
bleed. Acoustic behavior of the pressure at the customer bleed is observed and described. The
response of the engine to the external forcing is described. The ability to produce the transfer
functions between locations in the engine based on the external forcing is demonstrated.

Thesis Supervisor: Dr. Alan H. Epstein
Title: Professor of Aeronautics and Astronautics
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Nomenclature

AF - intermediate value in the turbine inlet temperature calculation

A, - area of the duct

duct
A, - inlet area

a, - speed of sound at compressor discharge

BLD - ratio of airflow through the customer bleed to airflow through the engine
K,, Kg, K. - constants

k - number of points in the data set

M - Mach number

M, - rotor tip Mach number

[ ]
m - massflow

NI1- absolute engine speed (% speed)

N1, - corrected engine speed (% speed)

P3 - measured compressor discharge pressure (psig)
Po - measured ambient pressure (psia)

P,, - pressure at high pressure of pressure calibration
P,, - pressure at low pressure of pressure calibration
P_ - measured ambient pressure (inches Hg absolute)
P, - static pressure

P - total pressure

P, - ambient total pressure (psia)

P, - compressor discharge total pressure (psia)
PSBM - inlet bellmouth static pressure depression from ambient (inches H,0)

PTBM - inlet bellmouth total pressure depression from ambient (inches H,0)
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R - gas constant

r, - tip radius of rotor

S - fractional standard deviation of the indicated data set from the expected universe average
s - standard deviation for the indicated data set from the expected universe average
T, - engine inlet temperature (° C)

Tr,, - calculated turbine inlet temperature (° R)

T, - static temperature

T, - total temperature

T, - compressor discharge total temperature

T, - ambient total temperature

U, - rotor tip speed

u - velocity

V,, - measured voltage output of transducer at low pressure of pressure calibration
V,, - measured voltage output of transducer at high pressure of pressure calibration
V - the value of the indicated term at 90 to 100 % engine speed

WF - fuelflow rate (lbs/hr)

W - calculated airflow through the engine (Ibs/sec)

Greek Symbols -

Y - ratio of specific heats

- ambient pressure correction factor

1,, - thermal efficiency of compressor

6 - ambient temperature correction factor

T - pressure ratio across the compressor
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p, - ambient density

p, - static density

o - standard deviation
¢ - massflow coefficient

X - slip factor at rotor time, empirical constant
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1.Introduction

1.1.Backgroun

The operating range of many turbomachine compression systems is limited by fluid dynamic
instabilities. These instabilities take two forms, surge and rotating stall. Surge is a one
dimensional, system wide instability that results in large pressure and massflow perturbations. In
many cases surge causes reverse flow through the compressor. Rotating stall is a two or three
dimensional flow disturbance. It is characterized by massflow and pressure perturbations that
rotate around the compressor annulus. The loss in compressor performance caused by rotating
stall may trigger surge.

In aircraft propulsion systems, either instability can cause structural damaée or overheating
(due to reduced massflow), leading to engine failure. Therefore, aircraft engines must be
designed to operate far enough from the "stall line" (the boundary between stable and unstable
operation, Figure 1.1) that external disturbances will not move the engine to an unstable
operating point. This stall margin often results in a performance penalty, because the highest
compressor efficiencies occur near the stall line.

The drive to improve the performance of aircraft engines has motivated many researchers to
study surge and/or rotating stall. Models that predict surge and stall behavior have been
developed and verified experimentally. These models lead to the suggestion that, the onset of
aerodynamic instabilities in a turbomachine could be delayed using active feedback control [4] as
shown in Figure 1.1. The use of active feedback control to delay surge or rotating stall has been
successfully demonstrated in several rig experiments. The work in this thesis is the next step
toward delaying surge in a gas turbine engine. A gas turbine engine is set up on a test stand at

the Massachusetts Institute of Technology Gas Turbine Lab (MIT/GTL). Its performance and
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surge behavior are characterized and the transfer functions between various locations in the

engine are measured.
1.2.Modelin

Several, similar, low-order, lumped parameter models for the surge process have been
developed [3, 8, 14]. A complete description of one variation of these models is given by Simon
[14]. The compression system is modeled as a plenum with an inlet duct and exit throttle. The
compressor is an actuator disk in the inlet duct (Figure 1.2). The flow in the inlet duct is
assumed to be one-dimensional and incompressible. The fluid in the plenum is an ideal gas at
uniform pressure and zero velocity. Heat addition in the plenum is used to model a combustor.
The pressure ratio and massflow of the compressor and throttle or turbine, are assumed to follow
their steady state performance curves (quasi-steady assumption). Simon also iﬁ::luded Sensors
and actuators for feedback control in his model. The system model is then obtained by
performing a momentum balance on the duct and mass balance for the plenum. A polytropic
relation between pressure and density in the plenum, is assumed. This results in a non-linear
system model, in which all the inertia of the system is in the inlet duct, all the compliance in the
plenum, and the energy addition or subtraction in the compressor and throttle. This model can be

linearized and used to predict the stability of the system. The linearized model is also used for

the design of feedback control systems.

1.3.Experiments

These surge models have been verified by several experiments. Most of these have been
performed using centrifugal compressors, because axial compressors are more sensitive to
rotating stall, and tend to go into rotating stall before surging. Centrifugal compressors are less

sensitive to rotating stall and tend to surge before going into rotating stall. [4]
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Emmons demonstrated good agreement between the surge point predicted by the linearized
model and the measured surge point of a compressor [3]. Fink conducted extensive surge tests
on a centrifugal compressor [6]. Grietzer examined surge behavior for a low speed axial
compressor [9]. Both Fink and Grietzer found that the non-linear model predicted the behavior
of the compressors during surge.

The used of feedback control to delay surge has also been demonstrated by several
experiments. Pinsley used active control of a throttle valve on the plenum to delay surge on a
centrifugal turbocharger [13]. Ffowcs Williams and Huang delayed surge using a speaker in the
plenum wall driven by a feedback signal [5]. Passive or structural delay of surge has also been
demonstrated. Gysling used a movable plenum wall connected to a mass-spring-damper [10] and

Bodine used a tuned resonator [1].
1.4 nt Work

Based on the successful attempts at delaying surge on low speed, low power compressor rigs,
it was decided to attempt to delay surge on a small gas turbine engine. Two goals. motivated this
decision. First the model was validated for the low speed compressors, but it was unclear what
impact compressibility should have on the model for high speed compressors. It was apparent
that the equivalent of a gas turbine engine would be required to drive a high speed compressor.
Using an entire engine also afforded the opportunity of fulfilling the goal of delaying surge in a
gas turbine engine. The move from experimental test rigs is a large step. The engine
environment introduces numerous constraints and problems not encountered on most test rigs.
Some of the more obvious ones are combustion noise, convoluted and inaccessible geometries,
and the turbine-compressor interaction.

As a first step toward delaying surge in an engine, a gas turbine engine was set up on a test

stand at the Massachusetts Institute of Technology Gas Turbine Lab (MIT/GTL). The engine
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was instrumented for the acquisition of steady state and high speed (4000 Hz) data at various
locations in the flow path. The behavior and performance of the engine was evaluated and
verified by comparison with data from the manufacturer (Textron-Lycoming). The engine was
surged on several occasions to acquire data on its behavior prior to and during surge. The
dynamic response of the flow in the engine was examined by modulating the customer bleed

massflow. This allowed transfer functions between several points in the engine to be calculated.
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2.Experimental Facility

2.1.0verview of Facility

The experimental facility described here was built with funding from Textron Lycoming and
the Office of Naval Research. The engine is on loan from Textron Lycoming. The facility will
be described in detail later, but a general overview is provided here and shown in figure 2.1.

This facility has gone through several (minor) modifications and improvements since the engine
was first run. Unless otherwise noted the most current rig setup at the time of writing is
described.

The engine is in a 20 by 60 foot test cell with a 17 foot ceiling and 18" thick reinforced
concrete walls. Inlet air to the engine is provided by ducting that runs from a hole in the roof to
the engine inlet. The jet exhaust from the engine is vented through an acoustically insulated duct
that passes through another hole in the roof. Power, oil, and fuel are provided to the engine by
the test stand. Instrumentation from the engine and exhaust duct is fed into two computers. The
control computer monitors and controls the "steady state" performance of the engine. The other
computer is the high speed data acquisition computer and is used to collect high speed data for
short times while the engine is running,

The engine is operated from the control center in the hall outside the test cell. Access to both
computers is provided by putting their keyboards and monitors outside, using extension cables.
There are also two closed circuit monitors with cameras in the test cell, and a control panel at the

control center. The fuel supply and pump are also both out in the hall, to provide greater safety.

2.2.Engine and Test Stand

This section describes the hardware portion of the rig. Specifically the engine and the

various systems and instrumentation attached to it. Most of these are supported by the test stand
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structure. The main structure of the test stand is constructed from 3 X 5" steel box beams.
Unistrut is used to provide extra support for the inlet bellmouth and to support cabling running to

the engine. The entire stand is bolted to the floor for stability. (Figure 2.2)

2.2.1. Engine

The engine needs to meet several criteria. It must be small enough and consume a small
enough amount of fuel that it is affordable to run in a university setting. It also needs to be very
durable structurally so that it can withstand repeated surge cycles. The engine needs to be
configured in a way that allows it to be surged in steady state operation. It also should surge
before going into rotating stall. As massflow is decreased the turbine inlet temperature increases,
so the engine also needs to have an acceptable turbine temperature margin at surge, to allow for
reductions in massflow enabled by controlling surge.

The engine that was selected is a modified LTS-101 turboshaft engine (Figure 2.3). Ithasa
combination single stage axial compressor and a single stage centrifugal compressor driven by a
single stage gas producer turbine. The compressor configuration provides a strong structure and
good surge durability. The diffuser has been modified (the throat opened) to ensure that the
centrifugal compressor controls surge at high speed. The combustor is a reverse flow annular
combustor with ten fuel nozzles. It consumes approximately 0.6 gallons of fuel per minute at
full power, not an unreasonable operating expense. The flow is reversed again before passing
through the gas producer turbine. The nozzles on the gas producer turbine have been retrofit to a
smaller area. This rematches the compressor and turbine, to provide a turbine inlet temperature
safety margin at surge. In its normal configuration an LTS-101 has a single stage power turbine
that produces about 650 shp. The power turbine has been removed from this engine, leaving it a
gas generator. The turbine is replaced by a variable area nozzle, which will be described later.

The variable area nozzle allows the massflow through the engine to be controlled. When
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combined with the throttle the variable area nozzle makes it possible to move to any point on the
operating map (Figure 2.4),

The useful region for experimentation is limited by the behavior of the flow fence. The flow
fence is located upstream of the axial compressor (Figure 2.3). It is an circumferential ring that
moves into the flow at low engine speeds. The flow fence creates an impeller tip stall on the
axial compressor to stabilize the engine during startup and idle. The flow fence does not fully
retract until the engine approaches 95 % speed. When the flow fence is in the flow it changes the
operating map of the compressor. The flow fence retraction sets the lower boundary on the
region used for experimentation. This results in an experimental region between 95 and 100 %

speed.
2.2.2. Variable Area Nozzl

The variable area nozzle was designed to set the engine operating point by controlling the
massflow through the engine. The massflow through the engine varies as the throat area of the
nozzle changes. The nozzle throat design is based on two concentric cones (Figuré 2.5). As
these two cones are moved closer to each other the gap between them decreases, thus reducing
the area of the throat. The center body cone has an opening angle of 30° for most of its length.
Near the fully closed position the angle of the inner cone curves to zero. This results in an
approximately linear relationship between nozzle area and position for most nozzle positions, it
is only near the extreme closed position that it becomes non-linear. The relationship between
nozzle position and area can be calculated based on the geometry (See appendix A). The results
of that calculation are shown in Figure 2.6. The zero position, on the plot, corresponds to having
the throat right at the tip of the centerbody.

Moving the two sections of the nozzle relative to each other required some innovative design. -

Moving the centerbody section relative to the diffuser and exhaust system, would have required
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placing a cooled actuator in the centerbody of the diffuser or turning the exhaust so that an
actuator could be placed behind the exhaust. Neither of these seemed promising. Placing an
cooled actuator in the centerbody would have been expensive and provided very limited access to
the actuator if it needed adjustments. Turning the exhaust system would have increased the noise
level and made it more difficult to run the ducting through the available hole in the ceiling. The
upstream section of the nozzle throat is mounted on the engine, so it was decided to move the
entire engine axially. There was also concern that hot exhaust gases would leak through the gap
between the nozzle sections. To prevent leakage a flexible seal was included in the original
design. It was to be mounted on two flanges, one on each side of the gap. (One of those flanges
was later removed when the gap was found to suck in air, instead of blowing it out. The other
was put to another use as described in the next section.)

A diffuser was installed after the nozzle throat and connected to the exhaust system. The
diffuser serves two purposes. By expanding the flow to the size of the exhaust ducting it
prevents the formation of a free jet and its associated noise. The diffuser also reduces the
pressure drop in the exhaust system. The maximum allowable temperature for the 304 stainless
steel exhaust ducting is 1000° F. Since the flow temperature would exceed this limit at high
power, 8 water cooling sprays were added to the diffuser. Equally spaced about the
circumference and sized to handle a total flow rate of 8 gpm, these sprays are supplied by filtered
city water.

To insure concentricity, the entire nozzle and diffuser is supported and aligned by three rods,
each of which is free to slide radially as the nozzle heats up and expands (Figure 2.7). The throat
section of the nozzle was machined from Hastalloy-X™ to insure that it would withstand the
temperatures without requiring cooling. The rest of the nozzle and diffuser was made from 316

stainless steel.
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2.2.3.Inlet ducting and Engine Shroud

When the engine was first run at MIT its map did not match the operating map measured at
the plant prior to shipment. It eventually became apparent that this was due to an inlet
temperature distortion. The air inlet for the test cell is located almost directly above the exhaust
ducting about 25 feet downstream of the engine (Figure 2.8). Hot air from the exh‘;iust ducting
and the hot section of the engine would rise and partially mix with the relatively cool air flowing
from the inlet in the roof to the engine. Temperature gradients of up to 40° F over a few inches
were measured at the engine inlet bellmouth.

Two steps were taken to remove or lessen the temperature distortions. A cooled shroud was
added over the hot section of the engine, and insulation was placed over the shroud and the
exposed section of the nozzle. Insulated inlet ducting was also installed from the hole in the
roof to the engine inlet.

Most of the hot air causing the distortion seemed to be rising off the combustor of the engine
and the section of the nozzle before it mates with the exhaust duct (Figure 2.9). It Was
discovered that the nozzle was sucking air through the mating gap between its two sections and
therefore the seal included in the initial design, did not need to be installed. Since the seal was
not needed one of the seal flanges was removed. A two piece, stainless steel, telescoping shroud
was made and attached to the remaining flange. This shroud extended over the back of the
combustor. When the shroud was found to receive significant heating through the flange, copper
tubing for water cooling was added near the flange. Two insulation blankets were also added.
One covered the shroud the other was placed over the gap between the shroud and the beginning

of the exhaust duct. To monitor the shroud temperature a thermocouple was attached to the

upper side of the shroud beneath the insulating blanket.
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The inlet ducting supplies air from outside directly to the engine inlet, without allowing the
heated air from near the exhaust duct to mix with it (Figure 2.10). It is light gauge 36" diameter
ducting with insulation. The inlet ducting runs from the inlet box in the ceiling to immediately

- above the engine inlet. The ducting can be extended to cover the inlet, if required.

2.2.4. Exhaust System

When the engine was being test run at Lycoming's facility in Connecticut the noise level
produced by the engine was measured and found to be very high. A sound power level meter
with a max level of 140 dB measured 139 dB when placed 3 feet from the engine in the plane of
the exhaust. Since the MIT test cell is near several classrooms it was necessary to quiet the
engine.

The major noise source appeared to be the exhaust jet produced by the engine. Acoustically
insulated exhaust ducting was used to silence the exhaust. The ducting had to go through an
existing hole in the ceiling, off center from the engine exhaust. Since the silencing increases
with the length of the ducting, it continues as an exhaust stack that rises about forty feet above
the roof. Existing structures were used to support the stack. Another branch of the ducting was
also needed, in the test cell so that other rigs could use the same exhaust system. The resulting
exhaust duct has many elbows and joints (Figures 2.11 and 2.12).

The ducting was constructed by United McGill Corp. It has an outer diameter of 26 inches
and an inner diameter of 20 inches. The duct is made of 304 stainless steel. It has a perforated
inner wall and 3 inches of acoustic insulation. Immediately downstream of the nozzle diffuser is
a muffler with a perforated center body filled with acoustic insulation. The muffler provides
additional damping of the higher frequencies. The ducting is an effective sound damper. The

engine sound power level has been measured as 105 dB, 10 feet from the engine in the MIT test
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cell. When running under normal conditions the engine exhaust can't be heard above the ambient
noise level outside the building (the inlet compressor whine is apparent).

To verify that temperatures in the exhaust remain within acceptable limits (less than 1000° F)
several thermocouples are installed. A set of six thermocouples is spaced around the
circumference of the duct at the diffuser exit to measure the flow temperatures there. Three
thermocouples are installed after the first elbow in the ducting to measure the flow temperature.
One is in the flow just above the roof line and one measures the metal temperature of the flange
attachment on the roof. There is also a pressure tap with the first set of thermocouples to monitor

the pressure in the duct.

2.2.5. Actuator/Positioners

Two electro-mechanical actuators are used as positioning systems on the engine rig. A
stepper motor is used to control the throttle setting and a linear actuator is used to set the nozzle

position/area.

2.2.5.1.Throttle Actuator

The throttle actuator is a Compumotor SX6 microstepping motor driver / indexer, driving a
Compumotor S83-93 motor with an incremental encoder and a home switch.

The SX6 can be programmed and controlled using an RS-232C interface. It operates on
90-132 VAC 50/60 Hz supplied power. To control the motor it outputs a 170 VDC signal
chopped at 21 kHz. This output caused considerable noise in the instrumentation at 21 kHz, but
it was removed with low pass filters. The resolution of the controller is programmable from
200-50800 steps/rev. The default setting of 25000 steps/rev was used.

The motor has a rated stalling torque of 290 in. oz. Its accuracy is + 5 arcminutes (unloaded),

repeatability = 5 arcminutes (unloaded), and hysteresis less than 2 arcminutes unloaded. The
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encoder has a resolution of 4000 counts/rev, providing an accuracy of + 0.09 degrees (+ 5.4

arcminutes). Far better than needed to control the throttle.

2.2.5.2 Nozzle Positioner

The section of the stand which supports the engine is mounted on a pair of linear bearings.
This allows the engine to be moved, changing the nozzle area. The linear bearings allow the
engine to be moved up to 10 inches in the axial direction (Figure 2.13). During normal operation
the range of motion is limited to 2 inches by mechanical stops that are bolted to the stand. The
stops prevent the actuator from moving the engine too far in either direction and damaging the
rig. The additional range of motion allows the engine to be moved away from the exhaust
system so that the nozzle can be installed and removed.

The nozzle actuator is a Industrial Devices Corporation H3851 Electric Ll;lear Motion
Control System. The H3851 controls a H358A linear actuator with a home switch, end of travel
limit switches and a linear potentiometer. It is mounted between the base of the movable section
of the stand and the rest of the test stand, as shown in Figure 2.13. The H3581 is programmable
over an RS-232C interface. The programs are then executed based on digital inputs to the
H3581. It has a 6 inch range of motion and stated accuracy of 0.001 inches. Its unloaded
maximum velocity is 2.1 inches/sec, and maximum rated load is 800 Ibsf in either direction.
Load cell measurements indicate that the actual stalling load is 650 to 700 Ibsf in either direction.

As the nozzle is closed the engine thrust increases, increasing the loading on the actuator.
The engine produces 1200 Ibsf of thrust at surge. This is well above the stalling load of the
actuator, so it is necessary to preload the actuator. The preload is supplied by a pulley system
with a four to one mechanical advantage (Figure 2.13). The standard weight placed on the pulley

system, of 170 Ibs is the highest preload that doesn't overload the actuator. To ensure smooth

preload as the actuator moved it was necessary to use pulleys with ball bearings.
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The actual engine or nozzle position is measured using the linear pot attached to the actuator.
The zero position of the linear pot measurement originally matched the commanded zero position
of the actuator. Hardware adjustments and software changes have changed the zero commanded
position. It was decided to use the measured position as a consistent reference, whose zero
position would not change from run to run. Therefore the measured and commanded zero

positions no longer coincide.

2.2.6.Fuel System

Fuel for the engine is stored in fifty-five gallon drums. It can be pumped directly from the
drum, or transferred to a twelve gallon tank and drawn from that tank (Figure 2.14). A fill pump
is used to pump the fuel from the drum either to the 12-gallon tank or directly to the fuel panel.
If the 12-gallon tank is used the fuel is drawn from the tank by a Holley fuel pump mounted
behind the fuel panel, with a power switch on the front. There are three manual valves mounted
on the fuel panel, which are used to select the fuel source (Figure 2.14). The fuel filter is
mounted behind the fuel panel. Also on the fuel panel are a pressure gauge and a flow sight
gauge. These allow the operator to verify that fuel is being supplied to the engine. The fuel line
is run under the floor to the engine in the test cell. There is a manual drain valve at the lowest
point in the line, in the room below, and a manual vent valve on the stand. A turbine flow meter
is located downstream of the vent valve. It produces a TTL pulse chain, with a frequency
proportional to the flow rate. A normally closed solenoid valve is located between the flow
meter and the engine. Power must be supplied to this valve or fuel will not reach the engine.

Cutting the power to the solenoid is an emergency measure used to shut the engine down.
2.27.0il S

The oil system is a closed recirculating system (Figure 2.15). The oil is stored in a 3 gallon

reservoir tank. The oil pump on the engine draws the oil from the tank and pressurizes it. The
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oil filter and oil pressure transducer are mounted on the engine after the pump. The oil flows
through the engine and gearbox. It is returned through the oil drains, past the chip detects and
then passes through a forced air oil cooler. The oil then returns to the reservoir tank. Both the

reservoir tank and the gearbox are vented to atmosphere through an oil demister located in the

room below the test cell.

2.2.8. Electrical System

The engine requires electrical power for the starter and ignitor. Two 12 volt automotive
batteries are connected in series to supply 24 volts. (In normal aircraft applications they would be
supplied with 28 volts.) The ignitor is controlled directly by the control computer using a optical
isolation module (described in section 2.3.1.3.). The starter draws more currept than the optical
isolation modules are rated for. So the starter is controlled using a 12 volt solenoid relay that is
rated for the higher current (up to 500 amps). The computer then controls the solenoid relay
using an optical isolation module (Figure 2.16). The batteries are kept recharged by a battery

charger that charges the batteries continuously.

2.2.9 Vacuum

The transducer reference vacuum is provided by a Groschopp pump. The vacuum pump is
connected to the pressure transducer rack and a manifold that connects to the back pressures of
the Kulite pressure transducers. Quarter inch tubing is used for the connection to the pressure

rack and eighth inch tubing is used for the connections to the Kulites.
2.2.10. ing water

Cooling water is taken from the city water supply (Figure 2.17). It is filtered using a Spum
filter. The flow rate is measured using a paddle wheel flow meter that produces a sine wave with

frequency and voltage proportional to the flow rate. The water is piped under the floor to the test

stand. At the test stand the water flow goes to three branches. Each branch has a separate
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control valve. The first branch provides cooling water for the pressure transducers and the shaker
valve motor, it has a manual shutoff valve. That branch is made up of eighth inch tubing that
mates with the sixteenth inch copper tubing used to cool the Kulites. The second branch
provides cooling for the shroud, it also has a manual shutoff valve and is made with quarter inch
copper tubing. .

The third branch supplies the exhaust cooling water. This water is injected into the exhaust
flow in the diffuser, to keep the air temperatures in the exhaust below 1000° F. The flow rate to
the injectors is controlled by an electro-mechanical valve. The valve is positioned by a 120 VAC
motor. The control computer controls the position of this motor, by toggling the power supplied
to it. The valve position is indicated by an attached potentiometer. The line from the valve
attaches to a manifold with eight branches that feed the eight spray nozzles on the diffuser
section of the nozzle. The maximum design water flow is 8 gpm. The water spray effectively
cools the exhaust.

Cooling the exhaust too well can lead to another problem. If the acoustic insulation gets wet
it looses much of its acoustic damping capabilities, so it is necessary to make sure that the
injected water quickly becomes steam. To assure that the water vaporizes the exhaust temps
must be kept above 150° C while water is being inject. The control computer monitors the
temperature in the exhaust and adjusts the cooling valve accordingly.

2211 r

Given the engine geometry the simplest and most direct way to introduce forcing to the
system without modifying the engine is to use the customer bleed air port. The customer bleed is
rated to deliver up to 5 % of the massflow through the engine. Time varying the amount of the
bleed to create open loop forcing was determined to be relatively simple. The "shaker" valve was

attached to modulate the bleed flow through the customer bleed.
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The shaker valve was designed to meet several criteria. First, to avoid decoupling the forcing
from the engine it has to fit in the space near the customer bleed port. There is less than two and
a half inches between the customer bleed port and the inlet scroll. There are also several pressure
lines from the engine in that area that must be avoided. The second criteria is that the shaker
valve must be able to withstand temperatures that may be in excess of 300° C. The third criteria
for the shaker valve is that it be capable of producing variable frequency forcing.

The shaker valve consists of a cylinder valve that is spun by a motor. (Figure 2.18) The
cylinder has two holes drilled through it. This produces a small steady state bleed (due to
leakage around the cylinder) with 4 large pulses per cylinder revolution. By varying the DC
voltage applied to the motor the frequency of the excitation can be varied from 25 to 1000 Hz.
To keep the motor from over heating it is cooled by blowing oil free air through it and has a
water cooling coil on its outer surface.

In the original design there was twelve foot three inches of 5/8 inches inner diameter (ID)
tubing through which the bleed air was vented to atmosphere (Figure 2.19). In that line was
another valve that could be opened or closed by a switch out in the control center. When this
valve was closed there was no bleed flow from the engine.

That arrangement was modified due to concerns that the acoustic resonance of the tubing was
interfering with the forcing of the engine. The 5/8" ID tubing was shortened to 14 inches long.

It then vented into a 7 inch diameter flexible copper duct that was approximately twenty three
feet long and vented to atmosphere. This arrangement did not include the shutoff valve. Without
the shutoff valve there was some flow through the customer bleed port whenever the engine was
running. To assure that the shaker valve did not seize up it was run at low frequency whenever
the engine was operating. This venting arrangement produced a great deal of noise, but did not

appear affect the forcing function (see section 3.2.2.2. for more details).
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2.2.12. Instrumentation
The instruments attached to the rig are listed in Tables 2.1 thru 2.2 and described in the

sections that follow.

Measurement Transducer Name of |Connections to the Computers and
Type Transducer other Devices
Ambient Pressure Setra 370 P, serial connection to control
computer
Inlet Bellmouth Setra 239 P1 voltage output to control computer
Depression
Static Pressure at | Kulite XCQ-062-250 G | kul0,(kull, | output from amp to high speed
Axial Stator tap | (with Pacific Amplifier) kulé) data computer
Static Pressure at | Kulite XCQ-062-250 G | kul2, kul4, | output from amp to high speed
Diffuser Throat | (with Pacific Amplifier) kuls data compute
Static Pressure at | Kulite XCQ-062-250 G kul7 output from amp to high speed
Customer Bleed | (with Pacific Amplifier) data compute
Static Pressure | Kulite XCQ-062-250 G | kul6 (or output from amp to high speed
downstream of | (with Pacific Amplifier) kull) data compute
Shaker
Total Pressure | Kulite XCQ-062-250 G | kull (or output from amp to high speed
downstream of | (with Pacific Amplifier) kul4) data compute
Shaker ‘
Combustor Static Setra 204D P3 voltage output to control computer
Pressure
Turbine Exit Static Setra 204D PS voltage output to control computer
Pressure
Nozzle Static panel gauge none
Pressure
Exhaust Static panel gauge none
Pressure at nozzle
diffuser exit
Oil Pressure Omega PX-176 Poil voltage output to control computer
Inlet Temps (4) K-type thermocouples T, T, to control computer
Compressor K-type thermocouple Ty to control computer
Discharge Temp
Exit Gas Temp | 8 K-type thermocouples EGT to control computer
combined

Table 2.1: Instrumentation List, Part I
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Vibration Monitor

Measurement Transducer Name |Connections to the Computers and
other devices
Exit Gas Temp a double K-type EGT to temperature meter on the
thermocouple control panel
Exhaust System | K-type thermocouples exhaustl one is connected to the control
Temps (11) computer
Nozzle Metal Temp| K-type thermocouple to control computer
Shroud Metal K-type thermocouple to control computer
Temp
Shaker Motor K-type thermocouple to control computer
Casing Temp
Oil Temp K-type thermocouple T to control computer
Engine Speed Tachometer to a N1 RS-485 bus from meter to control
ratemeter computer
Fuel Flow Rate Flow meter to a RS-485 bus from meter to control
ratemeter computer
Cooling Water Flow meterto a displayed on control panel
Flow Rate " ratemeter o
Forcing Frequency Tachometer to a displayed on control panel
Applied by Shaker ratemeter
Valve
Velocity in the Hotwire and htwr voltage output of anemometer
Bellmouth Anemometer connected to both computers
Vibration of Engine Vibrometer and vibr voltage output of monitor to

control computer, scope out to

high speed computer
Engine Thrust loadcell with amplifier amplifier output to control
computer
Position of the linear potentimeter voltage drop across pot to control
Flow Fence computer
Position of the linear potentimeter voltage drop across pot to control
Cooling Water computer
Control Valve
Position of the linear potentimeter voltage drop across pot to control
Nozzle Acutator computer
Chip in oil line chip detectors (2) discrete signals to control
, computer
Fuel Filter Bypass bypass indicator discrete signal to control computer

Table 2.2: Instrumentation List, Part II
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2.2.12.1.Pressure

There are thirteen pressure transducers attached to the rig that supply pressure readings to the
computers, there are also two static wall taps in the exhaust that are monitored by dial gauges.
The flow path through the engine and the exhaust is traced as these pressures are described
below.

The ambient pressure of the test cell is measured using a Setra model 370 digital pressure
gauge. It is located on the control panel in the hall and connected to the pressure rack in the test
cell (Figure 2.20) by a quarter inch tube. The Setra 370 is certified per National Bureau of
Standard traceable primary standards. It has a range of 600 to 1100 + 0.01 mbar. The Setra 370
is also used as a reference when calibrating the other transducers. (The calibration procedures are
described in detail in the sections dealing with the respective computers.) The Setra 370 is
connected to the control computer via a RS-232 serial port.

There are four static wall taps at the throat of tﬁe calibrated inlet bellmouth. The depression
at these taps is used to calculate the massflow through the engine. Each tap is connected to a
solenoid valve on the pressure transducer rack (Figure 2.20) by eighth inch tubing. Theses
solenoid valves are manifolded together and connected to the inlet pressure transducer (P1). The
inlet pressure transducer is a Setra 239 pressure transducer with a range of + 15 in H,0. The
output range is + 5 VDC and it requires a 15 VDC power supply. It is rated at + 0.1 % FS
nonlinearity. The inlet pressure transducer can also be connected to the Setra 370 and a vacuum
reference. The voltage output from the inlet pressure transducer is connected to the control
computer.

Lycoming installed twelve static wall taps in the engine for this project. The first six of these
taps are located at midchord between the axial stage stators upstream of the centrifugal

compressor (Figure 2.3). They are spaced around the circumference. Uniform spacing was not
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possible due to the engine geometry. Each tap has a static pressure probe attached to it. The
probe consists of a 14 inch long 30 mil ID tube that is connected to a 50 mil ID sensing plenum.
The plenum is 0.25 inches long. The pressures in the sensing plenum are measured by Kulite
pressure transducers. Only eight Kulite pressure transducers were available, this limited the
number of taps at which pressures could be monitored at any one time. Therefore, the number of
stator taps that were monitored by Kulites varied from one to three depending on the run.

The other six static wall taps are located at the diffuser throat (Figure 2.3). They are
uniformly spaced about the circumference of the engine. Each tap has a static pressure probe
with a 5.5 inch long 40 mil ID tube connecting it to the sensing plenum. These plenums are 0.25
inches long and have an inner diameter of 50 mils. For most runs Kulites were connected to
three taps ( located at 0, 120 and 240 degrees) at the throat.

One of the purposes of the pressure taps at the stator and throat locations is to check for
rotating disturbances as the engine nears the stall point. Rotating stall typically moves at about
half the rotor frequency. At 100% speed the rotor frequency is about 800Hz. So allowing for
some variations the pressure taps need to have a response time that allows for the measuring of
500 Hz disturbances. The pressure taps and transducers act as helmholz resonators, where the
helmholz frequency can be considered to be the limiting frequency on the response of the taps
(see Appendix B). As shown in Appendix B the resulting max frequency responses are 713 Hz
for the taps between the stators and 1734 Hz for the taps at the throat.

There are 3 pressure taps on the shaker customer bleed valve assembly (Figure 2.21).
Upstream of the shaker is a static pressure tap. When forcing is being applied this tap measures
the pressure forcing applied at the customer bleed. When the engine is run without forcing, this
tap measures the static pressure at the upstream end of the combustor. Downstream of the shaker
valve are total and static pressure taps. These two taps are used to calculate the forcing in terms

of bleed massflow. All three of these taps are connected to Kulite pressure transducers.
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Two bolts in the combustor were replaced with pressure tapped bolts (Figure 2.3). These
taps allow the static pressure in the combustor to be measured. One of these taps is connected
directly to a Kulite pressure transducer. The other is connected, by an eighth inch tube, to a
solenoid valve on the pressure transducer rack (Figure 2.20). The line from that valve leads to
the combustor pressure transducer. It is a Setra 204D pressure transducer with a range of 0 to
250 psid. Its output is 0 to S VDC and requires a 15 VDC power supply. It has + 0.1% FS
nonlinearity. The values from this transducer are used to determine the pressure rise through the
COMPIessor.

The static tap at the turbine discharge is connected to the pressure transducer rack via eighth
inch tubing. On the rack it connects to the turbine discharge pressure transducer (Figure 2.20).
This transducer is a Setra model 204D pressure transducer. It has a range of -10'to 50 psid, with
an output of -1 to 5 VDC and requires a 15 VDC power supply. It has + 0.1% FS nonlinearity.
This transducer is used to monitor the behavior of the turbine as the nozzle is closed.

Static wall taps at the entrance to the nozzle diffuser and in the exhaust duct at the exit of the
diffuser are used to monitor the pressure drop in the exhaust system. These taps are connected to
panel gauges via eighth inch tubing. The gauges are located near a window where they can be
read from outside the test cell.

The final pressure measured on the rig is the oil pressure. The oil pressure transducer is
physically mounted on the engine. It is located on the oil supply line, after the pump and filter
(Figure 2.15). This transducer is an Omega PX-176 with a 0-200 psi range. It has a nominal
output range of 1 to 6 VDC and is supplied by a 15 VDC power supply. The power supply and
voltage output are wired through the pressure transducer rack. The oil pressure transducer was
calibrated before installation. Since it is sensitive to temperature variations and the offset is

expected to drift with time the pressure produced has an uncertainty of + 4 psi. This is
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acceptable since its purpose is merely to assure that the oil is being pressurized to an acceptable
pressure (at least 80 psia at full power).

The inlet, combustor, and turbine discharge pressure transducers are all mounted on the
pressure transducer rack (Figure 2.20). The backpressures on all three transducers are connected
together. The backpressure can be vented to atmosphere, connected to the Setra 370 and/or
connected to the vacuum. The vacuum and Setra 370 connections are used during the transducer
calibrations. The solenoid valves on the pressure transducer rack are controlled by the computer
and used to control which pressures are measured.

All the Kulite pressure transducers on the rig are Kulite XCQ-062-250 G pressure
transducers. These transducers have a rated pressure of 250 psig and maximum pressure of 500
psig. They have compensated temperature ranges from 60° to 350° F. The sené{tivities of the
Kulites range from .32 to .59 mV/psi output, with a 10- volt power supply. These transducers
are connected to Pacific Amplifiers. The output from the amplifiers is connected to the high
speed data acquisition computer. The amps supply the Kulites with 10 volt excitation. They can
be set to amplify the Kulites' output signals by factors of 1, 2, 5, 10, 20, 50, 100, 200, 500 or
1000. Each amplifier also contains a lowpass filter that can be set at cutoff frequencies of 10
kHz, 1 kHz, 100 Hz, 10 Hz or taken off line. The input and output offsets are also adjustable.
Each Kulite-amplifier pair is calibrated with a reference pressure, before and after every run.

When in use the backpressure of the Kulites is evacuated.

2.2.12.2.Vibration

Attached to the engine is a IMO industries velocity vibration transducer type 4-128-0001,
with an output of 60.5 mV/ in/sec. The signal from the transducer is fed to a model VM-110
vibration monitor provided by Lycoming. The monitor produces a 0 to 50 mV output that

corresponds to 0 to 1.5 in/sec of vibration, this signal is fed to the control computer. It also has a
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0 to S volt scope output that also corresponds to 0 to 1.5 in/sec and is connected to the high speed

data acquisition computer.
2.2.12.3 Flow

The steady state massflow through the engine is calculated from the depression of the static
wall taps at the throat of the calibrated bellmouth. A hotwire placed in the bellmouth is used to
provide a measure of the massflow with a high frequency response. Holes for three hotwires
were drilled three inches from the base of the bellmouth. A TSI model 1210-T1.5 hotwire is
inserted through the center hole. It is connected to a TSI model 1050 constant temperature
anemometer, The output from the anemometer is fed to both computers. The data from the
control computer is used to establish the correlation between the hotwire output"voltage and the
massflow through the engine. That correlation is used to convert the high speed data into an

"instantaneous" massflow through the engine.

2.2.12.4.Engine Thrust

The thrust produced by the engine is measured by a loadcell connected between the nozzle
actuator and the engine "cart" (Figure 2.13). A Sensotec 571 loadcell and amplifier are used. It
has a range of + 1000 Ibs force with an output of + 5 VDC and an error of + 5 lbs. The requires
power is supplied by a 15 VDC power source. The loadcell is used as a diagnostic tool and to
provide a warning as the thrust of the engine is approaches the level that will cause the nozzle

actuator to stall.
2.2.12.5.Position Indication

There are three devices on the rig whose positions are measured using linear potentiometer.
The first device is the flow fence. The flow fence actuator is connected to a potentiometer. As
the flow fence retracts the position of the potentiometer varies. Full retraction is indicated when

the voltage drop across the potentiometer does not change as the engine speed is increased.
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There are also linear pots on the nozzle actuator and the valve that controls the flow to the water
injectors in the exhaust system diffuser. The potentiometer are supplied by a 15 VDC power
supply and the voltage drop across them is measured by the control computer. The information

for the nozzle actuator is converted to position (in inches) the other two are left as voltages.

2.2.12.6. Temperature

Temperature measurements are taken at many locations on the rig. There are four
thermocouples at the bellmouth inlet. One is inserted into the flow downstream of the
compressor to provide compressor discharge temperature (T;). A ring of eight thermocouple
located around the circumference of the engine exit are combined in the engine electrical harness
to produce a single engine exit temperature (EGT) reading. An additional double thermocouple
was inserted into the engine exit to provide an independent measure of the EGT. Six
thermocouples are inserted into the flow at the exhaust system diffuser exit. Three more are
located after the first elbow in the exhaust duct. A thermocouple measures the temperature of the
flange that secures the exhaust duct to the roof. An additional thermocouple is inserted into the
exhaust flow above the roof line. Thermocouples are also used to monitor the nozzle metal
temperature, the temperature of the shroud that covers the combustor and the temperature of the
shaker valve motor casing. A thermocouple inserted into the oil reservoir measures the oil temp.

All the thermocouples used on the rig are K-type thermocouples. One of the EGT
thermocouples is attached to an Omega DP41-TC temperature meter. The control computer needs
one exhaust thermocouple to control the water injection, the other exhaust thermocouple are not
currently connected. The remaining thermocouples are all connected to the control computer, via
terminal panels with cold plate junctions.

The Omega temperature meter, has a built in cold plate junction. It is mounted on the

control panel in the hall and serves as an independent safety. The power supply to the fuel
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solenoid valve passes through a relay board installed in the meter. If the EGT rises above 843° C

the meter will open the relay, cutting the power to the solenoid and the fuel to the engine.

2.2.12.7.Rate Measurements

There are four Newport Infinity 7 ratemeters connected to the rig. All four are mounted on
the control panel in the hall. Each meter has an RS-485 serial comm port and can be connected
to the RS-485 bus mounted inside the control panel. The RS-485 bus is connected to one of the
RS-232 serial ports on the control computer, through a RS-232 to RS-485 converter.

The N1 (engine speed) meter measures the frequency of the sine wave output by the engine
tachometer. It divides the frequency by 43.17 to produce engine speed in % speed. This value is
displayed on the meter and downloaded to the control computer via the serial port. The N1 meter
has a relay board installed. The power to the fuel solenoid is wired through this board. If the
engine speed goes above 105.6 % speed, the power to the fuel solenoid and thus the fuel supply
to the engine, is cut.

The fuel flow ratemeter accepts a TTL signal from the fuel flow meter as its input. The
frequency of this signal is measured and divided by 65.8529 to produce flow rate in
gallons/minute (gpm). The fuel flow rate is displayed on the meter and downloaded to the
control computer via the serial comm port.

The water flow ratemeter receives a sine wave input from the flow meter in the cooling water
line. The frequency of that signal is multiplied by 0.13080 to produce flow rate in gpm. The
flow rate is displayed on the meter, but not downloaded to the control computer.

The fourth ratemeter is connected to a tachometer on the shaker valve and is used to provide
real-time readout of the excitation frequency being produced by the shaker. This value is hot

downloaded to the control computer.
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2 ontrol Computer

The control computer is a Dell 433DE, a 486 based PC running at 33 MHz. This computer
controls the engine and monitors and records its performance. A process control package called
Genesis, produced by Iconics is used. This software package sets the nozzle and throttle
positions through two actuators controlled via serial ports, monitors engine speed and fuelflow
using the ratemeters connected to another serial port, ambient pressure through the fourth serial
port and other pressures, temperatures and voltage signals using 2 A/D boards. It also controls
several on/off switches through a digital /O board and accepts operator commands. The
software cycles at 1 Hz scanning all the A/D channels, but it takes about 2 seconds to cycle

through the serial port data acquisition routine.

2.3.1. Hardware

There are four boards installed in the control computer that are used to control the engine
(Figure 2.22). The first board in the computer is an ACPC-16-16, the second an ACPC-12-16,
and the third an ACPC-I/O board. These three boards are all made by Strawberry Tree Inc. The
fourth board is a Digiboard comm port board. The serial comm ports built into the computer are

also used. Wiring schematics for the connections to this computer are included in Appendix C.

2.3.1.1.ACPC-16

The ACPC-16-16 is a 16 bit analog to digital conversion board with 16 differential inputs.
The maximum data acquisition speed of the board is 2.5 KHz (per channel). It has six
programmable voltage ranges; + 25mV, + 250mV, + 5V, 0-50mV, 0-500mV, 0-10 V, that can be
individually selected for each channel. It also has 16 digital input or output channels.

This board has two terminal panels, each panel is connected to the board in the computer by

two ribbon cables and functions as a break out panel for the signals. The first panel is a T41
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panel. This panel handles the first 8 analog inputs and the first 8 digital I/O channels. Optical
isolation modules can be installed on the digital /O channels on this terminal panel.

The second terminal panel is a T11 panel. This panel has the second eight analog inputs and
digital /O channels. This board has a built in cold plate junction for use with thermocouples, but
can also accept simple voltage inputs. This board does not have space for the optical isolation
modules.

1,2, ACPC-12

The ACPC-12-16 is a 12 bit analog to digital conversion board with 16 differential inputs.
The maximum data acquisition speed of the board is 10 KHz (per channel). It has six
programmable voltage ranges; + 25mV, +250mV, + 5V, 0-50mV, 0-500mV, 9-10 V, that can be
individually selected for each channel. It also has 16 digital input or output channels. The
ACPC-12-16 also has two terminal panels. Both of these panels are the T11 panels described

above.
2.3.1.3.ACPC-I/O

The ACPC-1I/O board has the capability to handle 160 digital input or output channels.
Connected to this board is one T400 terminal panel. The T400 panel had spaces for 40 high
power optical isolation modules or 20 low cost (2 channel) optical isolation modules.

The optical isolation modules are optically isolated solid state relays that allow the /O board
to sense or control discrete signals with voltages above 5 volts. They also protect the board from
voltage spikes. Different isolation modules are used for different voltage levels. One type of
opto-isolation module is used to switch 12, 15 and 28 VDC signals. Other types are used to

control 120 VAC signals and TTL (5 VDC) signals.



2.3.1.4.Serial Ports

The Digiboard comm port board provides four additional RS-232 comm ports for the
computer. The two serial comm ports built into the computer (ports 1 and 2) and two of the ports
on the Digiboard (ports 3 and 4) were used. Comm port 1 is set at 9600 baud, 8 bits, 1 stop bit,
and no parity. It is connected to the Setra 370 pressure transducer. Comm port 2 is set to 9600
baud, 7 bits, 2 stop bits, and odd parity. It is connected to the Newport ratemeters via the
RS-232 to RS485 converter and the RS-485 bus. Comm port 3 is set to the same parameters as
comm port 1. It is connected to the H3851 linear actuator controller (the nozzle actuator).
Comm port 4 is also set to the same parameters as comm port 1. It is connected to the

Compumotor SX6 (throttle controller).

2.12.5011&_@"@

Two sets of control software have been used to run the engine. It was first run using a
program written in C (a listing is in Appendix D). This program was used until the Genesis
software package was available to run the engine (there were some software to hardware interface
problems). Both programs acquire data from the analog and digital inputs and via the serial
ports. The programs calculate several values based on the data, display the data on the screen
and record it. The programs provide operator control of the nozzle and throttle settings and the
digital outputs (to the starter, ignitor and fuel valve). Both also provide a warning if alarm
conditions occur, while running the engine.

The Genesis configuration has the following advantages. It includes a calibration routine for
the steady state pressure transducers, and it also provides a display of the operating map with the
current operating point indicated by a dot on the map. Genesis also has a color display, which is
used to indicate alarms and it has programmed responses to some of the alarm conditions. It also

controls the position of the valve on the supply line to the water injectors on the exhaust diffuser,
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to keep the exhaust temperatures within acceptable limits. In addition the Genesis configuration

records more data signals and has a faster cycle speed, providing tighter control of the engine.
2.3.2.1.Genesis Overview

There are four distinct parts of the Genesis system, they are the configuration builder, the
display builder, the usertask and the runtime system. The interaction of these systéms is
described below and diagrammed in Figure 2.23.

The configuration builder allows the operator to develop and construct complex process
control configurations using a graphical, flow chart type system. Each device, input or output
signal has a box. Signals are then routed to other boxes where they are acted upon converted
from volts to psi, delayed, counted, etc. The configuration builder produces a configuration
database that all the other parts of Genesis interact with. |

The display builder is called from within the configuration builder. It allows the operator to
build complex graphical displays. These displays can include any value in the configuration
database, objects that change size, location, or color based on the magnitude or state of any value
in the configuration. They can also include several options for user input. The first of these is a
data entry block, which allows the operator to enter a value and have it inserted into the
configuration database. The second is a definable keymacro. A key on the keyboard is specified
to trigger a particular action, ie. changing the state of a digital value, switching to another
display, etc. or several of these things at once. The display is stored in a display file.

The usertask is a routine written in C, that runs in the background in runtime. It acts as an
interface between the configuration database and the serial ports. The usertask takes specified
values from the configuration database, inserts them into command strings and sends the
commands over the serial ports to the actuators. It also polls the Setra 370 and Newport

ratemeters over the serial ports. The reply from the meters is converted to the database format
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and then inserted into the database. The usertask also contains an initialization routine, which is
run as part of the runtime startup.

The runtime system is used to run the engine. It interacts with the database changing and
updating the values in it based on the inputs, calculations, commands, etc. Runtime also controls
the display. It splits the screen into two sections. Runtime reads the selected display file and
places it in the upper portion of the runtime display. It handles any operator commands and send
the current values from the database to the screen. Runtime also coordinates the interaction
between the database and the usertask. The second section of the screen is a small portion at the
bottom of the display that allows more direct access to the configuration database and the
runtime system. The lower section is particularly useful for debugging because it provides the

ability to override normal configuration behavior.

2.3.2.2.Data Inputs

As listed in Tables 2.1 and 2.2 the following signals are connected to the control computer
and read by Genesis. The inlet, combustor, turbine discharge and oil pressure signals are all read
on the £ 5 V scale and then converted to pressures. The voltage drops across the linear pots are
measured on the 0-10 V scale. The vibration monitor output is read on the + 50 mV scale. The
hotwire anemometer and the loadcell signals are both read on the + 5 V scale. The remaining
signals are all K-type thermocouples whose outputs are converted to ° C by the device driver for
the Strawberry Tree boards. The following temps are monitored by Genesis; four inlet temps,
the compressor discharge temp, the engine exit temp, the oil temp, the temp of the hot section of
the nozzle, the air temp in the exhaust duct (at the exhaust diffuser exit), the shroud metal temp,
and the temp of the shaker motor casing. Other temperatures are available (and connected to the

computer), but currently not monitored.

47



The following discrete input signals are also monitored; the two chip detects and the fuel
filter impending bypass indicator (from the engine). Connected but not currently monitored are
throttle and nozzle actuator move complete signals, the exhaust cooling valve full open and full
closed indicators, and the state of the fuel solenoid valve.

There are also three data values that are read via the serial ports. The engine % speed (N1)
and fuelflow rate are both read from the frequency ratemeters using comm port 2. The ambient

pressure is read from the Setra 370 via comm port 1.
2.3.2.3 Runtime Data R tion

The first calculations performed by Genesis are the volts to engineering units conversions.
The pressures, the loadcell, the vibrometer and the nozzle actuator linear pot signals are all

converted. The pressures are converted using,

) pressure(psi) = (volts X scale) + offset, 2.1

where the scale and offset are provided by the calibration routine. The loadcell conversion is,
Ibsf = volts x 200. 2.2)

The vibrometer signal is preprocessed and amplified by the vibration monitor, so the required

conversion is,
in/ sec = volts < 30. 2.3)

The conversion for the nozzle actuator linear pot is,
inches = (volts - 5.3681) x 382 + 1 33] 2.4)

Other calculated values are the pressure ratio, corrected massflow, corrected speed (of the

engine), and turbine inlet temp. The formula for the pressure ratio is as follows,
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Pn _ P3+Po
Py == "p X 1.01

2.5

The factor of 1.01 is added to convert combustor pressure from the measured static pressure to
total pressure. This conversion was specified by Lycoming.

The formula for the corrected engine speed is as follows,

Nl corr = 24 2.6)

Jo

where,
0= T, (°F)+459.7

518.7 @.7)

T, is the inlet temp provided by one of the thermocouples on the inlet bellmouth. Genesis
converts from °C to °F when placing the values in the formula.
The corrected massflow and turbine inlet temperature are calculated using formulas provided

by Lycoming. For these formulas the following definitions apply;

wJ/e 5 v (0.9688-BLD)(3600)

AF = 5 X G (MV)
18500 (2.8)
where WF is the fuel flow rate,
WE(Ibs/hr) = fuelflow(gpm) X 60 x 6.74 (2.9)

LHYV is the fuel lower heating value (18550 BTU/I