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PREFACE

This report summarizes work done between February 1975 and June
1978 under Navy contract number NOO12j-75-C-1075. Hans J. Dehne of
Acurex Corporation, 485 Clyde Avenue, Mountain View, California 94042
was the principal investigator. The work was jointly sponsored by the
Aircraft Environmental Support Offi.,e (AESO), Naval Air Rework

.... F t VATEWORKFAC), code 64240, NAS North Island, San Diego,
California 92135 and the Environics Division (RDV), Engineering and
Services Laboratory (ESL), Air Force Engineering and Services Center
(AFESC), Tyndall AFB, Florida 32403. The AESO project officer was
Mr. Larry Michalec.

The report describes the design, construction and preliminary
test of an automated isokinetic sampler for particulate emissions from
aircraft gas turbine engines. The sampler is now installed in a jet
engine test cell at NAS North Island where it will undergo further
evaluation and will be employed in Navy and Air Force sponsored
environmental engineering studies.
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foreign nationals.
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SECTION I

INTRODUCTION

There is no generally accepted method for sampling aircraft turbine
engine exhaust for the purpose of determining particle mass concentration
and size distribution. The difficulty of applying existing particulate V
sampling equipment, including standard Environmental Protection Agency
(EPA) Method 5 apparatus (Reference 1) to aircraft turbine engine exhaust
is best described by the Coordinating Research Council (Reference 2).
Accordingly, the objective of this joint Navy and Air Force development
effort was to design, construct and test a particulate sampler that would
operate in the harsh environment encountered at the exit of a turbine
engine yet retain the conceptual features of EPA Method 5 (Reference 1)
which is the EPA specified method for many industrial sources of
particulate. The sampler was designed to measure the mass concentration
of emitted particulates and to provide real time data on particle size in
engine operating modes from idle to takeoff.

There are several important reasons for sampling turbine engine
particulate emissions. Aircraft turbine engines when mounted in fixed
test cell facilities are considered in some states to be stationary
sources and must meet applicable emission standards. Therefore,
compliance testing may be required. Aircraft engine particulate emission
factors are needed for air quality evaluations. Currently, particulate
emissions are estimated using a correlation developed from limited data
which relates engine smoke number to mass emissions (Reference 3).
Additional data to verify the correlation, especially at low engine smoke
numbers, are needed.

Direct measurement of engine particulate mass emissions and particle
size is also required to evaluate smoke suppressant fuel additives, to
determine the sooting characteristics of future aviation fuels, to predict
the optical properties of engine exhaust plumes, and to provide design
criteria for novel approaches to control particulates from engine test
cells.

Although the principle of sample collection and measurement was
retained, several fdctors inherent to sampling gas turbine engines
demanded major redesign of EPA Method 5 equipment. For example,
conventional EPA Method 5 samplers would require up to four hours to
collect sufficient mass for accurate gravimetric analysis (i.e., at least
100 milligrams) given the sampling rate of commercially available
samplers. Aircraft gas turbine engine tests, however, are short in
duration, and testing for long periods is precluded by high cost and the
risk of overheating the engine. Further complicating the use of
commercially available equipment is the high temperatures and velocities
encountered at the exit plane of gas turbine engines, the rapid changes in
operating conditions, and the severe noise environment in the test cell.

To overcome the shortcomings of existing EPA Method 5 equipment for
application to aircraft turbine engines, the sampler developed in this
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program permits both subsonic and supersonic isokinetic sampling and is
equipped with additional active cooling capacity for high sampling rates.
The sampler is compatible with a variety of test cell configurations and
allows remote operation to ensure personnel safety.

A key feature of the sampler is the unique, two-axis traversing stand
which permits isokinetic sampling virtually anywhere in the engine exit
plane. The stand itself is designed to withstand the high dynamic loads
encountered during supersonic sampling. Finally, unlike Method 5
samplers, the system is capable of particle size distribution measurement.

The following sections report on the design goals, design
methodology, equipment construction, testing, and conclusions.

2



SECTION II

DESIGN AND CONSTRUCTION

BACKGROUND

The program objective was to develop a gas turbine engine particulate
sampler that was conceptually equivalent to the EPA Method 5 procedure
used to measure particulate emissions from stationary sources
(Reference 1). Previously, Acurex Corporation under EPA contract
developed a high volume Method 5 type sampler that samples particulate at
almost ten times the rate of conventional Method 5 sampler (Reference 4).
Since this sampler closely approximated the type of system needed in this
program, it formed the basis for the design effort.

The system schematic of a Method 5 sampler is shown in Figure 1. The
gas to be sampled for particulate concentrations is withdrawn
isokinetically from the exhaust stream, passed through the nozzle into the
heated probe, and into a filter that is located in an oven maintained at
3940K (250 0F). Particulate is collected on fiber glass filters for
gravimetric measurement. The sample gas passes from the filter to a set
of impingers cooled in an ice bath for condensation of water vapors and
other condensible products in the gas stream. The water collected in the
impingers is measured to determine the moisture content in the exhaust
stream. From the impingers the gas flows through the sampling tube and
sampling pump to the control unit for dry gas metering. The control unit
also provides readouts and valves to adjust the sampling rate to achieve
isokinetic conditions.

DESIGN SPECIFICATIONS

The design goals for the automatic isokinetic aircraft gas turbine
particulate sampler called for the adaptation of the Method 5 sampler, as
much as feasible, giving due consideration to the severe environmental
operating conditions. Typical aircraft gas turbine engine exit plane
conditions were originally specified as follows:

Idle Military (Full Power)

Temperature 4770K (400°F) 9220K (12000F)

Pressure 34-69 kPa 276-345 kPa

(20-25 psia) (55-65 psia)

Velocity Mach 0.1 Mach 1.0-1.1

Particulate Mass Concentration 1-100 mg/m 3

Particulate Mean Diameter 0.01-0.05 micrometers

Particulate Size Range 0.005-1.0 micrometers

Mixing Ratio 0.14-140.0 grams water/kg air

(Absolute humidity) (1-1000 grains water/lb air)

3
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As indicated, operation at sample gas temperatures of up to 922 0K
(12000F) and velocities up to Mach 1.1 were originally required. Based
upon data on the actual conditions at the exit plane of a J79-GE-17A
engine, the specified operating conditions were changed to Mach 1.4.

The specifications required that the sampler be capable of measuring
particulate mass loading and particulate size distributions in the exhaust
stream of a gas turbine engine mounted in a test cell, a test stand, or a
stationary airframe. It was further required that the sampler be capable
of automatically detecting and maintaining isokinetic flow conditions
throughout the sampling period.

A probe shutoff valve and bypass system was included so that sampling
could be interrupted or discontinued while the engine is running.

In order to prevent water or SO3 condensation in the filter, an
oven capable of being heated up to 5330K (5000 F) was required to house
the filter.

The sampler was designed to minimize system size and weight and be
positioned on conventional pallets for transporting.

A maximum sampling rate of 226 I/min (8 scfm) was specified.
Particulate deposition was limited to less than 5 percent by weight in
locations other than on designed collection surfaces.

The minimum number of parameters for which electrical outputs were
required included all pressure measurements and temperature measurements
for the probe and sample stack gas and flow measurement device inlets.

The control system was required to determine and maintain the
isokinetic conditions within +10 percent and respond to a 10-percent
change in velocity in less than one second in order to adequately track
gas turbine engine operating transients.

Size distribution information for each 5-minute engine operating mode
was required in the size range of 0.01 to I i'm.

Provisions were later made to include a two-axis traversing stand, an
automatic control system, a purge system, and additional testing and
documentation.

All of the design goals were met on a qualitative basis. Further
testing is planned by the Navy to confirm the range of sampler size
distribution information capability and the ability of the sampler to
maintain isokinetic conditions during gas turbine engine operating
transients.

SYSTEM DESIGN

The system design was, in large part, determined by the requirement
to follow the principle of the EPA Method 5 Sampler. A system block
diagram of all major elements including the traverse and purge system is

5
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shown in Figure 2. The principal differences between an EPA Method 5
sampler and the automatic isokinetic aircraft gas turbine particulate
sampler are the inclusion of the sampling logic and control system, the
automatic traverse capability, and the addition of the size distribution
analyzer.

The system schematic is shown in Figure 3. The main functional
elements are shown excluding the traverse subsystem and the control
subsystem. Figures 4 and 5 show the equipment as constructed and tested.
Figure 4 depicts the system on the fixed position support stand, and
Figure 5 shows the system mounted on the two-axis traversing stand.

The system can be divided into the following main subsystems: mass
sampling subsystem, size distribution analyzer subsystem, the traverse
subsystem, and the control subsystem. These subsystems are discussed in
the following paragraphs.

Mass Sampling Subsystem

The mass sampling subsystem consists of a sampling nozzle
designed for subsonic and supersonic operation, a sampling probe with
purge capability, a filter and oven, condenser, high volume sampling pump,
and flow metering and flow control valves.

Sampling Nozzle

The sampling nozzle, designed for subsonic operation and
supersQnic operation up to Mach 1.4, was manufactured from Inconel alloy
X-750(H). to withstand the high temperature, stress, and noise
environment. Figure 6 shows the sampling nozzle, pitot tube and probe
subassembly. The sampling nozzle is shown to the left of the pitot tube
in Figure 6.

Low speed isokinetic sampling requires that the sampling
nozzle have a sharp edge in order to minimize particles being washed into
the sampling stream and influencing the measurement. Particle buildup and
the subsequent flaking-off into the sampling stream is also avoided. At
supersonic flow conditions, the nozzle must be designed to allow the
sampling stream to pass through the sampling nozzle opening into the
sampling probe without choking. Isokinetic sampling is generally achieved
by adjusting the aspiration rate through the sampling nozzle to be equal
to the freestream flow per unit area. This is accomplished by adjusting
the pressure downstream of the nozzle.

Figures 7 and 8 illustrate the operation of a sampling
nozzle in subsonic and supersonic flow streams. At subsonic flow
conditions, the captive streamlines can be altered ahead of the nozzle due
to the presence of the nozzle. The conditions of flow rates above, at,
and below the isokinetic flow rate are shown in Figure 7, where Ao is
the capture stream tube area and Ai is the nozzle inlet area. Even at
the isokinetic flow rate condition, Ao = Ai, it is known that some
small alteration of the captive streamline shape may result from the
presence of the sampling nozzle in the flow. These effects are small and

6
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will not significantly alter the isokinetic conditions. For both subsonic
and supersonic operation, the leading edge of the nozzle should be a knife
edge and the external cone angle should be as small as possible.

Figure 8 illustrates the supersonic operation of the
sampling nozzle. Three operational conditions are shown. When the
aspiration rate is below the isokinetic rate, i.e., Ao - Ai, i shock
wave will appear ahead of the nozzle. This wave will cause a percentage
of the flow to be deflected or spilled around the nozzle opening. This is
the sole mechanism for flow spillage since the streamlines ahead of the
shock are not affected by the presence of the nozzle. As the aspiration
rate is increased toward the isokinetic rate, the shock will position
itself right at the inlet. At this point, if the pressure in the nozzle
is further reduced, the shock wave will become swallowed inside the nozzle
and exact isokinetic conditions will result. This nozzle was sized for
226 I/min (8 scfm) at Mach 1.4; T = 944 0K (12400 F) and PT = 207.7 kPa
l30.12 psia). For higher pressure environments, as experienced with the
J79 engine, the maximum flow rate would be higher.

The internal configuration of the sampling nozzle was
designed to optimize the pump requirements. Figure 9 depicts some aspects
of an ideal nozzle designed for subsonic sampling and supersonic sampling
at Mach 1.4. Sampling isokinetically at Mach 1.4 will result in a shock
wave originating at the nozzle edge. This shock will be internal to the
nozzle and will no longer remain planar. Instead, it will interact with
the boundary layer inside the nozzle to form a "shock train." As shown,
the internal flow should first be expanded to a somewhat higher Mach
number. A sufficient entrance length with boundary layer tripping devices
should be provided to stabilize the position of the front of the shock
train. This entrance length should be about five nozzle diameters long.
The shock train itself should not exceed 8 to 10 diameters and should be
fully contained in a constant area passage. Since sonic conditions exist
at the end of the shock train, the area here must be larger than that
required for the maximum isokinetic flowrate to be measured.

Downstream of the throat, the subsonic flow is expanded to
reduce the Mach number to a very low value (less than 0.1). This assures
that if the flow must traverse additional piping, as in this case,
constriction due to frictional choking is minimized.

The designed nozzle was subsequently used in a separate
program by Martone (Reference 5), and its ability to sample isokinetically
(i.e., swallow the shock) in cold flows was verified up to Mach 1.45. To
withstand the high temperatures, Inconel alloy X-7503 Qwas the
construction material specified.

In addition to the internal nozzle configuration, the mutual
flow interference effects of the pitot tube and the sampling nozzle were
minimized. This was accomplished by graphical layout of shock angles for
various pitot tube-nozzle configurations and thereby estimating the best
locations for shock generating edges. At subsonic speeds the presence of
the sampling nozzle may affect the static pressure determination, and the
presence of the pitot tube may affect the location of the capture stream

13
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tube entering the nozzle. Likewise, at supersonic speeds, the shockwave
generated from the nozzle could impinge upon the pitot tube and cause an
erroneous reading.

Sampling Probe

The sampling probe is the structure which contains the
sampling tube and supports the nozzle and pitot tube in the exhaust stream
at the appropriate exhaust plane coordinates. The sampling probe is also
used to condition the sample to allow passage through the sampling filter
material. A partial view of the sampling probe is shown in Figure 6. It
consists of two stainless steel water-cooled pipe sections that have been
joined by plates to form a truss to absorb the dynamic loads. The front
pipe is protected in the flow stagnation area by a heat shield. The heat
shield is slotted and is attached to the pipe in only a few locations to
allow thermal expansion. The front pipe contains the sample tube that p
transports the flow sample to the filter. The wide range of operating
conditions requires that the tube be heated at low sampling rates and
cooled at high sampling rates. The minimum temperature set point of the
sampling tube (up to 5330K, 500 0F) can be selected at the control
console. The sampling tube is electrically heated, and an outer sheath
allows for water cooling. The sampling tube may be removed from the probe
housing for cleaning. The sampling tube attaches to the probe shut-off
valve to allow isolation of the filter from engine pulsations when the
system is not operating. This valve is electrically operated from the
control console.

Operation of the sampler verified that the cooling jacket
and heater maintain the sample gas temperature within the operational
limits of the fiber glass filter material. The structure of the sampling
nozzle was specified as Type S30400 stainless steel.

Filter and Oven

Particulate samples are collected at the filter for mass
measurement. The sample gas flows from the nozzle shut-off valve through
additional tubing into the filter housing. The stainless steel housing
holds standard 142 mm (5.6 in.) diameter flat fiber glass filters, which
are commonly used in high volume stack sampling applications. Deposition
of sample on the tube walls has been reduced by minimizing tube wall
surface area. The filter is housed in an oven that can be heated to
533 0K (5000 F), ensuring that the filter remains dry.

Under certain conditions, particularly isokinetic sampling,
positive gauge pressures may result inside the filter housing. The
standard Acurex filter housing, designed for negative gauge pressures,
required modification utilizing four positive clamp capscrews. The
standard V-clamp design was replaced with a bolted design. The modified
design also provided for lower inlet velocities to avoid high impingement
velocities onto the filer material and possible puncture. The filter
seal is made of Teflon . In order to prevent leakage at the high
operating temperatures, the seals should be replaced for every test.

15
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Condenser

The EPA Method 5 condenser consists of a set of glass
impingers in an ice bath. For this application, a condenser of higher
capacity and ruggedness was required that would still allow the collection
of condensate, provide for cleaning and keep contamination to a minimum.
Therefore, a special shell-and-tube condenser placed downstream of the
filter and oven assembly was constructed using Type S30400 stainless
steel. The parallel water-cooled tube bundles reduce the gas temperature
to approximately 300 0K (800F). The condensate is collected in
containers and its volume is measured after each test to determine the
actual moisture content of the exhaust stream relative to that which was
assumed prior to the test. The dry gas flows from the condenser by means
of a sampling hose to the high volume sampling pump.

High Volume Sampling Pump

The sample gas is moved through the mass sampling subsystem
by a large rotary vane vacuum pump. It is driven by a 4 kW (3 hp) motor
and delivers 1556 I/min (55 scfm) free flow capacity. Mounted on the pump
are the pressure bypass valve, control valve, recirculation loop, digital
control valve, and the electrical connection box.

Flow Metering and Flow Control Valve

The gas is metered and controlled on the pump discharge by a
nine-orifice digital flow rate measurement valve controlled by an
eight-bit parallel output signal. This valve uses sonic nozzles rather
than sharp-edged orifices for flow metering.

The binary-sized nozzles provide for 0.39 percent,
0.78 percent, 1.56 percent, 3.12 percent, 6.25 percent, 12.5 percent,
25 percent, and 50 percent of total flow capacity. This combination of
nozzles allows a turndown ratio of 256 to 1 for the valve. Each nozzle
provides absolute pressure recoveries of up to 92 percent. For example,
for an upstream pressure of 201 kPa (29.2 psia), sonic flow through the
nozzle is assured as long as the downstream pressure is 181 to 185 kPa
(26.3 to 26.9 psia) or less. The flow rate through the nozzles does not
change for downstream pressures between 101 and 181 kPa (14.7 and
26.3 psia). Since the pressure recovery capabilities of this valve assure
sonic flow, the flow rate through the sum of nozzles is calculated from
the basic equation for sonic flow:

kPiae
W =  T

where
w = mass flow rate
k = a constant that is determined by the type of gas and flow

conditions
P1 = absolute inlet pressure
ae = effective area of the nozzle(s)
TI = inlet gas absolute temperature

16
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Since the flow is sonic, only upstream temperature and absolute pressure
transducers are required to calculate flow rate.

The digital valve achieves sonic flow with an upstream
pressure as low as 131 kPa (19 psia) and an atmospheric downstream
pressure. In addition, it has a response time of a few milliseconds to
the desired setpoint without overshoot or transients. The valve itself is
actuated by nine solenoids driven by 24 to 28 VOC. Signals from the
computer or A/D converter are amplified to the solenoid requirements by a
digital driver. The valve was calibrated to provide flows up to 331 I/min
(11.7 scfm) at 131 kPa and 294 0K (19 psia, 700F) thereby increasing
the sampler capability to include alternate sampling nozzles with flow
rate capabilities exceeding 226 1/min (8 scfm). It is the last element in
the mass sampling subsystem.

The requirement for the valve to operate under positive
pressure on the inlet required the vacuum pump to operate under suction.
To provide a constant inlet pressure to the valve, a recirculation loop
with cooling was installed on the pump and included a bypass pressure
control valve.

Size Distribution Analyzer Subsystem

It was determined that, for the size range of interest, only one
instrument was commercially available that could quickly and accurately
measure size distributions. The instrument is a mobility analyzer
produced by Thermo-Systems, Inc. It requires a certain aerosol I
concentration range in order to avoid saturating its sensors and needs a
consistent temperature environment for reliable measurements.

The configuration was selected based on the following
requirements: the instrument had to be placed in a suitable environment
near the test cell to allow personnel to make adjustments; the aircraft
gas turbine exhaust stream captured by means of the nozzle had to be
conditioned to the appropriate aerosol concentration and temperature; the
amount of sample withdrawn from the sampling stream had to be small in
order to avoid influencing the main sample measurement significantly for
all aircraft engine operating modes.

The configuration selected is shown in Figure 3. A sample is
withdrawn from the main sampling stream and diluted. The diluted sample
is passed through a charge neutralizer to limit the loss of aerosol during
transport to the mobility analyzer. The instrument and auxiliary
equipment can be calibrated for aerosol losses by sampling known stream
conditions and correcting the test results by applying empirical factors
determined by calibration tests. As shown in Figure 3, the size
distribution analyzer subsystem consists of the following components:
diluter, charge neutralizer, and size distribution analyzer. These
components are discussed in the following paragraphs.

17
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Diluter

The flow sample used to obtain a real-time particle size
distribution is extracted from the main sample downstream of the
motor-driven ball valve at the end of the sampling transport tube. The
sample size is determined by the flow requirements of the size
distribution analyzer. The sampling rate of this unit is 5 I/min
(0.2 scfm). Since the mass concentration range necessary for the
operation of this instrument is 6 to 6000 1 g/n3 , and the expected range
of particle concentrations in the gas turbine exhaust is 1 to 100 mg/n3 ,
a diluter was required.

Incremental dilution ratios are achievable by opening a
series of binary-sized orifices in the diluter. The diluter design
provides for an equalization of pressures between the nozzle and the
mixing chamber within the diluter housing. This ensures that the flow
rate through the diluter and, hence, the dilution ratio, are functions
only of total orifice area and probe and mixing chamber temperature
differences.

The design of the diluter was based on work performed by
J. C. Guichard in France (Reference 6). The basic configuration is shown
in Figure 10. The diluter allows dilution ratios of up to 300 to 1.

Charge Neutralizer

Downstream of the diluter system, the samp4e is passed
through a Thermo Systems Model 3012 Aerosol Neutralizer . This device
neutralizes the electrostatic charges existing on the aerosol particles.
The residence time in the device is sufficient to reduce the charge level
on the aerosol particles to the Boltzmann equilibrium level. Cooper and
Reist (Reference 7) have discussed the design of radioactive aerosol
charge neutralizers in detail.

Size Distribution Analyzer

A specimen of the diluted, neutralized sampl is pumped into
the Thermo Systems Model 3030 Electrical Aerosol Analyzer 6(EAA). This
instrument measures the size distribution of particles contained in the
sampled gas. Lundgren, et al (Reference 8) provides a thorough
description of the EAA.

Traverse Subsystem

The basic sampler was designed and constructed with a fixed
position support stand to allow initial checkout of the system. It was
known that stratification of the mass concentration in the exhaust stream
is likely due to placement of combustion chambers. Therefore, a two-axis
traversing stand was added to the system.

The probe traverse subsystem consists of a rigid frame on which
two orthogonally oriented screws are mounted. By adjusting the screws,
the sampling nozzle is positioned within a 0.76 x 0.76-m (30 x 30-inch)
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area at the gas turbine exhaust plane. Each screw is provided with
adjustable limit switches at each end. The position of the nozzle can be
controlled either manually or automatically.

The traverse stand was required to stay clear of the aircraft gas
turbine exhaust stream to minimize loading of the frame and minimize the
effects of sampling on test cell operation. The largest engine exhaust
diameter to be sampled was 76.2 cm (30 inches). The traverse system
allows either manual or automatic remote operation and operates according
to EPA Method 5 procedures or any other operator selected sampling matrix.

The probe was designed with the nozzle and pitot tube located in
the center along its length. In order to traverse an engine exhaust plane
of 76.2 cm (30 inches), the probe was designed to be more than twice this
length.

The pressure force on the fully submerged nozzle was calculated
to be equal to approximately 13.3 kN (3000 lbsf). This large force,
combined with the high temperatures and noise environment, required
careful consideration in the design of the structure.

The structure was designed to interface with existing test cell
designs. Test cells at the Naval Air Rework Facilities in Alameda and
North Island were inspected to make the system as universal as possible.
Small variations from one installation to another would necessitate minor
modifications to the traverse system mounting. Some smaller test cells
were found unsuitable. Since the test cells are grouped in pairs with one
left- and one right-hand unit, umbilical lines of different lengths were
required. To determine the suitability of the system for a test,
considerations such as these must be evaluated on a case-by-case basis.

The traverse system was designed for both manual and automatic
remote operation. Transducers mounted on the worm gear drives give the
position information. The position can be read out at the control console
in terms of percent of travel. Worm gear drives were selected over
hydraulic actuators for this application due to their higher reliability
in long term service.

Control Subsystem

The control subsystem includes flow measurement devices, manual
and automatic controls, and data acquisition devices. The measurement of
subsonic and supersonic flow with the same instruments places some
stringent requirements on the control system. For example, the control
system is required to select the computational procedure associated with
either subsonic or supersonic flow. For supersonic sampling, calculation
procedures are required to account for changes in flow variables across
the shock wave. The following paragraphs describe the pitot tube, manual
controls, and automatic controls and data acquisition.

Pitot Tube

The selection of the control subsystem configuration depends
heavily on the pitot tube design. A standard 6.3-mm (1/4-in)-diameter
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pitot tube was fabricated from Inconel alloy X-750® and equipped with a
special collar for rigidity. A stagnation temperature measurement was
also incorporated at the pitot tip. To eliminate the chance of
fluctuations about the measurement point, a small dead band was introduced
in the control logic. To extend the range of flow velocity measurement
from engine idle to full power, two pressure transducers were used, one
each for the high and low ranges.

Manual Controls

The manual control panel (Figure 11) provides for manual
control and readout of key process parameters and traverse coordinates.
Alarm indicators are provided at the top of the panel to indicate unsafe
operating conditions and status data. These are: system purging, pump
capacity exceeded, probe valve closed, low condenser coolant, and low
coolant pressure in the sampling probe (two locations).

Temperature indicators are provided for gas turbine exhaust
stagnation temperature, sampling tube temperature, oven temperature,
condenser outlet temperature, control valve inlet temperature, aerosol
diluter inlet temperature, and dilution air temperature. Additionally,
temperature controllers are provided for the probe and oven.

Pressure indicators are provided as a percent of transducer
range and include gas turbine exhaust stagnation pressure, control valve
inlet pressure, high and low differential between gas turbine exhaust
stagnation pressure, and static pressure.

The traverse position is indicated also as a percent of
range on the same readout as the pressure measurement. Channel selector
switches allow for switching from one measurement to another.

A manual control valve position selector is provided along
with switches for the probe valve actuation, purge actuation, and traverse
mechanism actuation. A separate panel is provided for the diluter.

Although the controls provided allow for manual operation,
the computations required to determine isokinetic conditions are too
complex to be computed at the time of the test. For example, for each
test, a survey of gas turbine exhaust conditions has to be performed and
set-point curves prepared. Consequently, automatic isokinetic control was
incorporated in this system. The control strategy to be implemented
called for selected manual start-up and shut-down controls and automatic
operation for the sampling period.

Automatic Controls and Data Acquisition

The microcomputer is shown in Figure 12. Its interface
boards condition the input and output signals to the microprocessor.
Figure 13 shows the overall control system block diagram.

Sensor signals from temperature, pressure, and position
measurements are conditioned with the A/D interface board. Temperature
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signals are 0 to 10 VOC and pressure signals 0 to 5 VDC. Position
measurement signals are 0 to 10 VDC with gain adjustments as required.

Control signals from the microprocessor are routed by means
of parallel output interface boards to the various components. The
digital control valve is provided with 24 VDC binary signals from the
output digital driver. All other output functions are accomplished by
computer controlled contact closures.

Both analog and digital systems were evaluated for their
suitability for this application. Since subsonic and supersonic operation
require the implementation of different logic controls, a digital system
was selected. A 12-bit microprocessor was chosen with interface
capabilities that could meet the computational time requirements and had
the flexibility to adapt to the sampler equipment. In order to maintain
speed, the program was implemented in machine language.

Programming of the machine was first done by means of
teletype. As this method proved to be time consuming, a tape reader and
printer were added for higher speed operation and error detection.

CONSTRUCTION

The construction of the sampling system was carried out in two
stages. The first stage of construction included the basic assembly of
the sampler and the size distribution analyzer train on a fixed position
support stand. The traverse capability, purge system and additional
computer equipment were added in the second stage. Intermediate tests
verified the operation of the sampler and exposed problems that could be
reduced or eliminated.
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SECTION III

TESTING

Equipment checkout and aircraft gas turbine tests for particulate
concentration and size distribution measurements were conducted.
Equipment checkout tests were performed as required to verify the function
of components. In addition, logic tests were performed to ensure that the
instruments provided the proper signals to the automatic isokinetic
control system and that all other controls functioned properly. Two
aircraft gas turbine tests were performed at the Naval Air Rework
Facility, Alameda, California. Although the size data has to be
considered preliminary and unconfirmed, the results suggest that the
preponderance of turbine engine particles are submicrometer.

EQUIPMENT CHECKOUT

The equipment was checked for fit and function during construction.
Few problems arose with the mass sampling train components other than some
water leaks in the coolant circuits. The control equipment exhibited
peculiar behaviors that were later traced to intermittent electrical
failure in the microprocessor.

During checkout it was discovered that the power supply and the A/D
interface boards were very sensitive to signal noise and input power
voltage fluctuations, resulting in the loss of stored information in the
core memory. Better shielding and an isolation transformer were installed
to overcome these difficulties.

A leak test on the mass sampling system was performed on the system
by capping the nozzle, opening the control valve, and evacuating the mass
sampling train with the main pump. Note that when the pressure upstream
of the control valve reads atmospheric pressure, the control valve should
be closed and observed for pressure rise.

AIRCRAFT GAS TURBINE ENGINE TESTS

The first test was performed with the system under manual control.
Installation of the sampler required approximately I day. The sampling
equipment was located near the engine, and the control equipment was
located in the center room of the cell complex adjacent to the control
room. Umbilical lines were fed through a 1.5.2 x 15.2 cm (6 x 6-in) port
through the 1.22-m (4-ft) thick wall.

On the third day a Tr4l engine was tested and problems were
identified. After 40 minutes of operation, it was determined that the
engine had a seal failure, and no further tests could be conducted with
this engine. Although a good sample was collected on the filter, no other
engines were available to determine the effects of the sampler on engine
performance. The filter was not torn and showed black particulate,
including some metal flakes that appeared to have come out of the engine.
A 280-mg (O.01-oz) sample was collected on the fiber glass filter during
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the test run of 15 minutes at 75-percent power and 20 minutes at
100-percent power.

In addition to the mass sample, a real time particle size
distribution measurement was made with the particle size analyzer train.

Some minor mass sampling train problems were noted that required
repair. Of particular concern was the high vibration and noise
environment which loosened some fasteners.

The second test was to show the proper operation and interface of the
traverse mechanism with the test cell. Tests by several study groups were
made at the same time to measure various pollution parameters and observe
deposition of particulate on engine components. Included in the tests
were measurements of opacity and hydrocarbon concentration. In addition,
the effects of ferrocene addition on engine performance and hot section
components were studied. EPA Method 5 tests were taken at the top of the
cell stack. The traverse mechanism operated properly. The actual test
samples were processed by Navy personnel.

The isokinetic aircraft gas turbine sampler was delivered to the Navy
and checked out. Although a final complete test was scheduled, it has not
been conducted as of the time of this writing due to schedule constraints.
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SECTION IV

CONCLUSIONS

Conclusions drawn from the work described in this report result
primarily from the experience gained in the unique sampling environment of
aircraft engine test cells. Test cell size and configuration, as well as
the severe operating conditions required several modifications to the EPA
Method 5 sampling technique.

A universal system configuration for automated isokinetic sampling
for particulate emissions from aircraft gas turbine engines is not
practical, because of the wide range of test cell configurations. A basic
system, however, can be designed and custom adapted for each cell with, in
most cases, only minor modifications.

Because of the large test cell sampling envelope, traversing sampling
is necessary in order to obtain representative exhaust stream samples. In
addition, the basic test cell configuration requires long sample trarsport
tubes for the particle size analyzer. This may introduce errors into the
size distrioution data. Calibration of the analyzer is recomnmended to
determine the significance of line losses.

The severe noise environment in the test cell necessitates the
incorporation of several design features. In order to assure a solid
structural system during operation, locking fasteners were used for
equipment support. Shielding of electronic equipment was required in
order to minimize signal noise and power fluctuation.

For supersonic sampling, care must be taken in the placement of the
pitot tube relative to the sampling nozzle in order to minimize mutjal
shock effects.

Finally, a system purge capability was included in order to keep
contamination from initial startup after engine washdown out of the
sampling system.
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