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The rapid growth in aviation activities and more stringent U.S. Environmental Protection Agency regulations
have increased concerns regarding aircraft emissions, due to their harmful health and environmental impacts,
especially in the vicinity of airports and military bases. In this study, the gaseous and particulate-matter emissions of
two General Electric T701C engines and one T700 engine were evaluated. The T700 series engines power the U.S.
Army’s Black Hawk and Apache helicopters. The engines were fueled with standard military JP-8 fuel and were
tested at three power settings. In addition, one of the T701C engines was operated on a natural-gas-derived Fischer—
Tropsch synthetic paraffinic kerosene jet fuel. Test results show that the T701C engine emits significantly lower
particulate-matter emissions than the T700 for all conditions tested. Particulate-matter mass emission indices ranged
from 0.2-1.4 g/kg fuel for the T700 and 0.2-0.6 g/kg fuel for the T701C. Slightly higher NO, and lower CO
emissions were observed for the T701C compared with the T700. Operation of the T701C with the Fischer—Tropsch
fuel rendered dramatic reductions in soot emissions relative to operation on JP-8, due primarily to the lack of
aromatic compounds in the alternative fuel. The Fischer-Tropsch fuel also produced smaller particles and slight

reductions in CO emissions.

Introduction

IRCRAFT have been identified as significant sources of local

pollution at airports and military bases. The Federal Aviation
Administration (FAA) estimated in 2002 that passenger air travel in
the United States would increase about 4% per year [1], further
increasing the environmental burden of aircraft and ground support
equipment, especially in the vicinity of airports. Even in the absence
of any growth in aviation, emissions from aircraft, especially
particulate matter (PM), have been under increased scrutiny re-
cently due to their proven harmful health and environmental effects.
The more stringent environmental standards imposed by the
U.S. Environmental Protection Agency (EPA) will likely impact
commercial aviation growth and military operations, including the
basing of advanced and legacy aircraft. Therefore, accurate
determination of emission indices (EIs) of pollutants from aircraft is
necessary to assess their environmental impact to take appropriate
corrective action. Robust techniques and instrumentation are needed
to perform these challenging measurements from full-scale turbine
engines under actual operating conditions. Through several aircraft
emissions research projects led by NASA (many in collaboration
with the FAA, EPA, U.S. Department of Defense, academia, and
industry), significant progress has been made in advancing the
knowledge of instrumentation and methodologies for improved
reliability of particulate measurements from turbine engines [2,3].
Recently, the SAE E-31 Committee generated an Aerospace
Information Report describing instruments and techniques currently
available for the measurement of nonvolatile PM emissions [4].
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Several instruments that may be employed for these measurements
were also assessed under the Strategic Environmental Research and
Development Program (SERDP) project CP-1106 [5]. The ultimate
goal is to develop methodologies to generate reliable data and reduce
the uncertainties associated with existing and future emissions
inventories from military and commercial aircraft. In this effort,
several of these instruments/techniques were applied to quantify the
emissions from the T700 series engines.

In recent years, there has been increased interest in the potential
use of alternative jet fuels produced via the Fischer—Tropsch (FT)
process for aviation applications. These fuels can be produced
domestically from various nonpetroleum feedstocks such as coal,
natural gas, and biomass and could therefore reduce reliance on
foreign oil. FT fuels are typically comprised solely of iso- and normal
paraffins and do not contain heteroatoms, cyclic compounds, or
aromatics. Accurate emissions measurements for turbine engines
operating with alternative fuels are needed to evaluate their
environmental impact. Previous research conducted on turbine
engines and combustors have shown significantly reduced PM
emissions using FT/JP-8 fuel blends [6-8]. The U.S. Air Force has
been very active in the analysis and testing of FT produced fuels and
is currently certifying aircraft to operate with a 50/50% by volume
FT/JP-8 fuel blend with the goal of certifying all U.S. Air Force
weapon systems for use with the alternative fuel blend by 2011. In the
present effort, a T701C engine, which powers the U.S. Army’s Black
Hawk and Apache helicopters, was operated with 100% natural-gas-
derived FT fuel and specification JP-8, in order to compare emissions
and engine performance. Favorable results from this and other
studies will help expedite the certification of engines, aircraft, and
ground support equipment for use of synthetic paraffinic kerosene
(SPK)-type fuels in commercial and military systems.

T700 and T701C Engines

The General Electric T700-700 or T700-701C (referred to
hereafter as T700 and T701C) is the turboshaft engine used to power
the UH-60 Black Hawk and AH-64 Apache helicopters. The T701C
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is a more powerful and upgraded version of the T700 and is installed
in the latest Black Hawk and Apache attack helicopters. They both
have six compressor stages and two low- and high-pressure turbines.
The overall pressure ratio of the T700 is 17:1 versus 18:1 for the
T701C. The T701C has slightly better specific fuel consumption and
a higher maximum shaft horsepower than the T700 (1890 vs 1622
shp). The three engines used in this study had a few thousand hours of
total operation.

Instrumentation

PM and gaseous emissions instrumentation were transported to
the test site and housed during testing in the U.S. Air Force Research
Laboratory, Fuels Branch, Turbine Engine Research Transportable
Emissions Laboratory (TERTEL). The TERTEL is equipped with
state-of-the-art instrumentation for the measurement and analysis of
turbine engine emissions. Online analysis of the mostly nonvolatile
PM emissions was performed using a TSI, Inc., model 3022A
condensation particle counter (CPC) to provide a count of the total
particles per unit volume (particle number) via light scattering
techniques, and a scanning mobility particle sizer (SMPS) TSI model
3936 was used to measure particle size distributions via electrostatic
classification. Basic descriptions of the CPC and SMPS systems can
be found elsewhere.X The SMPS was composed of a long differential
mobility analyzer (DMA) (TSI model 3081) coupled with a
condensation particle counter (TSI model 3025). The long DMA was
operated at a sheath flow rate of 10 Ipm and a sample flow rate of
1.5 lpm, allowing for classification of particles in the range of 7 to
300 nm. An in-house-designed smoke sampler was used to collect
PM samples for determination of engine smoke numbers following
the techniques in Society of Automotive Engineers (SAE) Aerospace
Recommended Practice (ARP) 1179 [9]. In addition, soot samples
were collected on quartz filters for offline analysis using a LECO
Corporation RC-412 multiphase carbon analyzer. In this method,
total carbon mass and the fractions of organic and elemental carbon
were inferred via quantitation of the CO, generated during the
oxidation of volatile and nonvolatile organic species as a function of
temperature. Species that oxidize at low temperatures (less than
325°C) are considered volatile organic species [e.g., polycyclic
aromatic hydrocarbons (PAHs)], and those that oxidize at higher
temperatures are assumed to be primarily elemental carbon (e.g.,
highly graphitic). The carbon was oxidized to temperatures up to
750°C. The total carbon mass is the sum of the volatile [i.e., organic
carbon (OC)] and elemental carbon. Selected soot samples were also
analyzed for adsorbed PAH content via ultrasonic extraction and
analysis using gas chromatography/mass spectrometry (GC/MS).
Direct real-time nonvolatile particle mass concentrations were
measured with an Rupprecht & Pataschnick series 1105 tapered-
element oscillating microbalance (TEOM). The TEOM measures
the mass concentration based on the change in frequency of an
oscillating tapered element as PM is deposited on a filter installed at
the tip of the element.

Data available online at http://www.tsi.com [retrieved 11 April 2008].
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Fig. 1 Particle and gas probes mounted on a water-cooled rake installed 33 cm from the engine exit plane.

Gaseous emissions were quantified using an MKS Instruments,
Inc., MultiGas 2030 Fourier transform infrared (FTIR)-based gas
analyzer. CO, in the diluted sample streams was measured with a
nondispersive infrared analyzer. The total unburned hydrocarbons
were quantified with an analyzer based on flame ionization detection;
however, an instrument malfunction precluded its use for all test
cases, and thus the data are not included.

Emissions Sampling System

PM and gaseous emissions were captured at the engine exit plane
using three particle (N,-diluted) and three gas (undiluted) probes
mounted within a water-cooled probe rake. The probe rake was
placed near the center and approximately 33 cm from the engine
exhaust plane to capture representative samples and avoid diluting
with surrounding air. The rake was mounted on a 15-cm-diam, 1.23-
m-long stainless steel post supported on a stand restrained with
the engine test bed. The particle and gas probes had nominal port
diameters of 1.6 and 1.5 mm, respectively. The probes types were
alternated within the rake and separated by 3.18 cm center to center
(Fig. 1). The exhaust gas temperature was monitored using a
thermocouple installed in a blank probe, and the exhaust pressure
was measured using an open probe connected to a pressure gauge in
the TERTEL. The aerosol sample was diluted with nitrogen (at room
temperature) at the probe tip to minimize condensation of water and
organic species and to minimize particle loss to the tubing walls.
Although the dilution ratios were set using high-precision Brooks
Instrument 5850i (0-10 slpm) flow controllers, the dilution ratios
used for particle number (PN) and mass correction were determined
by the ratio of the carbon dioxide (CO,) concentration of the diluted
and undiluted streams. The average of CO, measurements from two
separate probes, typically within +10% (95% confidence), was used
for the calculations. Dilution ratios were between 8 and 50:1, with
higher dilutions required at higher engine power. Emission samples
were transported from the probe rake to a heated valve box using
6.35-mm-o.d., 4.6-mm-i.d. heated lines (150°C). Samples from each
probe could be sent to the desired instrument by means of fast-
response ball valves within the box (also maintained at 150°C). Since
the required sample dilution varied based on the analytical
instrument, two six-way valves with three dilution schemes (diluted
for PN and TEOM, undiluted for the smoke sampler) were used to
provide the required dilution to the appropriate probe. Undiluted and
diluted particle samples were kept at 150 and 75°C, respectively,
from the valve box to the instruments to help maintain sample
integrity. The total length of the heated sample lines from the probe
stand to the instruments was approximately 23 m. The emissions
samples were drawn into the instruments via vacuum pumps. A
simplified flow diagram of the sampling system is shown in Fig. 2.

Jet Fuel Characteristics

JP-8 is Jet A-1 commercial aviation fuel with a military additive
package that includes a fuel system icing inhibitor (FSII) at
~1000-1500 ppm, corrosion inhibitor/lubricity enhancer at
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Fig. 2 Simplified emissions sampling system.

~20 ppm, and a static dissipater additive at ~5 ppm. JP-8 contains
hundreds of different types of hydrocarbons. In a typical JP-8 fuel,
branched (iso) and normal (n) paraffins account for approximately
60% of the total hydrocarbons. The n paraffins typically range
from n-octane (n-Cg) to n-hexadecane (n-C,;), with maximum
concentrations from n-decane (n-C,) to n-dodecane (n-C,). JP-8
also contains approximately 20% mono-, di-, and tricycloparaffins.
Aromatics are the other significant fraction (~15-20%) of JP-8 fuel.
The alternative fuel used in this study was produced by Syntroleum
Corporation from natural gas via the FT process. Extensive details
on this fuel have been previously provided [6,7,10]. The fuel is
comprised solely of iso (82%) and normal (18%) paraffins with a
distillation (i.e., molecular weight) range consistent with that
typically observed for an aviation fuel. The isoparaffins in this fuel
are mainly monomethyl-substituted species. The chemical com-
position of fuels was determined using a variety of chromatog-
raphic techniques, including GC/MS and high-performance liquid
chromatography. ASTM International specification conformance
tests [11-22] were conducted to verify fuel compliance with all
JP-8 specifications and to determine the concentration of known
PM precursor species, such as aromatics and sulfur. Table 1 shows
the specification limits of several JP-8 properties and the properties
of the JP-8 and FT fuel used in this effort. This FT fuel conforms
to the recently released specifications for SPK, which can be
blended up to 50 vol % with JP-8 and was recently certified on B-52
platforms [23].

Table 1 ASTM specification test results for JP-8 and FT fuels
used during tests

ASTM test

Aromatics, vol % (D1319 [11])
Total sulfur, wt % (D4294 [12])

Standard JP-8  FT fuel

Max 25.0 19.2 0
Max 0.30 0.140 0

Initial boiling point, °C (D86 [13]) Report 173 150
10% Recovered, °C (D86 [13]) Max 205 189 173
20% recovered, °C (D86 [13]) Report 192 181
50% recovered, °C (D86 [13]) Report 207 208
90% recovered, °C (D86 [13]) Report 234 245

Final boiling point, °C (D86 [13]) Max 300 248 258

Distillation-residue, vol % (D86 [13]) Max 1.5 1.3 1.5
Loss, %vol (D86 [13]) Max 1.5 1.5 0.5
Freeze point, °C (D5972 [14]) Max —47 —51 —49

Existent gum, mg/100ml (D381 [15])
Viscosity at —20°C, ¢St (D445 [16])
FSII (DIEGME), vol % (D5006 [17]) 0.10-0.15 0.12 0.05
Smoke point, mm (D1322 [18]) Min 19.0 25 35
Flash point, °C (D93 [19]) Min 38 62 63
Specific gravity at 15.5°C (D4052 [20])  0.775-0.840 0.806  0.756
Heat of combustion, Btu/lb (D3338 [21]) Min 18,400 18,500 18,980
Hydrogen content, % mass (D3343 [22]) Min 13.4 13.7 15.3

Max 7.0 1.1 0.6
Max 8.0 5.0 4.9

Test Conditions

The test plan for this campaign is shown in Table 2. A total of 30
test runs were conducted. All three engines (one T700 and two
T701C) were operated on JP-8 at three power settings: ground idle
(or idle), 75%-maximum power, and maximum power. One cycle
consisted of consecutive tests at the three conditions. Four cycles
were run for the T700 and two for each T701C. For the second
T701C, two cycles were also performed with the FT fuel. The engine
was operated at each power setting for approximately 30 min to
acquire multiple measurements from two probe locations. The tests
were conducted in the test sequence shown, i.e., from low to high
power. The engine conditions were set by controlling the turbine
rotational speed. For tests with the neat FT fuel, the fuel was stored
in an external tank and supplied to the engine fuel pump via an air-
driven diaphragm pump.

Test Results and Discussion

Engine Operation

The engines were observed to operate normally during the tests.
As anticipated, no discernible difference in engine operation
(performance parameters were within measurement variability) was
observed between JP-8 and neat FT fuel. After test completion with
the FT fuel, the engine was thoroughly inspected and no anomalies
were found. The total engine run time with the neat FT fuel was
approximately 2.5 h.

Table 2 Test plan for emissions tests
on T700 and T701C engines

Test run Power setting
T700 with JP-8
1,4,7,10 Ground idle
2,5,8,11 75%
3,6,9,12 Max
T701C-1 with JP-8
13,16 Ground idle
14,17 75%
15,18 Max
T701C-2 with JP-8
19,22 Ground idle
20,23 75%
21,24 Max
T701C-2 with FT
25,28 Ground idle
26,29 75%
27,30 Max
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Particulate-Matter Emissions
Particle Number

PN emissions were quantified with a CPC and corrected for
dilution based on the CO, measurement of the diluted and raw
samples. Dilution ratios ranged from an average of 8:1 atidle to 50:1
at maximum power. Higher dilution was required to maintain the
particle counts within the CPC measurement range. Particle-number
emission indices (PN-Els), the number of particles produced per
unit mass of fuel consumed, were calculated using the following
relationship derived from fluid flow fundamentals:

PN -EI = 2.833 x 10> x PNy receq ¥ (1 + F/A)/(F/A) x T/ P
(1

where PN-EI is the number of particles per kilogram of fuel,
PN_gireciea 18 the dilution-corrected PN in number of particles per
cubic centimeters, T is the sample temperature at the instrument in
Kelvin (~293 K), P is the sample pressure at the instrument in
atmospheres, F/A is the engine fuel-to-air ratio, and 2.833 x 10%isa
unit conversion factor.

The engine F /A ratios were determined based on the CO and CO,
emissions following the SAE ARP 1533A guidelines [24]. The
average PN-EI (not corrected for sample line losses) varied from
1.25 x 10" atidle to 4.12 x 10" #/kg fuel at maximum continuous
power for the T700 and 4.56 x 10'* t0 2.11 x 10" #/kg fuel for the
T701C. The PN uncertainty for each individual test run was excellent
at less than 8% (95% confidence), reflecting the steadiness of the
engine operation. The average PN-EI corrected for estimated line
losses are shown in Fig. 3. The losses are based on an unreported in-
house study designed to quantify particle line losses through the 23 m
heated line and valving system used in this campaign. The in-house
study (conducted using particulate exhaust from a T63 helicopter
engine) showed average losses between ~40-60% in PN (depending
on engine condition) for particulate emissions, with a similar size-
distribution range as for the T700 engines. The reported values in
Fig. 3 represent averages of multiple runs from two probes. The
uncertainty for each average value varied depending on engine
condition. At idle, the average uncertainty was higher (£25%) than
at both the 75%-maximum (£12%) and maximum power (+=10%)
conditions. Higher uncertainties at the idle condition are likely due to
the higher concentrations of unstable volatile and semivolatile
species at the lower power setting. The physical properties of these
species are believed to be extremely sensitive to temperature and
pressure, and therefore any small change in these may affect gas-to-
particle conversion processes in the sampling system, which
subsequently influence the number of particles measured. For the
higher power settings, the concentration of semivolatile species (i.e.,
organic carbon) is significantly reduced and particles are more stable,
which reduces the data variation. It was observed that the difference
between the PN measurements from the two individual probes

1.0E+16 -
*
~ L4
2 o
g g R
< i
= 1.0E+15 -
= 4
5
_E *T700
E 1.0E+14 - oT701C
3 % AT701C-FT
)=
]
=¥
1.0E+13 T
Idle 75% Max Max
Engine Setting

Fig. 3 Particle-number emission indices at three power settings for
T700 and T701C engines operating with JP-8 and the T701C operating
with FT fuel.

(separated by 6.4 cm) was also highly dependent on engine
condition. This difference was larger at idle (~40%) than at both the
75%-maximum (~20%) and maximum power (~13%) conditions.
However, the trends observed for samples from both probes were
consistent for all power settings and engines. The relatively small
difference in PN at higher power demonstrates the fairly uniform PM
profile in the exhaust. As shown in Fig. 3, the PN-EI varied directly
with engine power at an average of 3.0-6.9 x 10" #/kg fuel for the
T700 and significantly lower 1.1-3.5 x 10" #/kg fuel for the T701C
operating on conventional JP-8 fuel. For the T701C engine operating
with FT fuel, lower particle emissions for all conditions were evident.
Reductions of 40-97% in PN-EI were observed with the FT fuel,
with the highest reductions occurring at engine idle. The higher
impact at idle is likely due to the smaller particles produced at this
condition and the production of even smaller and more easily
oxidized particles with the FT fuel. The lower PM emissions with the
FT fuel are primarily due to its aromatic-free nature. Aromatics are
known soot precursors that act as seeds for the growth of PAHs,
which subsequently nucleate into soot particles. The propensity of
aromatics to produce soot has been demonstrated in large-scale
combustors and laboratory flames. A summary of several efforts and
the role of aromatics in soot formation have been presented by
Richter and Howard [25]. Reduction in the fuel aromatic content
decreases precursors that contribute to the formation of soot nuclei.
The FT fuel is comprised solely of normal and branched paraffinic
compounds, which are believed to produce soot primarily via
fragmentation and polymerization reactions, which are much slower
(i.e., less efficient) than condensation reactions with aromatics [26].
Reductions in PM emissions with FT fuels have been observed
previously in a T700 engine and other test platforms [6-8]. Because
of the sampling methodology employed, most of the PM measured
are nonvolatile (mostly soot) particles; therefore, the lack of sulfur in
the FT fuel did not have a significant impact on the measured particle
reductions observed here. However, significant reductions in volatile
particles (which nucleate as the exhaust is cooled and mixed in the
atmosphere) are anticipated, as most of these are sulfur-based.

Particle Size Distributions

Particle size distributions of the PM emissions were measured over
arange of 7-300 nm in aerodynamic mobility diameter. The average
particle size distributions for operation of both engines with JP-8
for the power settings evaluated are shown in Fig. 4. The y axis is
represented by dN/dlog Dp (a size-bin normalized particle
number), which is a common practice in aerosol measurements to
remove artificial counts due to the raw nonuniform voltage settings
used in the DMA. Each curve represents the average of a minimum of
eight size-distribution scans (four per probe). Data reproducibility
for each power setting was excellent at maximum and 75%-
maximum settings, with averages of £7 and 15% (10), respectively,
but relatively poor at idle power (£40%). As discussed in the
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Fig. 4 Particle size distributions of PM emissions from T700 and
T701C engines operated with JP-8 at three power settings.
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Fig. 5 Particle size distributions of PM emissions from T701C engine
operated with JP-8 and FT fuel at three power settings.

previous section, the poorer PN repeatability at low power is likely
due to the higher concentration of semivolatile (organic) particles
in the exhaust. Size-distribution curves for both engines and for all
three conditions are observed to follow a single-mode lognormal
distribution with average geometric mean diameters of approx-
imately 21 nm for idle, 30 nm for 75%-maximum power, and 37 nm
for maximum power. Although the particle concentrations were
significantly lower for the T701C compared with the T700, the
average particle diameters for both engines were very similar. The
particle mean diameters for both engines were approximately 24, 35,
and 42 nm from low to high power.

Comparison of the particle size distributions of the T701C with the
JP-8 (solid symbols) and FT (open symbols) fuels is shown in Fig. 5.
Consistent with the particle-number data, dramatic reductions in
particle concentrations (magnitude of size-distribution peak) are
observed with the FT fuel. Additionally, average reductions of 25%
in the mean particle diameter were observed with the FT fuel at all
conditions. The reduced particle mean diameter is the result of fewer
soot nuclei available for surface growth (by agglomeration and
aggregation) as a consequence of the lower concentration of soot
precursors in the fuel (aromatics). These trends are consistent with
previous FT emissions tests in engines and combustors [6,7].

PM Mass Emissions

Engine PM mass emissions were measured online using a TEOM
and offline via temperature programmed oxidation (carbon burn-off)
of soot samples collected on quartz filters. Mass measurements with
the TEOM varied significantly at idle, in which uncertainties up to
+75% (95% confidence) were observed. The high error at low
engine power is primarily due to the relatively low particulate load
and insufficient sensitivity of the TEOM. For the 75%-maximum and
maximum power settings, the uncertainty was significantly reduced
to an average of £15% (95% confidence). The TEOM PM mass-EI
was calculated in a manner similar to that used for the PN-EI:

PM mass-EI = 2.83 x 107% x PM mass, . X L+F/A X T (2)

F/A ~ P
where PM mass-El is the grams of PM per kilogram of fuel, PM
mass,,. is dilution-corrected PM mass concentration in mg/m?, T is
the standard temperature (293 K), P is the sample pressure at the
instrument in atmospheres (1 atm), F/A is the engine fuel-to-air
ratio, and 2.83 x 107 is a unit conversion factor.

The PM mass-EI varied directly with power setting and ranged
(uncorrected for losses) from 0.053 to 1.04 g/kg fuel for the T700
and from 0.049 to 0.49 g/kg fuel for the T701C with JP-8. The PM-
Els corrected for estimated line losses (25% at high power and 60%
at idle, determined from in-house experiments) ranged from
0.2-1.4 g/kg fuel for the T700 and from 0.2-0.6 g/kg fuel for the
T701C. The PM mass-Els as a function of engine power setting are
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Fig. 6 Measured particulate-matter mass emission indices for T700
and T701C engines using a TEOM.

shownin Fig. 6. As shown, the trends of PM mass-Els as a function of
power are similar to those of the PN-ELI. It is noted that the PM mass-
EIs for the T700 engine are significantly lower than those reported by
Wade [27] for a T700 engine, which ranged between 1.5-2.6 g/kg
fuel for the same range of engine conditions. Differences in the
measurement techniques may explain the disagreement between the
PM mass measurements. Compared with PM mass emissions of
military engines tested recently (T56 and TF33) under this SERDP
project, both the T700 and T701C engines produced significantly
lower PM emissions [7,28].

Carbon mass measurements via the carbon burnoff method
(LECO) showed significantly higher fractions of OC at engine idle,
compared with the higher power settings. Average ratios of organic
carbon to total carbon (OC/TC) 0of 0.41, 0.28, and 0.16 were observed
for idle, 75%-maximum, and maximum power, respectively, for the
engines operating with JP-8. For the T701C with FT fuel, the OC/TC
ratios averaged 0.40, 0.37, and 0.27, which were moderately higher
than those observed with JP-8 for the two high-power cases.
However, it should be noted that although the OC/TC ratios were
higher for the FT fuel, the absolute OCs were lower for the FT; thus,
the lower OC/TC for the FT were due to the significant decrease in
soot formation. As with the TEOM, the mass measurements with the
LECO were highly variable at low engine power.

Comparison of the mass concentration measurements determined
using the TEOM and LECO is shown in Fig. 7. The error bars
represent one standard deviation based on a minimum of three
measurements. The LECO measured mass was observed to be
significantly higher (up to 7.2 times) than for the TEOM for engine
idle (PM mass < ~2.0). The high concentrations of OC at low power
combined with the ineffectiveness of the TEOM to quantify the OC
mass and lack of instrument sensitivity for these low-mass loadings
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Fig. 7 Comparison of particulate-matter mass concentration meas-
ured online with a TEOM and offline via carbon oxidation usinga LECO
RC-412 multiphase carbon analyzer.
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Fig. 8 Smoke numbers for T700 and T701C engines operated with JP-8
at three power settings and data for the T701C operating on the FT fuel.

are believed to be the cause for the large discrepancies. These results
suggest that at low engine power, where there is a higher fraction of
unburned hydrocarbons (i.e., OCs), the TEOM may underestimate
the total particle mass. For the two high-power cases, the agreement
between the two techniques is significantly better because of the
higher total mass and increased elemental carbon; however,
significant discrepancies are still observed. For the higher-mass
concentrations (maximum power), the TEOM measurement is 1.6 to
2.1 times higher than the LECO. Differences in filter efficiency
between the two instruments may explain the discrepancy between
the two techniques. In addition, the TEOM sample was diluted,
whereas the LECO sample was undiluted; error due to sample
dilution correction can also affect the measured value. Overall,
further research is warranted to understand the discrepancies
between these techniques in order to develop a reliable methodology
for PM mass measurement.

Smoke Number

Engine smoke numbers (SNs) were measured following SAE
ARP 1179 [9]. The SN measures the relative difference in filter
reflectance between a clean (unused) and stained (test) filter. Average
SNs (minimum of eight samples per engine condition) for all test
conditions are shown in Fig. 8. As anticipated, the SN varied directly
with engine power. At idle, the SNs were essentially zero for both
engines and fuels. At maximum power, average SNs of 40 were
observed for the T700, whereas significantly lower SNs were
observed for the T701C operating on both JP-8 and FT fuel. The
average SNs for the T701C were approximately 40% lower than
those for the T700, and average reductions of 65% were observed for
the T701C when operated with the FT fuel. The SN trends as a
function of engine, fuel, and power setting agree qualitatively with
the PN-EI trends.

Analysis of PAHs from Soot Samples

Soot samples collected on quartz filters were analyzed to
preliminarily investigate potential differences in the quantity and
type of PAH compounds absorbed onto the particulate samples.
Samples were prepared for analysis using ultrasonic extraction with
methylene chloride and were analyzed via GC/MS to quantify PAH
compounds and evaluate the impact of engine type, power setting,
and fuel on the relative and absolute formation [7]. Using this

technique with the limited available sample quantities, only
fluoranthene and pyrene were above the quantifiable detection limit.
Results in nanograms (ng) of PAH per m® of exhaust gas volume are
shown in Table 3. Larger and smaller PAHs are likely present in the
samples but could not be detected with the sampling and analytical
techniques employed here. As shown in Table 3, the total PAH
concentration increased with increasing power setting, whereas the
more efficient T701C engine and FT fuel both produced lower PAH
emissions. These results were expected, as PAHs are believed to be
intermediates in the soot-formation pathway, and the trends follow
those observed for the overall soot mass and PM emissions. An
attempt was made to normalize the PAH quantity to the mass of soot
collected to provide insight into the relative selectivity of PAH
formation in the soot-formation process (e.g., a lower ratio for FT
fuel would imply an alternate pathway for soot formation rather than
being solely due to reduced overall formation rate.) However, this
analysis was inconclusive due to the limited available samples for
analysis. Future efforts will be made to improve the sensitivity of the
PAH detection and to provide additional samples for better statistical
analysis.

Gaseous Emissions
Carbon Monoxide and Nitrogen Oxides

Gaseous emissions were quantified with an FTIR-based gas
analyzer. As criteria pollutants, only CO and NO, emissions are
discussed in detail. Average CO and NO, Els for the T700 and
T701C engines as a function of power setting are shown in Figs. 9
and 10. The CO-EIs ranged from 2.3-53.7 g/kg fuel for the T700
and from 2.8-31.0 g/kg fuel for the T701C. These CO-ElIs are in
excellent agreement with previous T700 engine emissions tests
by Jones et al. [8] and Wade [27]. The NO,-Els ranged from
2.0-9.9 g/kg fuel for the T700 and from 2.8-15.0 g/kg fuel for the
T701C. As anticipated, the engines produced higher CO and lower
NO, emissions at the lower power conditions as a result of the lower
engine efficiency and exhaust temperatures, respectively. The T700
generated nearly twice the CO emissions as the T701C, which
reflects a higher combustion efficiency for the latter. The approxi-
mately 40% higher NO, emissions of the T701C over the T700 is the
result of the higher-performance and higher-operating-temperature
capabilities of the T701C. As anticipated, operation with the FT fuel
rendered negligible differences in NO,, since the production of these
are temperature-driven and not significantly influenced by fuel type.
The CO emissions for the T701C were only slightly reduced
(~5-10%) with the FT fuel.

Analysis of Aldehydes

Aldehydes are produced during the combustion of hydrocarbons,
and several have been identified as toxic compounds. Analysis of
aldehydes was performed to determine the Els and to assess any
differences in their formation between the FT and JP-8 fuels. The
analysis of aldehydes was performed using the MKS FTIR-based
analyzer and a modified EPA Compendium Method TO-11A [29].
For the latter, silica-gel cartridges (Supelco, part number H30, 1 g
bed weight) treated with 2,4-dinitrophenylhydrazine (DNPH) were
used to capture and derivatize aldehydes from the engine exhaust and
ambient air. In this analysis, 1 slpm of engine exhaust was sampled
through the ambient-temperature silica-gel cartridge. Aldehydes in
the gas sample reacted with the derivatizing agent to form aldehyde-
diphenylhydrazone. The cartridges were capped and placed into

Table 3 Concentrations of measurable PAHs for operation of the T700 and T701C engines
as a function of power setting and fuel type

Fluoranthene, ng/m?

Pyrene, ng/m’

Engine/fuel Idle 75% Max Idle 75% Max

T700-JP-8 — 9.6E + 03 23E + 04 4.2E + 02 2.0E + 04 5.0E + 04
T701C-JP-8 —* 3.6E + 03 2.1E + 04 — 9.4E + 03 4.1E + 04
T701C-FT — — 3.5E+03 — 3.5E+02 9.0E + 03

“Denotes below the detection limit.
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Fig. 9 CO Emission Indices at three power settings for T700 and
T701C engines operating with JP-8 and the T701C operating with FT
fuel.
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Fig. 10 NO, emission indices at three power settings for T700 and
T701C engines operating with JP-8 and the T701C operating with FT
fuel.

foil-lined bags in coolers for transport from the field. The cartridges
were subsequently treated with 10 ml of acetonitrile to extract the
derivatized aldehydes; the extracts were analyzed by GC/MS using a
DB5-MS column, operating in the selected ion-monitoring mode.
Quantification ions were selected based on the most abundant and
unique ions for each of the components. Standard solutions of all
aldehydes were prepared and analyzed to develop a calibration
range between 0 and 15 mg/liter of each derivatized aldehyde.
Comparison to the calibration standards was performed to quantify
the mass of each aldehyde per volume of gas.
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Fig. 11 Formaldehyde emission indices for T700 and T701C engines

using a modified EPA Compendium Method TO-11A (DNPH) [29] and
an FTIR-based analyzer.

Tests results show that formaldehyde (HCHO) was the only
aldehyde produced at quantities above the sensitivity of this
technique (~0.1 ppm). Figure 11 displays the HCHO emission
indices using both analytical methods for the three engines with JP-8
and the T701C with FT fuel. The average errors were +25% (10) and
+10% (1o) for the DNPH and FTIR measurements, respectively.
The average HCHO-EIs ranged from 0.50 g/kg fuel at idle to
0.13 g/kg fuel at maximum engine power. Relatively good
agreement (within uncertainty) is observed between the measure-
ment techniques at the idle condition, in which the concentrations
were largest. At the 75%-maximum and maximum power conditions,
large discrepancies between the methods are likely the result of their
reduced concentration and lack of measurement sensitivity. The
T700 produced significantly higher concentrations of HCHO at the
idle condition, compared with the T701C. All HCHO measurements
with the FTIR and DNPH methods (except the 75%-maximum
DNPH) show that operation of the T701C with the FT fuel had
minimal impact on the production of HCHO.

Conclusions

Aircraft have been identified as significant sources of local
pollution at airports and military bases. Accurate determination of
emission indices from aircraft is necessary to assess their
environmental impact in order to take appropriate action. In this
effort, conventional aerosol instruments and an FTIR-based gas
analyzer were used to measure the particulate matter (PM) and
gaseous emissions of three T700 series engines (one T700 and two
T701C), to determine emission indices and to assess the validity and
performance of the instrumentation and measurement techniques.
In general, the aerosol instrumentation and sampling methodology
employed provided consistent and reliable measurements through-
out the test campaign. Test results show that the T701C engine
emitted significantly lower soot emissions than the T700 for all
conditions tested. Corrected PM mass emission indices ranged from
0.2-1.4 g/kg fuel for the T700 and from 0.2-0.6 g/kg fuel for the
T701C. Particle number and smoke numbers trends are consistent
with those of the PM mass-EI. Excellent agreement in PM emissions
measurements were observed between the two T701C engines.
Slightly higher NO, and lower CO emissions were observed for
the T701C compared with the T700, which demonstrates higher
operation temperatures and combustion efficiency for the T701C.
Consistent with previous studies on TF33 and T63 engines, the FT
fuel significantly reduced soot emissions (~40-97% in particle
number), with smaller mean particle sizes and minimum impact on
gaseous emissions, compared with operation on JP-8. The reduction
in PM emissions is largely attributed to the lack of aromatic
compounds in the FT fuel.
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