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Executive Summary 
This project consists of demonstrating the performance and viability of three devices to 
condition aircraft turbine engine exhaust for the measurement of non-volatile and/or total 
(volatile and non-volatile) particulate matter (PM) emissions. These measurements are needed 
to assess the environmental burden of military and commercial aircraft to verify compliance 
with future regulations. Non-volatile PM are those found at the engine exit temperature and 
pressure conditions, whereas volatile PM are those formed from organic and sulfur compounds 
via gas-to-particle reactions in the atmosphere.  Accurate measurement of non-volatile PM is 
challenging due to the harsh environment found at the engine exit plane. Reliable 
measurements of volatile PM are even more difficult as these are formed in the exhaust plume 
and are influenced by fuel composition, ambient conditions and composition of the volatile 
species.   
 
Two devices, the dilution chamber (DC) and the condensation dilution probe (CDP), were 
evaluated to assess their effectiveness in conditioning turbine engine exhaust for total PM 
emissions measurements. Both were designed to promote the condensation of volatile species 
and thus, the formation of volatile PM (simulating ambient dilution), which can then be 
characterized along with non-volatile PM using conventional aerosol instruments.   During 
operation, the PM exhaust sample was collected at the engine exit using one or multiple probes 
and transported through heated lines to the condensation devices.  The DC diluted with mainly 
ambient air, while the CDP diluted with temperature and humidity controlled nitrogen.   The 
dilution ratios for both the DC and CDP were controlled to match the levels found in the plume 
(set for this demonstration at 20 m from the engine exit plane).  Exhaust from two engines, a 
T63 and an F117 (C-17 aircraft), were used to evaluate the devices. 
 
A vapor particle separator (VPS), a device to separate volatile and non-volatile species from 
turbine engine exhaust, was evaluated for the measurement of only non-volatile PM.  The 
performance of the device was assessed in the laboratory by sampling tetracontane (C40) 
particles and during field demonstrations using turbine engine exhaust. 
 
PM physical and chemical properties were measured at the exit of the condensation devices at 
several engine settings, and compared to measurements made in the engine plume.  Significant 
challenges were faced during both demonstrations, which included: inclement weather and 
limited test time (both for the C-17), sampling system issues and difficulty in obtaining steady 
emissions data at the plume.  Despite the challenges it was evident that the devices were able 
to promote the formation of volatile PM, therefore simulating ambient gas-to-particle 
processes.  However, the concentration of particles formed from volatile species was 
significantly lower than those sampled at plume locations, especially when the engine was 
operated with high sulfur content fuel.  Since neither condensation device met all the 
performance objectives set for the project; it is concluded that these technologies are not 
currently ready to use for compliance relevant measurements.  
 
Based on the set performance criteria, the VPS met the objectives of the project.  Evaluations 
against the criteria set by the SAE E31 committee (ARP 6320) for volatile particle removers 
(VPR) shall follow to further validate its use for non-volatile PM measurement. This includes 
volatile removal efficiency, pressure control and particle penetration requirements.  
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1.0  INTRODUCTION 

  BACKGROUND 
The U.S. EPA has the authority under the Clean Air Act (CAA) to protect human health and 
welfare from the effects of air pollution by establishing and ensuring compliance of the National 
Ambient Air Quality Standards (NAAQS).  The NAAQS apply to seven air pollutants, referred to 
as criteria pollutants.  Due to its harmful environmental and health impacts, particulate matter (PM) 
[specifically particles less than 10 and 2.5 μm in aerodynamic diameter (PM10 & PM2.5)], have 
been identified as criteria pollutants [1].  Both PM10 and PM2.5 include volatile and non-volatile 
PM (defined below) emitted from mobile and stationary sources.  Accordingly, the U.S. EPA and 
international environmental agencies continue to implement more stringent air quality standards 
to limit PM emissions.  For instance, in regions that do not meet the NAAQS requirements, the 
individual states need to develop and adopt strategies to be included in their EPA-mandated State 
Implementation Plan (SIP) to bring the area into compliance.  The type of strategy employed 
depends on the area’s designation stage and severity as well as the state of progress toward 
regaining attainment status.  Within the SIP, states must develop measures to control and reduce 
emissions, and demonstrate compliance with the NAAQS within five years of being designated as 
nonattainment.  In the aviation sector, these measures may include: changing airport operations 
(e.g., surface congestion management strategies), replacing or modifying ground support 
equipment, infrastructure additions (e.g. air traffic control, runways) and others.  Although current 
aircraft turbine engines are substantially less polluting than legacy engines manufactured pre-
1980’s (as evidenced by the less visible smoke trail), they still emit significant quantities of very 
fine volatile and non-volatile particles (PM2.5).  Consequently, current and future PM regulations 
will likely affect the aviation sector by slowing down the growth of commercial aviation 
worldwide and negatively impact military operations by limiting readiness exercises and 
restricting the use of different types of aircraft.  In the commercial sector, increased landing and 
takeoff fees may be assessed if pollutant allowances are exceeded [similar to the European Union 
(EU) Emissions Trading Scheme (ETS)] resulting in more expensive air travel for the general 
population.  In the military, expensive fines may be incurred due to non-compliance of 
environmental regulations.  Evidently, it is imperative that accurate and reliable aircraft turbine 
engine measurement techniques are developed for total (volatile + non-volatile) PM to assess the 
true environmental burden of aviation activities and to help determine the proper corrective action 
(if needed). After accurate assessments are performed, more educated decisions can be made to 
properly and cost-effectively control and mitigate PM emissions. 

Aircraft PM is formed in the engine combustor due to incomplete combustion of fuel, and in the 
atmosphere through gas-to-particle transformations of organic and sulfur-based volatile 
components upon cooling and mixing with the atmosphere (see Figure 1). PM emitted from the 
engine at exit temperatures and pressures are defined as non-volatile, whereas those formed via 
gas-to-particle conversion in the atmosphere are known as volatile PM.  Accurate measurement of 
non-volatile PM from aircraft engines is a daunting task due to the harsh environment found at the 
engine exit, particle losses during transport in sample lines, and physical and chemical 
transformations of the sample as it is transported to analytical instrumentation.  Reliable 
measurements of volatile PM are even more challenging as these are formed in the exhaust plume 
and are greatly influenced by ambient conditions and composition of the volatile species.   
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Figure 1. Formation of volatile and non-volatile PM from engine exhaust [from Ref 2]  

Historically, the SAE E-31 committee has been assigned by the Committee on Aviation 
Environmental Protection (CAEP) of the International Civil Aviation Organization (ICAO) to 
develop a standard methodology to accurately measure non-volatile particle number and mass 
emissions from aircraft turbine engines. This methodology could then be used to certify engines 
to provide an accurate estimate of PM emissions from aircraft, in the event that aircraft PM 
regulations are implemented.  The non-volatile PM Aerospace Recommended Practice (ARP) 
being developed by the E-31 Committee will include proper sampling approaches, instrumentation 
specifications and emission index calculation procedures.  One approach proposed by the 
committee for particle number measurement uses Annex 16 Volume II sampling principles in 
combination with methodology developed under the EU Particle Measurement Programme (PMP) 
for ground vehicles [3].  In this hybrid method, the sample is extracted at the turbine engine exit 
using conventional gas probes, transported to a dilution section at > 150°C (max distance probe to 
dilution of 8 m), through a downstream volatile particle remover (VPR) (for number only), which 
includes hot and cold dilution with an evaporator, and finally to instrumentation for particle 
number measurements.  However, several technical issues of concern must be addressed before 
the PMP method could be implemented for measurement of turbine engine exhaust, including: 
efficient removal of volatile PM, effective quantitation for particle sizes < 23 nm (currently 23 nm 
size cut off for PMP – not acceptable for turbine engines as these produce high concentration < 23 
nm diameter particles), optimization of sampling line lengths and residence time (probe to dilution 
point and total length to instruments) and overall particle losses. Since volatile material can greatly 
affect the particle number counting robustness, a VPR is required.  Unfortunately, commercial 
VPRs are not effective in suppressing volatile material below 23 nm and as such, may be 
inadequate for this application.  In addition, non-volatile particle losses in commercial VPRs may 
also be a concern.   

With the assistance of SAE-E31 members, the International Civil Aviation Organization (ICAO) 
recently developed a standard methodology to accurately measure non-volatile particle number 
and mass emissions from aircraft turbine engines. This methodology, soon to be published in 
Annex 16, Volume 2 of the ICAO standards, includes proper sampling approaches, 
instrumentation specifications and emission index calculation procedures.  The method includes 

Fuel 
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the sampling system and instrumentation to measure the non-volatile PM mass and number 
emissions using standard gas probes sampling the engine exhaust at the exit plane.  The ICAO 
methodology does not, however, address the volatile particles formed in the downstream plume 
which is important to both local air quality and impacts on global climate. 

Under SERDP project WP 1627, the Oak Ridge National Laboratory (ORNL)/ Air Force Research 
Laboratory (AFRL)/University of Dayton Research Institute (UDRI) team developed a vapor 
particle separator (VPS) to partition volatile and non-volatile components in aircraft engine 
exhaust and allow volatile species to be chemically analyzed.  Also under this SERDP project, a 
dilution chamber (DC) was developed to homogeneously dilute and condition aircraft exhaust for 
measurement.  Under an Air Force SBIR program, Aerodyne Research Inc. (ARI) developed a 
condensation dilution probe (CDP) to effectively control the formation of volatile particles to 
simulate atmospheric processing behavior and to quantify this contribution on the total PM mass 
emissions. All devices have shown excellent potential when testing in laboratory and limited field 
environments.  Further demonstrations of these devices may lead to the development of more 
reliable methodologies for the measurement of both volatile and non-volatile PM emissions from 
turbine engines, which can then be used for cost-effective determination of regional PM emissions 
for regulatory purposes. 

1.2 OBJECTIVE OF THE DEMONSTRATION 
The objective of the demonstration can be divided into four parts, listed below. 

• Demonstrate reliable operation of the dilution chamber (DC) to condition PM sample collected 
at the engine exit plane for the characterization of non-volatile PM. 

• Demonstrate the viability of the DC and CDP to simulate volatile PM formation in the 
atmosphere by comparing to a measurement conducted far field (e.g., 20 m).  Successful 
demonstration will allow for the characterization of total PM at the exit plane.   

• Demonstrate efficient operation and establish conditions of the VPS to remove volatile PM 
precursors from turbine engine exhaust.  Successful demonstration may lead to inclusion of 
the VPS in the non-volatile ARP as a more efficient alternative to the available commercial 
volatile particle remover (VPR) units. 

• Develop sampling methodology with the most efficient devices and provide recommendations 
to SAE E-31 for potential inclusion in the non-volatile PM number and mass ARP.  Develop 
an Aerospace Information Report (AIR) as a first step towards the development of an ARP 
for total (volatile & non-volatile) turbine engine PM measurements.  

  

1.3 REGULATORY DRIVERS 
The EPA has promulgated the NAAQS for PM2.5, which impacts air operations at DoD facilities 
and thus, squadron basing options.  Each facility must perform a conformity analysis which shows 
that the emissions from that facility do not violate the PM2.5 ambient air quality standard.  Since 
PM2.5 includes both volatile and non-volatile PM components, methods which allow for 
quantification of the contribution of each to the total PM are necessary.  At the present time, no 
such information exists for military aircraft and thus new data and methodologies to obtain these 
data are needed. 
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2.0 DEMONSTRATION TECHNOLOGY 

 TECHNOLOGY DESCRIPTION 
This program consists of demonstrating the viability of three devices to condition turbine engine 
exhaust for the analysis of non-volatile and/or total (volatile and non-volatile) PM emissions.  The 
technologies (devices) are described below. 

2.1.1 Dilution Chamber (DC) – PM measurements in diesel engines are conducted using full-
flow Constant Volume Sampling (CVS) systems, which dilute and condition the entire engine 
sample to simulate PM dilution processes in the atmosphere.  Because of the significantly higher 
exhaust mass flows and gas velocities, this approach is not feasible for turbine engines.  For turbine 
engine PM sampling, the historical approach has been to sample a portion of the flow near the 
exhaust nozzle and dilute at the probe-tip with nitrogen. Although this methodology is believed to 
provide a good representation of the non-volatile PM emissions, it is complex and sample dilution 
downstream of the engine exit is preferable as engine manufacturers can use existing gas probes 
and rakes.  The DC in this project was designed to provide an easy and effective (i.e., low PM 
loss) means of diluting a hot, PM turbine engine exhaust sample collected at the exit plane in a 
controlled manner, while maintaining its physical characteristics.  PM samples require dilution to 
reduce concentrations to the range of commercial aerosol instruments and to minimize losses 
through sampling system lines.  The DC was designed to promote condensation and thus, the 
formation of volatile particles (simulating ambient dilution), which can then be characterized using 
conventional aerosol instruments.  Under several conditions, the DC may also be used to provide 
a non-volatile PM sample to the instruments.  The DC (Figure 2) has a cylindrical design with 
three regions: exhaust sample injection and primary dilution zone (via an ejector and motive flow), 
a secondary diluent zone, and a turbulent mixing zone.  Raw exhaust is extracted at the engine exit 
plane and drawn to the dilution chamber by the ejector via a 0.77 cm inner diameter stainless steel 
heated line at 150°C.  Compressed ambient air or nitrogen is used as the motive (driver) flow.  The 
raw sample residence times are typically 60-100 milliseconds before reaching the ejector.  Low 
raw sample residence times and high temperatures before dilution are desirable to maintain sample 
integrity and reduce particle losses and agglomeration.  The sample is then diluted 

 

   

Figure 2. Schematic of dilution chamber (DC) and implementation of DC on T63 engine 
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with compressed nitrogen or ambient air drawn into the DC with a variable speed blower.  The 
secondary diluent enters the DC and is passed through a flow straightener before mixing with the 
partially diluted sample from the ejector.  The mixing section downstream of the ejector is 
comprised of a converging/ diverging section and a homogeneous sampling zone.  The DC was 
designed based on CFD modeling using Fluent software and the turbulent RNG k-ε RANS model 
approach.  The radial and axial exhaust profiles were used to assess the homogeneity of the 
conditioned gas stream.  The methodology resulted in a design with a converging/diverging section 
to promote convective mixing of the sample and diluent streams to overcome diffusional transport 
limitations.  The DC has an internal diameter of 0.21 m with a cylindrical inlet length of 0.80 m.  
The internal diameter then rapidly converges to 0.038 m followed by a gradual divergence to the 
original diameter over the next 0.10 m.  The diluted sample extraction point is located 
approximately 1.10 m downstream of the converging/diverting section throat.  An axisymmetric 
cross-section of the DC is shown in Figure 3 with the predicted mixing characteristics for CO2 as 
a function of axial and radial position for a dilution ratio of 100:1.  The CFD analyses indicated 
that the process stream would be fully developed and homogeneous at the downstream sampling 
location.  The concentration of CO2, used as the representative trace gas for these calculations, is 
initially non-homogeneous through the cross-section.  However, once the stream passes through 
the converging/diverging section (axial distance of 1.0 m), the stream is radially homogeneous at 
the extraction point.  During engine sampling, the diluted sample is collected in the mixing zone 
via a 0.635 cm SS tube, and transferred to the instrumentation through unheated carbon 
impregnated PTFE and SS tubing.   

 

 

Figure 3. Axisymmetric radial CO2 distribution as a function of axial distance in dilution 
chamber for a dilution ratio of 100:1 

2.1.2 Vapor Particle Separator (VPS) – In order to remove volatile materials in combustion 
aerosol to measure only non-volatile PM, techniques like thermodenuder [4], catalytic 
stripping [5], and Volatility Tandem Differential Mobility Analyzer (VTDMA) [6,7] have been 
developed.  However, none of these techniques enable the study of engine particle dynamics, 
molecular transfer, or evaporation process under varying temperature conditions.  For example, 
the thermodenuder and the catalytic stripper were intended for rapid removal of volatile 
components from soot particles, while VTDMA was to investigate volatilization and 
hygroscopicity of single ambient aerosol particles. Although highly detailed, the mobility analyzer 
design was too slow to be suitable for volatile PM measurement.  In addition, the concentrations 
of water vapor, unburned hydrocarbons, and particles in turbine engine exhaust are sufficiently 
high that the VTDMA design would not work properly. 

 
For the past 30 years, the thermodenuder has been a popular device designed to desorb volatile 
species from studies of ambient particles [6, 8-17]. Thermal stripping devices have also been used 
on diesel engine soot and aircraft emissions [4,18,19-26].  Although volatile components were 

CO2 
 

Ejector 
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removed from the PM, the adsorbent used in these designs retained the volatile components 
throughout the measurement system [18].  Once the adsorption capacity is expended, the volatiles 
could and have been found to return to the particles or to form new particles [18].  The thermal 
removal efficiency has never been 100% due to the nature of sampling and thermal desorption in 
the exhaust flow.  Distortion of the engine particle size distribution can be severe because the loss 
of particles in the high-temperature heating system is not uniform across the size of particles.  
Therefore, several fundamental issues should be addressed while sampling and measuring engine 
volatile PM.   
 
In our own study [25] using commercially available thermodenuders, size-dependent loss of 
particles ranges from 15% to 85% was also observed.  Since the losses are particle size dependent, 
the quantification of source emissions is very challenging, if not impossible.  This is a very serious 
issue when the number of particles is the primary metric in emissions control and regulation (e.g., 
EURO5. [26]).   Finally, the use of granulate charcoal adsorbent used in thermodenuders makes it 
infeasible to extract adsorbed vapors for quantitative analysis, and the high labor required to 
maintain and replace the charcoal pellets is not desirable. 
 
To improve the understanding of the volatility of nanometer scale engine particles, a new 
generation of thermal separation device was designed and tested at ORNL during the earlier 
SERDP WP-1627 project.  In the VPS construction, a microporous metallic membrane was applied 
for the separation of vapors and particles [25].  The metallic membrane is chemically inert and 
similar to that used in a previous study of water treatment [27].  Many different metallic materials 
have been used in the construction of the membrane.  The membrane made specifically for this 
project is fabricated as double-layered from 306L stainless steel, and is about 400 microns thick 
when two layers are combined.  The pore size of the top layer is from 5 to 500 nm and about 10 
microns thick.  The top layer is supported by a backbone structure with a pore size of 500 to 50,000 
nm with a thickness less than 400 microns. 
 
The VPS uses a cross-flow membrane separation concept filtration design to remove vapors and 
prevent re-condensation of desorbed vapor onto existing particles.  This approach has been found 
to effectively separate vapor from particles at a given temperature, but also allows the collection 
of vapors (e.g., by canisters, solid-phase extraction cartridges, etc.) desorbed from the particles.  
Once particles are desorbed in the heated section, they are removed via preferential diffusion 
through the porous membrane via pressure and concentration differential. The collected vapors 
can be subsequently analyzed for chemical composition, which is an added and new capability that 
has not been available in current thermodenuder or catalytic strippers that have been used primarily 
as a volatile removers.  Furthermore, operationally, the new design eliminates the need to replace 
the adsorbents which greatly simplifies the maintenance of the instrument.  In addition, there are 
no complications associated with sulfur poisoning, an issue with the research catalytic strippers. 
The VPS design concept was awarded US Patent Number US 8,771,402 B2 on July 8, 2014.   
 
Figure 4 shows a schematic of the main components of the VPS.  In this design, a heating section 
approximately 30.5 cm long (a total of 38.1 cm long including the ceramic insulation) is used to 
precondition the exhaust sample to a set temperature prior to volatile removal.  Controlled heating 
is provided using a 600 W radiant heater insulated by ceramic clamp-shell casing with an 
additional thicker layer of fiberglass insulation material. The engine sample enters the VPS 



19 
 

through the heating section, which is followed by a section for separation of desorbed volatile 
species from the non-volatile particles. The heating section residence time is approximately 2.6 s 
estimated at the flow rate of 2 slpm, and is set  to completely desorb volatiles for the range of 
operational temperatures as determined with design computations.  The double-layer metallic 
microporous membrane tube has an internal diameter of 1.91 cm and 25.4 cm long. The nominal 
pore size of the membrane is approximately 0.4 μm and thickness about 420 μm. The membrane 
section is enclosed in a 5 cm diameter stainless steel tube insulated with a double-layered fiberglass 
blanket. The volume between the metallic membrane and the tube serves as a temporary holding 
space for the desorbed vapors before they are evacuated by an extraction pump, which leaves no 
opportunity for the vapor to re-enter the membrane and condense on the non-volatile particles or 
nucleate into new ones.  
 

 
 

 
 
Figure 4. Schematic of the Vapor Particle Separator (VPS) and metallic membrane filter 

 
2.1.3 Condensation Dilution Probe (CDP) – The CDP was developed by Aerodyne Research 
Inc. (ARI) under an Air Force SBIR project.  Its objective is to simulate the environmental 
conditioning and volatile species condensation of volatile species in a controlled manner when 
extracting exhaust from the engine exit plane [28].  The CDP (referred in references as Simulated 
Aircraft Exhaust Plume Aging (SAEPA) probe) has been demonstrated in the laboratory test 
environments and sampling turbine engine exhaust on the tarmac at airports.  The “probe” was 
developed through rigorous design case studies, modeling, and flow characterization with non-
reacting flows.  Shown schematically in Figure 5, the device extracts exhaust gas from the engine 
exit plane, and transfers the sample through a heated (> 150°C) stainless steel tube to a dilution 
and aging chamber. Transferring the sample through a heated tube is required to prevent 
microphysical reactions as well as thermophoretic loss of soot particles. The dilution/aging 
chamber is cylindrical with a diameter of 10 cm and a length of 1.8 m. The raw exhaust sample is 
injected as a turbulent jet into the chamber at the centerline, and the dilution gas (either nitrogen 
or CO2 -free air) is introduced as a sheath co-flow. The exhaust is injected as a turbulent jet into a 
laminar dilution co-flow because this configuration 1) mimics the jet engine plume traveling 
through the ambient air, 2) minimizes the effect of the chamber wall during the critical 
microphysical processes, and 3) produces a well defined flow. The dilution gas is conditioned to 
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achieve the desired temperature and relative humidity prior to introduction to the chamber, and 
passes through a packed-bed flow straightener to provide uniform plug-flow. Within the chamber, 
the exhaust sample and dilution gas mix in a well-defined manner.  

 

 

Figure 5. Schematic of the inlet region of the condensation dilution probe 

 

2.2  TECHNOLOGY DEVELOPMENT 
All three devices have been evaluated in laboratory environments, and in the case of the DC and 
CDP, in larger turbine engines, with very promising results.  Additional characterization of these 
devices in more extensive field campaigns will further validate their capability and contribute to 
the development of standard methodologies for the reliable measurement of volatile and non-
volatile PM characteristics from turbine engines. A brief discussion of the studies and primary 
results for the three devices is provided below. 

 

2.2.1 Dilution Chamber - Sample homogeneity tests 
The DC was evaluated in the laboratory to validate the CFD model and ensure a homogenous 
diluted sample at the extraction point.  Characterization was performed using CO2 calibration gas 
drawn into the ejector with nitrogen motive and secondary flows at conditions simulating engine 
exit pressures.  Sample homogeneity was evaluated by extracting samples at different axial and 
radial locations of the DC while operating at different overall dilution ratios.  Test results (Figure 
6) validated the CFD results showing that the DC provides radially uniform CO2 concentration 
profiles at relatively short distances from the ejector, even for a low dilution ratio of 20:1.  This 
allows sample extraction for transport to the instruments at a single location in the DC without 
concern of sample quality.  It is expected that PM mixing characteristics will be similar to those 
observed during the CO2 tests. 
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Figure 6. Measured CO2 concentrations in DC at various radial and axial locations  

Engine Evaluations 

The DC was evaluated in two “piggy-back” alternative fuel turbine engine emissions tests during 
the last several years.  Although valuable data were collected, limited conditions were examined 
as these tests were not focused on the evaluation of the DC performance. 
           

2.2.2 Dilution Chamber - C-17 (F117-PW-100 Engine) Tests 

C-17 emissions tests were performed in August 2010 to support the certification of the aircraft on 
50/50 blends of JP-8 and Hydroprocessed Esters and Fatty Acid (HEFA) fuel [29].  For these 
evaluations, emissions were measured at engine powers ranging from 4 to ~63% of max thrust. 
PM emissions were sampled and quantified using both probe-tip and DC dilution.  For the DC, the 
raw engine exhaust sample was extracted through a gas probe installed on a probe rake located 42 
cm from the engine exhaust.  The sample was drawn through a 2.4 m long, 0.77 cm diameter heated 
line (150°C) using a nitrogen-driven (motive flow) ejector pump.  The sample was further diluted 
with nitrogen (secondary flow) to obtain the desired overall dilution.  Since ambient air was not 
used as a diluent, minimal physical/chemical transformations of the PM emissions were expected. 
The motive and secondary dilution flows provided total dilution ratios of 19 to 50:1.  The diluted 
sample was collected at a single point near the center of the DC at 1.10 m from the 
converging/diverging section and transported to dedicated Scanning Mobility Particle Sizer 
(SMPS) and Condensation Particle Counter (CPC) instruments via unheated 23 m long, 0.77 cm 
I.D. stainless steel tubing.  Test results of average particle number emission indices (EIn) (defined 
as number of particles produced per kg of fuel consumed) and particle size distributions using the 
two dilution methods are shown in Figure 7.  Excellent agreement in EIn and size distribution 
profiles between probe-tip and N2-diluted dilution chamber sampling are observed throughout the 
test conditions evaluated.  These results suggest that particle integrity is conserved in the DC and 
that it may be a valid tool for the characterization of mostly non-volatile PM without the 
complications associated with dilution at the probe-tip.  Due to the dry/inert nature of the dilution 
N2, there was negligible nucleation of new particles from sulfur and organic species. Dilution of 
the sample using atmospheric air in the DC is expected to promote the condensation of these 
species and the formation of PM nuclei as has been observed in far field measurements [30,31].   
 



22 
 

  
(a)                                                                                   (b) 

Figure 7.  Average PM measurements in PW-F117 engine at several power settings for probe-tip 
and N2 diluted dilution chamber: (a) Particle number EI, (b) Particle Size Distribution 

 

2.2.3 Dilution Chamber - DC-8 (CFM56-2 Engine) Tests 

A CFM56-2 engine was tested under the NASA AAFEX II [31] program to study engine emissions 
burning several alternative fuels.  Similar to the C-17 tests, PM samples were collected at the 
engine exit plane and diluted at the probe-tip and in the DC.  In addition, samples were obtained 
at approximately 30 meters downstream of the engine exit plane.  For the DC, the PM samples 
were drawn with the ejector using N2 as the motive gas and further diluted with atmospheric air in 
the secondary path.  Particle size distributions and particle numbers (EIn) for engine PM collected 
using the three dilution schemes are shown in Figures 8.  For several power settings, the samples 
diluted in the DC and at 30 m downstream consistently yielded significantly higher particle 
numbers than for probe tip dilution, which are attributed to the condensation of volatile species. 
The difference between tip-diluted (1 m) and downstream (30 m) dilution was more pronounced 
at lower engine power due to the larger concentration of organic species prone to condensation 
which nucleate new particles and/or condensation sites for sulfuric acid aerosols.  Reasonably good 
agreement was observed for the DC and 30 m size distributions; however, the nucleation mode 
observed at 30 m with JP-8 was not fully replicated in the DC.  This may be due to the fact that 
the motive gas in the ejector was nitrogen and not atmospheric air, which may have limited gas-
to-particle transformations.   
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Figure 8. Impacts of PM dilution technique on particle number EI and particle size distribution 
for the CFM56-2 engine during the NASA-led AAFEX II tests 

2.2.4 Vapor Particle Separator (VPS) 

The VPS was evaluated using synthetic particles generated in an aerosol science laboratory at the 
Oak Ridge National Laboratory (ORNL).  These synthetic particles included: 1) a non-volatile 
material - NaCl, 2) a semi-volatile material Dioctyl Phthalate (DOP) (C24H38O4), and 3) an 
aviation emissions community-agreed test material, tetracontane (C40) (C40H82).  After successful 
development of the VPS instrument through SERDP WP 1627, the VPS was further tested with 
aircraft engine exhaust in this demonstration.  Technology development activities are summarized 
in this section, and additional information can be found in the WP1627 project report and several 
journal manuscripts [25,32, 33]. 

2.2.4.1 VPS Validation Experiments in Laboratory Conditions 
The vapor pressure of NaCl at 20°C is almost zero, and 1.82 mmHg at 586.99°C.  It is 
approximately 1x10-2 mmHg at 20°C for DOP, and 1.74x10-7 mmHg at 25°C for 
tetracontane.  The non-volatile materials are commonly considered to have vapor pressure 
equal or less than 10-4 mmHg at the room temperature.  Therefore, NaCl and C40 particles 
are considered non-volatile particles by such a definition, while DOP particles are semi-
volatile. 

Evaluation of the VPS in laboratory conditions was designed to understand: 1) particle 
transmission efficiency at non-heated condition, 2) ability to evacuate desired gas phase 
species, and 3) removal efficiency of particles as a function of temperature including PMP 
VPR temperature setpoint of 350°C.  Since, 1) is the most critical data needed for this 
demonstration project that focuses on the current demonstration, only the transmission 
efficiency results are presented. 

2.2.4.2 Particle Transmission Efficiency 
Transport of particles of size less than 100 nm can be problematic in the measurement of 
aircraft engine emissions [25, 32, 33].  At normal sampling rate, the nm size particles 
undergo losses through the sampling tube attributed to diffusion and thermophoretic 
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mechanisms.  Both mechanisms are a function of temperature, since particle diffusivity, D, 
is a linear function of air temperature, T, and defined in Eq. (1) as follows: 

 
D = Cc [kT/6πµDp] -------------------------------------------------------------------------------- (1) 

 
Where Cc is the Cunningham correction factor, k is the Boltzmann constant, µ is the 
dynamic viscosity and Dp is the particle diameter.  The thermophoretic force is defined in 
Eq. (2) as follows: 

 
F = -pλDp

2ΔT/T ------------------------------------------------------------------------------------ (2) 
 

Where p is the gas pressure, λ is the gas mean free path, Dp is particle diameter, ΔT is the 
temperature gradient, and T is the absolute temperature of the particle.  Both diffusion and 
thermophoretic forces are linear functions of the temperature. Since the particles are 
immersed in a uniform temperature field in the VPS heating region, and the temperature 
gradient between air and particles is minimal, the particles basically experience virtually 
no thermal gradient and the thermophoretic force is negligible in the VPS design. 
 
Experimentally, the particle transmission loss of the VPS at room temperature was 
evaluated by comparing the size distributions of particles obtained at the VPS outlet to 
those from a bypass tube of the same length.  An ideal volatile particle remover would 
exhibit a 100% transmission and no loss of particles.  Test results displayed in Figure 9 
show that the particle transmission efficiency of DOP particles through the VPS is virtually 
identical to that of the bypass tube for room temperature tests (no heating applied).  The 
slight difference could be only found at the 6 nm region where the bypass tube had about 
2% higher count.  This was the smallest size the instrument could measure at that particular 
setting.  This example is obtained using particles made from 0.01%w DOP solution (i.e., 1 
g of DOP material in 99 g of ethyl alcohol) at the room temperature of 21°C.  The loss of 
test particles through the VPS appears to be beyond the detection ability of the SMPS.  
Similar performance was observed when testing with NaCl, C40 and other materials.  
Therefore, it was evident that the VPS did not contribute to any measureable loss of non-
volatile particles due to diffusional mechanisms. 
 
As the heating section temperature is increased, the chance of particle loss of any materials 
increased because particles (even non-volatile) might be vaporized.  The transmission 
efficiency in this case would be lower due to multiple loss mechanisms, not solely due to 
diffusional impaction.  During testing, it became clear that heated section temperature was 
interfering with the intended measurement of particle transmission loss at elevated 
temperatures, and it was decided to abandon studies at the high temperature to assess 
particle transmission efficiency.  
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Figure 9.  Plot of particle size distributions of VPS vs VPS bypass 
 

2.2.4.3 C40 Particle Removal Efficiency 

Tests of the removal efficiency under the laboratory conditions were performed using the 
particles mentioned above.  Figure 10 shows a schematic of particle generating system used 
throughout the laboratory experiments.  The C40 test particles were generated by using the 
evaporation-condensation technique (Figure 11) as the particle source, which replaced the 
TSI Model 3076 nebulizer shown in Figure 10.  To generate the particles, C40 powder was 
placed in a quartz boat inside a furnace (not shown) and the evaporated tetracontane 
molecules were condensed in a stainless steel cylindrical chamber.  The generated particles 
were sampled by the VPS, aerosol monitor, and electrical precipitator for SEM imaging.  
The generated aerosol stream was monitored using a TSI 3068B aerosol electrometer for 
concentration stability.  The particles were charged by a Kr-85 neutralizer before entering 
the electrometer.  The averaging time for each data point generated by the electrometer was 
ten seconds.  MicroRaman spectroscopy of the C40 particles generated was conducted and 
the Raman vibration spectrum confirmed the particles were pure tetracontane.   

The number concentration of the generated C40 particles fluctuated at start up then 
stabilized at approximately 1x105 particles per mL of air.  When the concentration 
stabilized, the VPS experiments were performed.   
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Figure 10.  Schematic of experimental verification of particle setup 

 
Figure 11. PMP VPR Evaporation-Condensation Setup for volatile PM generation 
 

   

The particle number concentration as a function of particle size and temperature for C40 
particles is displayed in Figure 12.  The “source” term refers to the mono-dispersed C40 
particles generated by evaporation-condensation method and then size-selected by DMA1 
in Figure 10.  The geometric standard deviation for the source sample was 1.036, which is 
essentially monodisperse.  Regarding the particle removal measurements, the results show 
that all 89-nm C40 particles were removed at 350°C, which is the design temperature of 
PMP, with an efficiency of greater than 99.99%.  This test demonstrated that the conditions 
in the heated section (temperature and residence time) were sufficient to completely 
volatilize the C40 particles and the membrane section provided selective removal of the 
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vapor-phase components.  A similar experiment with C40 particles smaller than 15-nm did 
not produce statistically significant results due to the relatively low concentration of 
particles produced.  However, the efficient (~99.99%) removal of 15-nm and smaller C40 
particles at 350°C is anticipated based on the observations in Figure 12.  This is an 
indication that C4 0 particles, produced by evaporation-condensation, do not realistically 
mimic the thermographic behavior of engine-generated volatile particles.   

 
Figure 12.  Concentrations of tetracontane particles as a function of temperature and size 

 

2.2.5 Condensation Dilution Probe (CDP) 
The CDP system was developed under a previous Air Force program.  During development it was 
deployed at two venues for field testing. First, it was tested in a lean-direct inject (LDI) combustor 
rig at the CE-5 combustor test cell at NASA Glenn Research Center (GRC) [28]. The exhaust gas 
samples were extracted at high-pressure/temperature conditions with a probe embedded inside the 
flame tube.  The sample went through a 0.5 mm critical orifice to reduce the pressure and through 
a shut-off valve that can be remotely operated. The sample was transferred to the CDP via a 3 m 
long, 12.7 mm o.d. stainless steel tube maintained at 150°C. Downstream of the CDP, a 15 m long, 
12.7 mm o.d. stainless steel tube maintained at room temperature was used to deliver the 
conditioned sample to the instruments.  The second venue was Chicago Midway Airport (MDW), 
where the CDP was tested using in-service, on-wing CFM56-7 aircraft engines as part of a more 
comprehensive measurement activity (MDW-10)[28]. MDW-10 consisted of sampling exhaust 
from four CFM56-7 engines operating near idle conditions. Exhaust gas samples were extracted 
at 1 m from the engine exit using a gas probe, and transported to the CDP via a ~20 m heated 
(150°C) line.  
 
A suite of characterization instruments for particle size, number and chemical speciation 
measurements, where used to support the CDP evaluations during field deployments. To compare 
with conventional probe technologies, a conventional particle probe (tip-dilution) with a 
condensation particle counter (CPC) and an Engine Exhaust Particulate Sizer (EEPS) were used 
during the CE-5 testing.  Figure 13 shows the particle size distribution for both the combustor rig 



28 
 

and MDW-10 tests. For the CE-5 test samples through the CDP system, the particle size 
distribution typically showed two distinct peaks, one around 15 nm and the other near 35 nm, 
whereas the conventional particle probe displayed only one peak around 35 nm.  The 15 nm peak 
was assigned to nucleation mode PM formed by gas-to-particle conversion, and the 35 nm peak to 
soot.  For this measurement, the combustor inlet temperature was 225°C, exit temperature was 
1110°C, and the combustor pressure was 1 MPa.  JP-8 fuel was burned at the overall equivalence 
ratio of 0.42.  The particle size distribution shows the changes in response to sample fraction (f) 
(sample flow divided by total flow) and total flow rate (sample + dilution). The number 
concentration was corrected by the diluted and raw CO2 concentrations to eliminate the first-order 
effect of dilution. The differences in particle number are attributed to microphysics. Flow residence 
time in the CDP and the sample fraction were adjusted by varying the dilution flow rate, so the 
sample fraction and the residence time are not independent. Results indicate that the nucleation 
mode of volatile PM increases in magnitude from having a peak at approximately 10-15 nm to 
peaking in the 15-20 nm range as the sample fraction and/or residence time was increased. The 
soot mode is apparent at low sample fraction and/or residence time, but becomes encompassed 
under the nucleation mode as the nucleation mode grows in size. For the MDW-10 tests, the 
particle size data shows that the nucleation peak magnitude (volatile PM contribution) becomes 
larger as the sample fraction is increased (indicated by the higher CO2 level) while the size does 
not noticeably change.  
 

  
 

Figure 13. Particle size distribution obtained using the CDP during the CE-5 combustor rig and 
MDW-10 tests 

2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY 
 
Although a standard practice for the measurement of total turbine engine PM has not been 
established, based on current understanding it requires sampling the engine exhaust at a sufficient 
distance downstream from the engine to allow the volatile species to cool/dilute in the plume and 
nucleate into particles that can be characterized.  This approach requires additional probes and 
sample lines, and is not practical for characterizing engines in most test facilities, which direct the 
exhaust vertically through high exhaust stacks.  Moreover, this practice is not desired as the 
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measured PM concentrations can fluctuate significantly due to the ambient sampling conditions 
(e.g. temperatures, wind direction, humidity) during the tests.  The approach in this demonstration 
has the advantage of significantly simplifying the total PM sampling by conditioning the sample 
with ambient air in a controlled manner near the engine to obtain a sample similar to one found far 
field (20-30 m) from the engine. The limitations with the dilution devices include: lack of sufficient 
condensation of volatile compounds or condensation of volatiles on the surface of devices.  Control 
of the formation of volatile PM is difficult as it is a strong function of the concentration and 
composition of the volatile species and environmental conditions (e.g., overall dilution, humidity, 
etc…).  The secondary dilution flows were varied to assess their impacts on volatile condensation.  
Real-time particle number and size distribution measurements will be used to determine the degree 
of volatile specie condensation and thus, volatile particle formation.  Condensation and loss of 
particles to the wall are reduced by heating the DC to 75°C with currently installed heat blankets 
and increasing the diluent concentration.  In the demonstration and validation of the condensation 
devices, a potential risk area (or limitation) is the collection of reliable/repeatable PM emissions 
data at the downstream plume sample location since atmospheric conditions greatly influence PM 
characteristics.  Risk was reduced by increasing test times (when possible) to gather statistically 
significant data for proper analysis. 
 
For the non-volatile characterization, the VPS has the advantage over commercial VPR units in its 
simple operation, lower cost and potential to analyze the removed volatile species.  The limitation 
may be in the potential of fouling of the metallic membrane and reduced separation efficiency with 
time.  This will be highly dependent on the dilution ratios used and quality of the engine exhaust 
(i.e., soot output).  Regular cleaning of the membrane will alleviate this problem.  The lifetime of 
a membrane has been proven to be reasonably long (a few thousands of hours) based on previous 
work.   
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3.0  PERFORMANCE OBJECTIVES 
The performance objectives, success criteria (as defined at project start) and brief summary of 
the results for the demonstrations are provided in Table 1 and subsequent text.   

Table 1. Project Performance Objectives 

Performance 
Objective 

Data 
Requirements 

Success Criteria Results 

Demonstrate volatile 
species condensation 
(volatile PM formation) 
in the DC and CDP. 
Significant increase in 
PM compared to probe-
tip dilution.   

Particle size 
distributions for 
samples collected at 
engine exit, 30 m and 
at DC and CDP. 

Clear evidence of 
volatile particle 
formation in DC and 
CDP compared to tip 
dilution.  10X 
increase in 5-20 nm 
particle number. 

• Met 1st criteria. 
Evidence of volatile PM 
formation. 

• Did not meet 2nd 
criteria. Only 2-5X 
increase in 5-20 nm size 
particles. 

Demonstrate similar PM 
chemical characteristics 
for samples collected at 
the DC, CDP and 30 m 
locations. 

Particle chemistry 
and gaseous organics 
using AMS and PTR-
MS.  

Composition of PM 
from DC or CDP and 
plume sample within 
±25% in absolute or 
normalized terms. 

Criteria met. Same % 
organics in plume and 
condensation devices. 

Demonstrate that 
ambient air diluted 
samples in the DC and 
CDP produce similar 
total PM characteristics 
as at the 30 m sampling 
location 

Particle size 
distributions, total 
mass and total 
particle 
concentrations 

±40% of the particle 
number 
 
 ±30% mass  
 
±25% of mean 
diameter 

Criteria only met for some 
conditions. Not consistent. 

Demonstrate that N2 
diluted samples in the 
DC and CDP produce 
similar non-volatile PM 
characteristics as non-
volatile sample  

Particle size 
distributions and 
total particle 
concentrations 

±25% of the particle 
number  
 
±15% of mean 
diameter 

Limited evaluations 
performed.  Criteria met 
for some conditions. 

Demonstrate efficient 
performance of the VPS 
to remove tetracontane 
particles 

Particle size 
distributions and 
total particle 
concentrations 

> 99 % vaporization 
of 15 nm 
tetracontane 
particles, with an 
inlet concentration of 
>10,000 cm-3.   

Criteria met. 

Demonstrate efficient 
performance of the VPS 
to remove volatile 
species from engine PM 

Particle size 
distributions and 
total particle 
concentrations 

Qualitative data. 
Significant reduction 
in 15nm and smaller 
particles and increase 
on mean particle size  

Criteria met.  Removed 
both volatile and non-
volatile engine PM. 
Recommend further 
evaluations at lower 
temperatures. 

 
• The PM sample conditioned using the DC and CDP shall clearly show formation of nuclei size 

(7 – 23 nm) particles compared to particles collected at the engine exit plane.  At least an order 
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of magnitude (10X) increased concentration in nuclei size particles is typical in plume 
measurements relative to exit plane tip-diluted samples, and this is therefore used as criteria in 
this demonstration.   

• The chemical composition and/or concentration of organics in the PM samples collected in the 
plume and the condensation devices were determined using Aerosol Mass Spectrometry 
(AMS) and Proton Transfer Reaction-Mass Spectrometry (PTR-MS).  A valid characteristic 
measured using these techniques of the PM collected at plume and CDP or DC shall be between 
25%. 

• Particle size, total PM mass and number measured in the plume and condensation devices shall 
be compared to assess the performance of the devices.  Data agreement between plume and 
condensation devices shall be equal or lower to those presented in Table 1 to be considered 
successful. 

• Previous tests show very good agreement between the particle number of the DC diluted with 
nitrogen and a probe-tip diluted sample (see Figure 7).  Therefore, the DC diluted with nitrogen 
may be used to characterize turbine engine non-volatile PM. Particle size distributions, mean 
particle diameter and particle numbers for nitrogen-diluted DC and the non-volatile PM 
techniques shall be compared to assess validity of using the DC diluted with nitrogen for non-
volatile PM characterization. 

• VPS performance is validated by measuring concentration of tetracontane (C40) particles with 
and without VPS to verify 99% vaporization of 15 nm size particles.  Similar to criteria used 
to evaluate performance of volatile particle removers (VPR) used in diesel engine non-volatile 
PM emissions measurements.  

• VPS performance will also be assessed using PM from turbine engine exhaust.  Comparison 
of nuclei-size PM concentration and mean particle mean diameter with and without the VPS 
will be completed.  Significant reductions in nuclei-size particles (which results in increase 
mean particle size) are used as success criteria. 
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4.0  SITES/PLATFORM DESCRIPTION 

4.1 TEST PLATFORMS/FACILITIES  

Two turbine engines representing newer and legacy technologies were used in this demonstration 
program. Reasons for selecting these platforms include: 
 

• They provide a wide range of PM concentrations, mass and size distributions for 
demonstration of the devices near the high and low extremes of turbine engine PM. 

• The platforms represent two different engine types, i.e. turbofan and turboshaft, to 
demonstrate the devices at vastly different exhaust velocities and temperatures. 

• The F117-PW-100 turbofan engine (referred hereafter as PW-F117) is a military variant of 
a commonly used commercial turbine engine. 

• Demonstration in our in-house T63 engine provides unmatched scheduling and testing 
flexibility and allows testing with alternative fuels to deliberately influence PM exhaust. 

• Demonstrations at WPAFB, Ohio reduce travel and overall costs for all teams, and are 
logistically more supportable than at any other location. 

4.1.1  T63 Turboshaft Engine at Wright-Patterson AFB (WPAFB), OH 
Tests on a T63 turboshaft helicopter engine (Figure 14) were conducted to increase understanding 
into the formation, composition and measurement of volatile species/PM and to characterize and 
demonstrate the performance of the condensation devices and VPS in a controlled environment.  
This engine provided the opportunity to vary fuel chemical composition (e.g., sulfur and aromatic 
content) to influence the concentration of volatile PM precursors.  The engine is located in the 
Engine Environment Research Facility (EERF) in the Propulsion Directorate at WPAFB.  

 
Figure 14. Demonstration platform: Allison T63 turboshaft engine at WPAFB, OH  
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4.1.2 PW-F117 Turbofan Engine at Wright-Patterson AFB (WPAFB), OH  

The second demonstration was on a C-17 aircraft engine.  The PW-F117 engine is the military 
variant of the Pratt & Whitney PW2000 commercial engine, which powers the Boeing 757-200 
aircraft.  The test site was at the 445th Air Lift Wing at WPAFB.   

 
Figure 15. Demonstration platform: C-17 PW- F117 engines at WPAFB, OH 

4.2 PRESENT OPERATIONS 

Currently, PM emissions from aircraft turbine engines are evaluated by the engine manufacturer 
by measuring smoke number (SAE ARP 1179) during the engine certification process.  Due to the 
cleaner burning engines and lack of compliance-type quantitative information, the smoke number 
is inadequate for measuring PM2.5 emissions from new turbine engines.  Therefore, more 
advanced techniques are needed to assess the aircraft PM environmental burden. 

4.3 SITE-RELATED PERMITS AND REGULATIONS 

The demonstration team consulted with safety and environmental officials to comply with all EPA 
and/or base required site-related permits and regulations during the demonstration activities.  
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5.0 TEST DESIGN 
Test engines were operated at several power settings to demonstrate operation of the dilution 
devices and VPS under a wide range PM levels.  The engines were sampled at steady state, and 
tested sufficiently long to ensure statistical significance of the data.  Samples were extracted with 
multiple probes at the engine exit plane (<1 m) and far field (20m - plume).  Raw samples in the 
DC and CDP were diluted to dilution ratios measured at the plume. Comparison of PM 
characteristics (number and size) of sample diluted at probe tip (or using an ejector diluter and 
secondary dilution), and the sample from the DC, CDP were conducted. The test plans for the T63 
and PW-F117 engine demonstrations are provided in Table 2. 
 
Table 2. Test matrix for the demonstrations on T63 and PW-F117 engines 

Engine Engine Condition Fuel Sampling Device or 
Location 

Dilution Ratio at 
Devices 

T63 • Idle 
• Cruise 

• JP-8 
• JP-8+aromatics 

(25% total) 
• JP-8+Sulfur (3000 

ppm total) 

• Probe tip-diluted 
(engine exit) 

•  DC (engine exit) 
• CDP(engine exit) 
• Plume 

• Same as Plume 
• 2X Plume 

     
PW-F117 • Idle 

• 20% rated 
thrust 

• 33% rated 
thrust 

F-24 (Jet A + military 
additives) 

• Ejector-diluted 
(engine exit) 

• DC (engine exit) 
• CDP (engine exit) 
• Plume 

Same as Plume 
 

 
The suite of PM and gaseous emissions instrumentation for these evaluations is shown in Table 3, 
and a description of several follows in sections 5.01 – 5.04.  PM was sampled and characterized at 
both the engine exit plane (non-volatile) and far field and at the exit of the VPS and condensation 
devices.  A primary goal of this effort is to improve the understanding of processes which affect 
volatile PM formation and develop viable techniques for measurement of total and volatile PM 
emissions from turbine engine aircraft. 
 
The AFRL/UDRI team performed PM and gaseous emissions measurements at the engine exit 
plane, plume and condensation devices. Ambient air dry bulb temperature, relative humidity and 
wind speed were recorded to monitor potential impacts of the environmental conditions on particle 
characteristics.   
 
ORNL performed non-volatile PM measurements using a modified-PMP volatile particle remover 
(VPR) system to compare to and assess the VPS performance.  The PMP system consists of a two-
stage micro-dilution system designed to vaporize the liquid-phase particles leaving only the solids 
(non-volatile) to be analyzed by the instruments.  The first-stage and second stage dilution ratios 
are nominally 5:1 and 6:1 respectively, producing an overall dilution ratio of approximately 30:1.  
The ORNL system is similar to the commercial PMP system; however, it uses a lower dilution 
ratio to provide a greater number of particles for statistically significant SMPS number-size 
distributions. ORNL modified the commercial PMP sampling system to allow quantitation of 
particles as small as 10 nm (versus 23 nm for the diesel system), which required a CPC with a 
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smaller diameter cutoff point.  ORNL compared data from the modified-PMP system to those of 
the VPS.  In addition, ORNL assessed the VPS efficiency in removing volatile particles by using 
a modified PMP validation approach.  The modified PMP approach consisted of supplying the 
VPS with tetracontane aerosols, and counting particles at the inlet and exit of the VPS.  Per the 
diesel PMP, the VPR validation requires >99% tetracontane particles smaller than 30 nm to be 
vaporized (3). Since turbine engine PM are smaller than diesel PM, the VPS will be validated to 
>99% elimination of particles smaller than 15 nm. 

 
Table 3. Instrumentation, Measurements and Sampling Locations 

Instrument or 
Method 

Measurement Sampling Location Demo 1 
T63 Engine 

Demo 2 
PW-F117 Engine 

Condensation Particle 
Counter (Several 
models) 

Particle Number 1 m (probe tip or two-
stage dilution), DC, 
CDP, VPS, VPR, 
plume 

x x 

Scanning Mobility 
Particle Sizer  (TSI 
3936) 

Particle Size 
Distribution (D=4.0 
- 570 nm) 

1 m (probe tip or two-
stage dilution), DC, 
CDP, VPS, VPR, 
plume 

x x 

Multi-Angle Absorption 
Photometer (Thermo 
5012) (T63 only) 

Black Carbon Mass DC, CDP, plume  
x - 

Laser Induced 
Incandescence  

Black Carbon Mass DC CDP, plume 
- x 

Aerosol Mass 
Spectrometer  

PM chemical 
speciation 
(organics, sulfate, 
nitrates) 

DC, CDP, plume  

x x 

Proton-Transfer 
Reaction Mass 
Spectrometer  

Volatile organic 
species 

DC, CDP, plume 
- x 

FTIR Analyzer (MKS 
2030) 

CO2, CO, NOx, 
SOx 

1 m (Raw Sample), 
DC, CDP, plume x x 

NDIR Analyzer (CA 
602P) 

Diluted Sample 
CO2 

1 m (probe tip or two-
stage dilution), DC, 
CDP, VPS, VPR, 
plume 

x x 

Sunset Model 3 Semi-
continuous ECOC 
Carbon Analyzer  

Elemental & 
Organic Carbon 

DC,CDP, plume  
x - 

Gravimetric Analysis Time-Integrated 
Total PM 

DC, CDP, plume x - 
Ion Chromatography Time-Integrated 

SO4 
DC, CDP, plume 

x - 
Pulsed Fluorescence 
Analysis 

SO2 DC, CDP, plume x x 
Micro-soot Sensor 
(AVL Model 488)  

Black Carbon DC, CDP, plume - x 
Engine Exhaust Particle 
Sizer (EEPS TSI 3090)  

Particle Size 
Distribution 

DC, CDP, plume - x 
FID Analyzer (CA 600) Total Hydrocarbons DC, CDP, plume  x x 
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The U.S. EPA National Risk Management Research Laboratory (NRMRL) team performed 
characterization measurements of the volatile and non-volatile PM as well as the gas-phase 
precursors in the condensation devices for comparison to those observed at the plume sampling 
location.  The instruments/techniques used quantified: total PM mass; non-volatile soot; volatile 
organic PM; and volatile sulfur PM contained in the engine exhaust aerosol as well as gas-phase 
SO2 and total hydrocarbons (THC).  
 
Aerodyne Research, Inc. (ARI), in collaboration with Montana State University (MSU), 
performed measurements of particulates and gaseous species for the plume and diluted samples 
from the condensation devices.  Chemical composition of volatile PM and gaseous organic 
species were measured using mass spectroscopic techniques.  Total particle number and light 
extinction were measured with optical techniques. 
  

5.0.1 AFRL/UDRI PM and Gaseous Emissions Characterization 

The AFRL/UDRI team used several commercially available instruments to characterize PM and 
gaseous emissions from the condensation devices, plume and engine exit probe.  TSI Model 3936 
Scanning Mobility Particle Sizer (SMPS) with a nano-differential mobility analyzer (nDMA) and 
a TSI Model 3776 Condensation Particle Counter (CPC) were used to obtain the particle size 
distribution from 5-150 nm.  A TSI Model 3775 and TSI Model 3020A CPC were used to measure 
particle number (particles per unit volume) for the condensation devices/plume and engine exit 
samples respectively. The emission indices (unit per kg-fuel) were calculated based on the 
measured PM, the engine fuel-to-air ratio (f/a) and the sample pressure and temperature at the 
instrument. The engine f/a ratios were calculated based primarily on the exhaust CO2 and fuel 
properties.  Major and minor gaseous species were quantified using an MKS Multi Gas 2030 
Fourier Transform Infrared (FTIR) based analyzer.  Gaseous emissions were sampled with 
undiluted probes and transported through heated lines kept at 150°C which is within the range of 
the SAE ARP 1256 [34]. A non-disperse infrared analyzer (NDIR) measured the CO2 for the 
samples from the particle instruments to correct for dilution.   

5.0.2 EPA Elemental and Black Carbon Total Mass Measurement 

EPA collected PM samples from diluted engine exhaust from the DC, CDP or plume for elemental 
and organic carbon (EC/OC) and sulfur product analysis. The EPA mobile laboratory consisted of 
two different instrument configurations depending on the demonstration and its requirements.  The 
two configurations are illustrated in Figure 16.   
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        (a)                                                     (b) 

Figure 16. EPA instrumentation and equipment setup for demonstrations on (a) T63 and (b) C-17 
engine  

As shown, for the T63 demonstration separate samples were provided to a modified (added sample 
and bypass valves) MAAP (SuperMAAP), filter samplers and ECOC analyzer, and gas analysis 
system (i.e., Continuous Emission Monitor [CEM] bench).  For the gas phase measurements, 
switching between the various sampling points was accomplished by the use of hand valves.   
 
Filter sampling for the T63 engine demonstration was conducted using either of two multi-filter 
samplers shown schematically in Figure 17.  The sample entered the system through a stainless 
steel line connected to the 4-way sample splitter shown in Figure 16.  Upon entering the unit, the 
sample could either be by-passed or sent through a 47-mm Teflon filter installed in a stainless steel 
filter holder.  Control of the sample flow was achieved by means of a series of automated valves 
controlled by a computer running the DASYLAB software package.  The flow through the filters 
was measured by a calibrated mass flow meter with the output signal logged by the DASYLAB 
software.  Sampling system leak tests were performed prior to transporting the sampling system to 
the test site to assure that the system was leak free.  Background filter samples were collected 
during periods when the engine was not running.  Note that for the C-17 demonstration, filter 
sampling was attempted but abandoned due to very low concentration of sulfur in the fuel (20 
ppm) and limited engine run time to collect sufficient sample mass for analysis.   
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Figure 17.  Diagram of multi-filter sampler connected to 4-way splitter in Figure 16 

Time-integrated sampling was conducted during T63 engine testing using pre-weighed Teflon 
filters and subsequently analyzed by EPA for total mass and PM sulfate content.  All sampling 
media was prepared in the EPA’s Fine Particle Characterization Laboratory (FPCL) before leaving 
for the field.  Prior to and after sampling, the Teflon filters were stored inside plastic petri dishes 
inside a -50 °C freezer.  During transport and in the field laboratory, all sampling media were 
stored in a small freezer operated at a nominal temperature of -15 °C.  This portable freezer was 
also used as the primary shipping container for the sampling media to and from the sampling site 
(the unit was operated on auxiliary DC power supplied by the truck engine).  Sample collection 
was performed using the DASYLAB software package described previously.  The necessary valve 
sequence and delays are programmed into the software thus freeing up the operator to focus on the 
start and stop time at each experimental condition.  In addition, the time at which the sample stream 
or bypass flow was activated was also logged by the computer for later analysis.  Proper operation 
of the software was verified before deploying to the field.   
 
After the demonstration, all sampling media were stored at -50 °C in the FPCL until analysis.  Note 
that samples maintained at this temperature in sealed containers may be safely stored for long 
periods of time prior to analysis without degradation.  Substrates were weighed before and after 
the field sampling campaign to determine the total mass of PM collected.  Teflon filter samples 
were weighed using an ATI Cahn C-44 microbalance located in a climate-controlled clean room.  
The method requires that the filter samples be conditioned before weighing by exposure for a 
minimum of 24 hours to air maintained at 20-23 °C and a relative humidity of 30-40%. 
 
After gravimetric analysis, Teflon filters were extracted for inorganic ion analysis by placing each 
filter in a 11-mL vial with 10 mL of deionized water.  The sample was sonicated for 30 minutes 
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and then analyzed by Ion Chromatography (IC) within one week of extraction using a Thermo 
Scientific ICS-2100 Ion Chromatograph with a sample loop of 25 µL.  An external calibration 
curve was developed using quantitation standards as described in the applicable MOP for this type 
of analysis.  
 
Black carbon (BC) mass emissions were measured from the T63 engine plume using a modified 
Thermo Scientific Model 5012 Multi Angle Absorption Photometer (MAAP).  The off-the-shelf 
instrument, designed to measure BC mass concentrations from ambient air, was modified by EPA 
to allow its use for source measurements through the addition of externally mounted hardware and 
custom Labview software.    
 
Elemental carbon (EC) mass concentration data were obtained for the T63 engine using a Sunset 
Semi-Continuous ECOC Analyzer as specified by the NIOSH Method 5040.  BC mass 
concentrations for the PW-F117 engine were measured using an AVL Model 483 Microsoot 
Sensor.  A TSI Engine Exhaust Particle Sizer was used to measure particle size distributions in all 
the emissions samples for the PW-F117 engine.  
 
All instruments were operated using their respective Standard Operating Procedure (SOP) or 
Miscellaneous Operating Procedure (MOP) with the data logged using a multi-computer network.  
The output from each analyzer was time synchronized each morning using a clock card installed 
in the master computer which is set daily using a portable atomic clock.   
 

5.0.3 ARI Compact Time-of-Flight Aerosol Mass Spectrometer (C-ToF-AMS) 

A compact time-of-flight aerosol mass spectrometer (C-ToF-AMS) instrument was used by ARI 
to characterize semi-volatile PM emissions.  Figure 18 shows a schematic of the AMS instrument. 
The diluted engine exhaust sample is drawn into the instrument at a flow rate of ~1.4 cm3/s through 
a 100 µm diameter critical orifice, and then into an aerodynamic lens based on the design of Liu 
et al. [35] and Zhang et al. [36, 37]. The lens focuses the particles into a narrow beam, which then 
enters into a vacuum chamber while most of the gas is pumped away. Fluid dynamics simulations 
of the lens system as well as laboratory experiments have shown 100% transmission efficiency of 
spherical particles in the range of 60–600 nm at sea level sampling pressure [38]. Upon gas 
expansion into the vacuum chamber, the particles acquire a size-dependent terminal velocity. The 
particle beam is modulated by a chopper wheel that rotates at a frequency of 128 Hz. The duty 
cycle of the chopper (percentage during which the chopper is open to allow for actual sampling) 
is approximately 50% due to the application of an efficient multiple chopper apparatus. Particle 
aerodynamic size can be determined from the measured particle time of flight after calibration with 
particles of known sizes, densities, and shapes, such as Polystyrene Latex (PSL) spheres (Duke 
Scientific, Palo Alto, California). After a flight distance of 39.5 cm, the particle beam reaches a 
heated, roughened molybdenum surface under high vacuum (∼10-4 Pa). Then non-refractory 
species in/on the particles such as nitrates, sulfates and organics are vaporized at about 600°C. 
Highly volatile species in/on the particles like water may be lost during the particle time of flight. 
The vaporized species are then ionized into molecular fragments by the impact of energetic 
electrons (70 eV) emitted from a pair of heated tungsten wires. The ion fragments formed are 
analyzed by a time-of-flight mass spectrometer (Tofwerk, Thun, Switzerland). The detection range 
of C-ToF-AMS for ion fragments is 14-400 in m/z and its resolution power is about 500. For this 
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resolution the ion fragments of hydrocarbons and oxygenated hydrocarbons with the same unit 
mass like C4H9

+ and C3H5O+ cannot be distinguished by this instrument. 
 

 
Figure 18. Schematic of the C-ToF-AMS instrument 

Particle size distribution in vacuum aerodynamic diameter (Dva) is also determined by the C-ToF-
AMS via measurements on particle time-of-flight, in which the starting time is provided by the 
opening time of a rotating beam chopper and the arrival time by the chemical detection. A 
calibration function between particle time-of-flight and particle size of ammonium nitrate was 
performed and used to calculate particle size for the measurements. The C-ToF-AMS therefore 
offers the detailed information upon both particle size distributions in mass and semi-volatile 
chemical compositions of PM emissions by monitoring size-dependent characteristic mass 
spectrum of non-refractory PM.  

5.0.2 ARI Engine Soot Compliance Monitor (ESCOM)  
ARI deployed a newly developed instrument specifically for aviation PM measurement called the 
Engine Soot Compliance Monitor (ESCOM). The ESCOM instrument consists of three 
commercially available devices: a LiCor 802A CO2/H2O NDIR-based gas analyzer, a Mixing 
Condensation Particle Counter (MCPC) and a Cavity Attenuated Phase Shift (CAPS) PM 
extinction monitor (CAPS PMex) for the determination of emission indices of soot particles in 
number and mass.  During the ESCOM operation, the CO2 concentration in the diluted exhaust 
sample was monitored by the LiCor 802A CO2/H2O gas analyzer (LI-COR Environmental); 
particle concentration was measured with the Mixing Condensation Particle Counter (MCPC, 
Model 1720, Brechtel); and black carbon soot mass was monitored by the  CAPS PMex instrument, 
which is patented and manufactured by ARI. Since the upper measurement limit of the MCPC is 
only 100,000 particles/cc, which is more than one order of magnitude lower than the normally 
particle concentration from aircraft engine exhausts, a capillary diluter with a dilution ratio of 38:1 
was used to reduce the sample concentration into the dynamic range of the MCPC device. The 
total flow rate of the ESCOM instrument is 2.8 liter per minute (lpm) and all the three devices 
were set at a data acquisition rate of once per second.  The CAPS PMex device is based on cavity 
attenuated phase shift technique and is capable of determining particle light extinction, which is 
mostly due to absorption for aviation soot. The CAPS technique [39-40], similar in nature to cavity 
ring-down spectroscopy, relies on the use of a sample cell employing high reflectivity mirrors 
(R>99.99%). A schematic of the CAPS PMex monitor is shown in Figure 19. Square-wave 
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modulated red light (~635 nm) from a high-power light emitting diode (LED) is directed through 
one mirror and into the sample cell. The distortion in the square wave caused by the effective 
optical path length within the cavity (~ 1 km) is measured as a phase shift in the signal by a 
photodiode located behind the second mirror.  The presence of particles in the cell causes a change 
in the phase shift (ϑ−ϑ0) which is related to the total extinction (the sum of scattering and 
absorption), εpart by the following relationship: 

   

 

cotϑ − cotϑ0 =
c

2πf
ε part                    (1) 

 

 
Figure 19. Schematic of CAPS PMex for measurement of black carbon soot mass 

where ϑ0 is the phase shift measured in the absence of particles, c is the speed of light and f isthe 
modulation frequency.  The CAPS PMex extinction monitor has a detection level of 1 Mm-1 with 
a time response of 10 seconds using a flow of only 0.85 liter per minute (lpm). Complete details 
of this extinction monitor and its performance are presented elsewhere [41,42]. Detection limit of 
the CAPS PMex device is 0.3 μgm-3 (2σ) in 1s data acquisition. 

5.0.3 ARI Sulfate PM Measurement 
Sponsored by a NASA SBIR program, ARI developed a new type of particle characterization 
instrument to quantify the mass emissions of sulfate PM, based on SO2 detection using ARI’s 
“Quantum Cascade Laser (QCL) Tunable Infrared Laser Direct Absorption Spectrometer 
(TILDAS)” technology.  In this instrument, the sulfate particle-laden sample goes through an acid 
gas denuder where gas-phase SO2 is removed, and then the sample is passed through a high-
temperature (950oC) oven where the particle sulfates are reduced to gas-phase SO2.  The SO2 
concentration liberated from the PM sulfates is detected with the QCL-TILDAS instrument. Figure 
20 shows the schematic (a) and a photograph (b) of the sulfate conversion module (without QCL). 
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(a)                                                               (b) 

Figure 20.  Schematic (a) and picture (b) of the sulfate conversion module to measure PM 
sulfates  

5.0.4 MSU Measurement of Selected Gas Phase Organics via PTR-MS (C-17 only) 
A proton transfer reaction mass spectrometer (PTR-MS) was deployed by Montana State 
University (MSU) for the measurement of selected gas phase organics from the PW-F117 engine. 
The PTR-MS is a chemical ionization mass spectrometry technique based on H3O+, which is 
capable of measuring compounds having a proton affinity greater than that of water [43,44]. The 
permanent components of air (N2, O2, Ar, CO2 etc.) and the alkanes all have proton affinities less 
than water [45] and are not detected.  Most non-alkane organic components except ethylene and 
acetylene have proton affinities greater than water and will react with H3O+ via a proton transfer 
reaction.  A schematic of the PTR-MS is provided in Figure 21.  H3O+ reagent ions are produced 
in an external hollow cathode ion source by ionization of water vapor.  The H3O+ reagent ions and 
a small amount of O2

+ and NO+ (impurity ions produced from the back diffusion of air into the 
hollow cathode) are electrostatically injected into the drift tube reaction region where they interact 
with the ambient sample.  These reagent ions are pulled through the ambient sample at reduced 
pressure (~ 2 mbar) under the influence of an applied electric field where they will transfer a proton 
to any component having a proton affinity greater than that of water.  A fraction of the reagent 
ions and product ions formed are sampled through a small aperture at the end of drift tube and 
mass analyzed using a quadrupole mass spectrometer operated in the ion counting mode. 
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Figure 21.  Schematic of the proton transfer reaction mass spectrometer (PTR-MS) 

Proton transfer is considered to be a soft ionization method which in many cases produces only 
the protonated molecule (MH+) and is detected at 1 atomic mass unit (amu) higher than its 
molecular weight.  Some molecules fragment upon ionization.  Ions possessing oxygen can form 
hydrates.  These fragmentation and hydration reactions can complicate the interpretation of the 
PTR-MS mass spectrum.  Even in the absence of these complicating reactions, interpretation of 
the PTR-MS mass spectrum requires a detailed knowledge of the composition of the sample being 
interrogated, because ion mass is not necessarily a unique indicator of compound identity.  This 
instrument has been employed in numerous aviation engine exhaust studies and a detailed 
description can be found in Knighton et al [46].  
 
The PTR-MS sampled through a short section (< 1m) of standard 3.175 mm OD Teflon line.  The 
flow rate through this tube was approximately 200 sccm and was controlled via pressure controller 
and a fine metering valve.  The flow path into the instrument was controlled by a series of 3-way 
valves.  In the ‘background mode’ the gas flow was directed into heated platinum catalyst tube to 
remove any VOCs without affecting the sample humidity prior to its introduction into the 
instrument.  In the ‘measurement mode’ the sample flowed through the valves and then to sample 
inlet of the instrument.  Sample concentrations are derived from the difference in the response 
between the measurement and background responses.  Because the background response is 
expected to only drift slightly between background measurements, the background signal is 
linearly interpolated between the measurements.   

5.0.5 Calculation of Pollutant Emission Indices 
Fuel-specific emission indices (EIs) were calculated using the measured PM and gaseous 
emissions concentrations.  For PM, the mass emission index, expressed in pollutant mass per kg 
of fuel burned, EIm (g/kg-fuel), was calculated based on the SAE AIR 6241 guidelines using the 
following equation: 
 

EIm (g/kg-fuel) = (PMmass_STP * DF * 106 * 22.4)/(CO2_raw * [Mc + αMh])  
 
where:  PMmass_STP = total PM and sulfate mass concentration (g/m3) 
  DF  = dilution factor  (= dilution ratio + 1) (dimensionless) 
  CO2_raw = CO2 concentration at engine exit (ppmv) 
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  Mc  = atomic weight of carbon = 12.011 
  α  = H/C (hydrogen-to-carbon) ratio in the fuel (dimensionless) 
  Mh  = atomic weight of hydrogen = 1.008 
  STP  = standard temperature and pressure (0 °C and 1013.25 mBar) 
 
To calculate the dilution factor (DF) in the condensation devices or plume, the following 
expressions were used: 
 

DF = ([CO2_raw – CO2_dil]/[ CO2_dil – CO2_amb] + 1) for 100% ambient air dilution     
 

DF = (CO2_raw/CO2_dil) for dilution with 100% N2                               
 
where:  CO2_dil  = CO2 concentration measured after dilution (ppmv) 
  CO2_amb = ambient background CO2 concentration (ppmv) 
 
Note that these EIs for PM were not corrected for sampling system losses and as such, should not 
be used to estimate the PM emissions factors for these engines.   
 
For the demonstration on the C-17, the sample in the DC used N2 as the motive gas and ambient 
air for secondary dilution, which complicates the calculation of the DF by gas measurement. For 
the DF calculation, it is necessary to know the sample flow gas flow rate.  For that case, the 
sample flow rate was estimated based on correlations with the motive flow rate and ejector 
sample and motive inlet pressures developed in the laboratory and validated in-field prior to the 
test measurements.  

 
Similar EI calculations were performed for the other pollutants by substituting the average mass 
concentration from the instrument into the EIm equation.  For calculation of the particle number 
EI (EIn), the constant in the numerator was 1012 instead of 106 and the number concentration 
(PMnum_STP) expressed in particles/cm3 was substituted for PMmass_STP. 
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 T63 Engine Demonstration Setup 
The emissions sampling system for the T63 engine demonstration is shown in Figure 22.  Three 
sampling probes (two raw sample probes and one diluted at probe tip) were installed at the exit of 
the engine exhaust extension pipe to collect samples for distribution to several systems or 
instruments.  Both raw sample lines were heated to 150°C consistent with the SAE ARP1256 
guidelines for gaseous emissions [34].  Raw sample was provided to a carbon sampler to collect 
samples for organic and elemental carbon analysis or to a MAAP for black carbon mass 
concentration measurement.  A second raw line provided sample for gaseous emissions 
measurements and to the DC or CDP.  The line lengths between instruments and sample location 
for the devices and plume were similar to ensure equivalent particle losses for valid comparisons 
of PM emissions. The plume was sampled with a 3.8 cm diameter probe port installed at the same 
height and at 4 m from the engine exhaust tube.   Pictures of the sampling system and mobile 
laboratories outside of the T63 engine test cell are shown in Figure 23 and 24. 
 
All research groups were provided diluted samples from either from the DC, CDP, or the plume 
probe.  AFRL also analyzed the tip-diluted sample representing the “non-volatile” PM emissions.  
Instrumentation employed by each group was provided in Table 3 and shown in Figure 22.    
  
 

 
 
Figure 22. Sampling system diagram for T63 emissions demonstration 
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Figure 23. Sampling system and emissions laboratories setup at T63 emissions demonstration 

 

         
Figure 24. T63 engine with extension pipe to direct exhaust outside of the test cell for exhaust 
sampling with tip-diluted and gas probes at pipe exit and large gas probe at plume 
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5.2 C-17 (PW-F117 Engine) Demonstration Setup 
A schematic of the emissions sampling system used in the C-17 aircraft engine demonstration is 
shown in Figure 25.  The system consisted of four ganged gas probes which collected engine 
exhaust raw sample for distribution to the condensation devices, VPS and instruments.  The raw 
sample was transferred to a heated box (shaded blue) where it was split to provide sample to the 
condensation devices, the gas analyzer and to ORNL for the VPS evaluation.  A portion of the raw 
sample was diluted with heated nitrogen in a Dekati ejector-diluter and transferred through 
unheated electrically conductive tubes (both stainless steel and carbon-loaded, electrically 
grounded PTFE) to a second stage nitrogen dilution before entering the instruments.  A catalytic 
stripper was available to remove volatile species downstream of the secondary dilution; however, 
it was not used due to complexities with the device and lack of sufficient test time to properly 
address.  Although there may be some volatile PM formed in the lines, these were considered 
minimal compared to those formed in the plume and condensation devices.  This two-stage 
nitrogen-diluted sample was used to represent the non-volatile PM to compare to the total PM from 
the plume and condensation devices.  The remaining raw sample was distributed to the VPS and 
to the condensation devices.  Two plume probes, installed at 10 and 20 m from the engine exit 
plane, where used to sample the plume at the two locations.  Plume samples were transferred to 
the instruments via 5.1 cm stainless steel tubing and drawn into the sampling system with a blower 
installed inside a 15.2 cm diameter, 310 cm long mixing tunnel. Initial tests showed that only 
engine fan (bypass) air was sampled through the 10 m probe due to its relatively close proximity 
to the engine, thus, only the 20 m probe was used for plume measurements. Samples from the DC, 
CDP and plume were evaluated individually and isolated from the instruments using remotely 
actuated ball valves. Figures 26 - 28 depict the emissions system and mobile laboratories for the 
C-17 demonstration.  Figure 26 (right panel) shows the water-cooled probe rake with multiple 
probes (only four used in this demonstration).  The sampling probes consisted of 1.52 mm diameter 
ports and were separated 3.18 mm center-to-center in the rake.  The probes were installed ~42 cm 
from the engine exit plane, with the top probe was positioned at the center of the engine.  The rake 
was mounted on a heavy duty steel structure restrained with three tanks of water (~3400 kg total 
weight) to prevent movement during engine operation. The plume probes had 19.0 mm diameter 
ports and where placed at approximately 3 m height from the ground (engine center was at 5 m) 
to collect well-mixed engine core/fan diluted samples. 
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Figure 25. Schematic of sampling system for measurement of non-volatile and total PM emissions used during demonstration on C-17  
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Figure 26.  Emissions sampling probes at engine exit, 10m and 20 m, and probe rake for engine exit plane emission sampling 

     
Figure 27.  Dilution chamber (DC) and Condensation Dilution Probe (CDP) installed near engine during C-17 demonstration 
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Figure 28.  Emissions mobile laboratories and plume probe setup at C-17 aircraft engine emissions demonstration 

  



51 
 

6.0 PERFORMANCE ASSESSMENT 
Particle number, size distribution, mass, and chemical composition were measured for samples 
extracted at the engine exit plane, at the exit of the dilution devices and at the far field location.  
General metrics or indicators of effective performance of the dilution devices and the VPS are 
listed in Table 4.   
 

Table 4. Systems Performance Criteria 

Demonstration Device Measurement Metric (compared to designated 
non-volatile PM) 

Vapor Particle Separator 
(VPS) 

• Non-volatile Particle 
Number (PN) 

• PN (±15%) 

• Non-volatile Particle 
Size 

• Similar size (±15% of mean diam.) 

• PM chemical 
composition  

• EC/OC NIOSH 5040 

• OC reduction (>70%) 
 

• Modified PMP 
validation 

• Evaporation of >99% tetracontane 
15 nm particles 

Dilution Chamber (DC) and 
Condensation Dilution Probe 
(CDP) Total PM 

• Particle Number • Increased PN (10X) 

• Particle Size 
Distribution 

• Evidence of nuclei PM formation 
(10X in 5-20 nm range) 

• Particle Mass • Increased mass (>30% depends on 
fuel composition and volatile PM) 

• Non-volatile 
chemical composition 

• Increased organics in non-volatile 
fraction (>30% depends on fuel 
composition and volatile PM) 

• EC/OC NIOSH 5040 • Increased organic fraction(>30% 
depends on fuel composition and 
volatile PM) 

Dilution Chamber 
(DC)  Non-volatile PM 

• Particle Number 
• Particle Size 
• Particle Mass 

• Similar PN (±25%) 
• Similar size (±15% of mean diam.)  
• Similar Particle Mass (±25%) 

 
Specific details for each demonstration and data collected by the individual teams are discussed 
in the following subsections.  Performance assessments of the condensation devices and VPS 
relative to the success criteria described in Table 1 are discussed. 
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  Demonstration on T63 Engine  
Engine test conditions for the demonstration of the devices on the T63 engine were shown in Table 
2.  Raw samples were taken at the engine exit (extension pipe) and transferred through heated 
sampling lines at 150°C to the DC, CDP and gas emissions instrumentation. The dilution ratios in 
the condensation devices were controlled to match and double the sample dilution measured in the 
plume probe.  Doubling the dilution ratio was performed to investigate if volatile PM were 
promoted with increased dilution.  As previously noted, the plume probe was installed relatively 
close to the engine exhaust extension tube exit to obtain a strong PM signal while sufficiently far 
to promote volatile PM nucleation.  Infrared images of the engine exhaust plume at the exit tube 
and near the plume probe are shown in Figure 29 for both engine conditions.  As shown, the plume 
thermal signatures for each condition were very strong near the exit tube, but weak near the plume 
probe due to the rapid mixing of engine gases and air, and the low velocity exhaust from the 
turboshaft engine.  It is noteworthy that the low momentum of the exhaust gases combined with 
the erratic ambient air recirculation flows near the exhaust pipe (due to its proximity to the facility 
structure and architecture) produced very complex flows at the plume, which deviates from the 
characteristics of turbofan exhaust flows. Thus, it is recognized that these exhaust flows or plumes 
are not representative of typical turbine engines exhaust, but provide insight into the gas-to-particle 
transformations in the plume and comparisons with those processes in the condensation devices. 
 

 
 
Figure 29. Infrared thermal images of T63 engine exhaust at the engine exhaust exit and at plume 
probe at idle (a, b) and cruise (c, d) conditions. 

After entering the probe, the plume sample was drawn into a mixing tunnel (to enhance mixing of 
ambient air and engine exhaust) where the sample was drawn into the instruments via internal or 
external pumps.  Three fuels with varying concentrations of aromatics and sulfur were used during 



53 
 

the demonstration to vary the concentration of volatile PM formed.  The fuels used included: a 
conventional low sulfur and aromatic JP-8 (40 ppmw and 11% by w respectively), the JP-8 doped 
with a blend of aromatics to increase concentration to 25% by vol and the JP-8 doped with an 
organosulfur compound, tetrahydrothiophene (C4H8S), to increase its sulfur content to the 
maximum (although very unlikely) sulfur content in jet fuel of 3000 ppmw. 

6.1.1 PM Characterization for Plume, DC and CDP Samples - AFRL/UDRI 

Comparison of T63 engine PM Concentration and Size between Plume, DC, CDP and Probe-tip 
diluted samples 

Displayed in Figure 30 are the particle number emission indices (EIn) data for the plume and probe-
tip (non-volatile) diluted samples.  As anticipated, the particle concentrations (mostly nvPM) 
increased with the aromatic-doped fuel at both engine conditions regardless of sampling technique.  
As observed, the EIn in the plume were significantly higher than at the exit plane especially at idle 
and with the high sulfur fuel due to the higher concentration of organics (i.e., unburned 
hydrocarbons) and sulfates respectively.  Factors of 4.25 and 11.5 times more particles were 
observed in the plume than at the engine exit at idle for the baseline JP-8 and JP-8+sulfur fuels 
respectively.  Smaller relative increases were observed for cruise due to the lower concentration 
of organics and increased exhaust velocities which reduced residence times for the formation of 
volatile PM.  Of note is the negligible impact of fuel sulfur content on engine EIn for samples 
diluted at the probe-tip, therefore demonstrating that volatile PM produced by sulfur species are 
suppressed when samples are rapidly diluted near the sampling point.   

 

Figure 30.  Particle Number Emission Indices for probe tip and plume diluted T63 engine PM 

Differences between EIn for the tip-diluted (nvPM), CDP and DC samples relative to the plume 
for both engine conditions are shown in Figure 31.  All samples at idle conditioned through the 
CDP and DC yielded significantly lower EIn than the plume samples.  For the sulfur-doped fuel, 
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the EIn differences were approximately 90% lower as the result of a high yield of volatile PM 
formation from sulfates in the plume, which evidently were not formed in the condensation 
devices.  Doubling the dilution ratios in the CDP and DC to those found in the plume did not 
encourage further nucleation of volatile PM.  For the high sulfur fuel at cruise, similar differences 
in EIn between plume and condensation devices were observed.  For JP-8 and JP-8+ aromatic 
fuels, the EIn for the cruise condition for the DC were within the 40% success criteria (~20%), 
however, these EIn were almost identical to the nvPM samples which suggest that there were very 
few organics available for the formation of volatile PM (unburned hydrocarbons at cruise < 85 
ppm).  The relatively low particle concentrations from the CDP may be due to:  1) higher relative 
PM losses in the device; 2) coagulation of particles; or 3) quenching volatile PM, preventing nuclei 
formation.  

    

Figure 31. Percent differences in EIn between PM at DC and CDP relative to plume samples 
fromT63 engine 

Particle size distributions (PSD) were measured for samples at the engine exit plane, plume and 
condensation devices to assess the degree of particle nucleation and for comparisons between each 
other.  Figure 20 displays the PSD for the T63 engine at idle.  Consistent with observations 
discussed previously, dramatic increases in particle number were observed in the plume for both 
JP-8 and JP-8S fuels relative to probe tip-diluted samples (both JP-8 and JP-8S were statistically 
the same). The CDP and DC are shown to promote volatile PM formation as compared to the tip-
diluted sample.  Nuclei size particles (assumed to be 7-23 nm) increased by a factor of at least four 
in the DC for both engine conditions.   However, as discussed, these increases were significantly 
lower than those observed in the plume.  It is noteworthy that natural dilution in the plume and 
dilution in the condensation devices increased particle concentrations not only in the nucleation 
zone but throughout the full range of sizes measured, therefore suggesting that many of these 
volatile species nucleate into new particles (perhaps in the 7-23 nm range), but also are adsorbed 
on to non-volatile PM resulting in particles with larger sizes up to near 100 nm.  As such, the 
criteria selected based on only the nuclei size particles may not have been the most appropriate.  
Nonetheless, based on these data, the success criteria for the condensation devices (10X increase 
in PM nuclei size concentrations relative to probe-tip dilution) were not achieved. 
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Figure 32. Particle size distributions for T63 engine at idle for the engine exit plane, plume, DC 
and CDP 

Comparison of nitrogen dilution DC and probe-tip dilution samples 

The DC was evaluated to use for nvPM sampling by diluting with nitrogen (rather than ambient 
air) in the secondary dilution path.  Particle size data show similar size distributions and mean 
particle diameters for the tip-diluted and DC nitrogen-diluted samples; however, the 
concentrations were significantly lower for the latter. Figure 33 shows the comparison of EIn and 
black carbon mass concentration between the two samples.  The PM mass concentration 
measurements using the MAAP show excellent agreement between the two sampling techniques 
for both engine power settings. The EIn comparison; however, show lower (~30-45%) particle 
concentrations in the DC than for tip-diluted samples. The success criterion of ±25% of the tip-
diluted sample EIn was therefore not met.  The agreement in PM mass data, but not in particle 
concentration may be due to loss of very small (i.e., low mass) particles in the DC, which are not 
reflected in the mass measurement.  Since the DC EIn are relatively close to the success criteria, 
further studies with different splits of dilution nitrogen between primary (ejector) and secondary 
dilution are warranted as these may reduce small particle losses. 
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Figure 33. Comparison of EIn and particle mass concentration between tip-diluted and DC 
nitrogen-diluted sample for the T63 engine (operated on JP-8) PM exhaust  

6.1.2 Volatile PM Characterization – ARI 
PM Volatile Mass and Size Measurements  

As mentioned previously, to demonstrate volatile PM formation and volatile species condensation 
on soot particles from aircraft engine exhaust, the composition of the JP-8 fuel used was varied by 
adding either aromatic or sulfur-containing compounds. In the first case, aromatic compounds 
were added to the fuel to increase the fuel aromatic content from 11% to 25%, which is the 
specification maximum for jet fuel.  In the second case, tetrahydrothiophene was added to the base 
fuel to increase its sulfur concentration to 3000 ppm (specification maximum of jet fuel), compared 
to the initial sulfur content of 200 ppm. Given the S(IV) to S(VI) conversion rate of 0.1-1% from 
jet engine combustion, this increase in sulfur content would significantly enhance the emission of 
sulfuric acid, which is considered one of the most important species for nuclei formation in the 
engine exhaust.  
 
In this study, particle size distributions in vacuum aerodynamic diameter (Dva) were obtained via 
the C-ToF-AMS particle time-of-flight (PToF) measurements on non-refractory components. 
There were two volatile components detected in the C-ToF-AMS PToF measurements on the T63 
engine exhaust: sulfate and organic (also referred to as organic carbon (OC)). From the obtained 
particle size distributions, the mass of sulfate and organic PM were determined by integrating over 
both soot and nucleation/growth modes via fitting to log-normal functions for each mode, as shown 
in Figures 34 and 35. The particle mode that peaks at 70 nm is the nuclei/growth mode, which is 
formed by volatile species that nucleate to form new particles and larger aerosols by 
coagulation/growth during cooling and dilution of the engine exhaust. The mode at 94 nm is the 
soot mode, of which the sulfate and organic volatile components can be detected by the C-ToF-
AMS, while the refractory black carbon (BC) cannot be observed because the melting point of the 
BC (3500°C) is much higher than the vaporizer temperature of the AMS (~600°C).  The figures 
were generated by fitting each of the size-resolved sulfate and organic mass concentrations with 
three log-normal curves (dash lines) and fixing the peak locations at 70 nm for nucleation/growth 
mode, 94 nm for soot mode, and 220 nm for ambient mode.  The ambient mode is the result of the 
interaction of the plume with the existing ambient particles. 
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Figure 34. Particle size distribution of PM sulfate at idle with the high sulfur fuel 

 

 
Figure 35. Particle size distribution of PM organic at idle with the high sulfur fuel 
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After determination of sulfate and organic volatile PM mass, their composition in each particle 
mode was calculated by dividing the mass of each component by the sum of PM organic and sulfate 
mass. This method eliminates interferences from ambient particles, which are not negligible as 
shown in the figures. This analysis also provides a more valid comparison between the plume and 
DC samples, which are both affected by ambient particles, with the CDP sample, which was diluted 
with particle-free nitrogen gas.  The volatile PM composition in percentage for the T63 engine 
exhaust as determined from the C-ToF-AMS, are listed in Table 5. It is observed from the AMS 
measurements that at all engine powers and sampling conditions, there was a significant increase 
in PM sulfate emissions with the addition of sulfur to the fuel.  For instance, in the engine exhaust 
plumes at cruise power condition, PM sulfate counts for 4% of the total volatile PM mass emissions 
with the baseline fuel, while it increased to 82% with the high sulfur fuel.  Organic PM emission 
indices are shown for each engine condition and sampling method in Figure 36. As shown, at T63 
engine cruise, adding sulfur increased the sulfate PM EI from 0.34 mg/kg_fuel to 59 mg/kg_fuel, 
a 173-fold increase. For the same power condition, adding aromatics only increased the volatile 
PM emission indices from 4.4 mg/kg fuel to 15.7 mg/kg fuel, a factor of 3.6. Interestingly, the high 
sulfur fuel also increased the detected organic PM EI, especially at idle.  This is due to the higher 
sulfate concentration that generates increased nucleation particles, which efficiently scavenge 
organic species.  Compared to the organic PM emissions from the T63 engine burning baseline 
fuel, the sulfate PM emissions were in many cases below detection limit and/or paricle size cut-
off of the C-ToF-AMS instrument, due to the low sulfur concentration in the conventional JP-8 
fuel. 
 

Table 5. Volatile PM composition  

Fuel Power Composition (%) 

Organic Sulfate 

Plume  DC1X CDP1X Plume  DC1X CDP1X 

JP-8 Idle 100 100 
(0.91) 

100 
(0.93) 

0 0 0 

Cruise 96 100 
(0.93) 

90   
(0.98) 

4 0 10 

JP-8S Idle 32  
(0.87) 

 
(0.90) 

68   

Cruise 18 58   
(0.86) 

73   
(0.96) 

82 42 27 

JP-8A Idle 100 100 
(0.97) 

100 
(0.84) 

0 0 0 

Cruise 100 93  
(0.98) 

95   
(0.98) 

0 7 5 
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Figure 16. Organic PM EIs for different engine powers and probes 

The CAPS PMex instrument measures particle light extinction at 635 nm. Although light extinction 
is not directly related to particle mass, since the aviation soot particle size is normally much smaller 
compared to the radiation wavelength (60 nm vs 635 nm in this case), the contribution of light 
scattering to the total extinction is usually small. Thus, the particle extinction measurement from 
the CAPS PMex in this study becomes a particle absorption measurement, which is linearly 
proportional to particle mass according to the Beer-Lambert law. In this study, we used the mass 
absorption coefficient of 6.5 m2/g to calculate black carbon (BC) mass concentrations from the 
CAPS PMex measurements.  
 
In addition to BC mass EIs, variation in OC/BC ratio was another critical parameter to assess in 
this demonstration.  In Figure 37, significant differences in OC/BC at engine idle and cruise power 
except for the aromatic-enhanced fuel are demonstrated. At idle, the OC/BC ratios were 0.12 to 
0.55, showing the significant contribution of organic PM to the total PM mass, while at cruise 
power, OC/BC ratios were normally less than 0.05. For the aromatic-enhanced fuel (JP-8A), the 
aromatics dramatically increased soot formation during engine combustion, but provided less 
influence on the volatile organic emissions. Thus the OC/BC ratios were noticeably reduced 
compared to the conventional JP-8 fuel. Throughout the measurements, the plume sample typically 
measured higher OC/BC ratios than the DC and CDP.  This is partly attributed to uncharacterized 
flow pattern in the plume, and differences in exhaust sample residence times and mixing with air 
in the plume, compared to processes in the DC and CDP.  This effect was more pronounced at idle 
power. 
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Figure 37.  OC/BC ratios for different engine powers and probes  

6.1.3 PM and Gaseous Emissions Characterization from Plume, DC and CDP – EPA 

Gaseous Pollutants 

Gaseous emissions data grouped by pollutant, fuel type, and power level are shown in Figures 38, 
39, and 40.  The SO2 data for tests with the JP-8S fuel were plotted separately due to the higher 
EI relative the other two fuels.  The theoretically calculated EIs of SO2 were 80 mg/kg for JP-8 
and JP-8A, and 6 g/kg for JP-8S.  Measured SO2 concentrations were generally in trace (ppbv) 
levels for the JP-8 and JP-8A fuels which contained very little sulfur.  Since SO2 is a reactive gas 
which is soluble in water, it is often difficult to measure accurately in such trace quantities, which 
contributes to high data scatter.  It was observed that the DC generally produced higher SO2 EIs 
than the plume and CDP for all fuel types at idle. The largest difference observed between the 
plume and the DC was for JP-8A fuel which was a factor of ~ 2.  For JP-8S at idle, however, the 
DC EI values were comparable to those from the plume.  For SO2 at cruise power, the DC produced 
EIs relatively close to those observed at the first plume sampling point, at least for the JP-8S and 
JP-8A fuels.  For the JP-8S fuel, again all SO2 EIs at cruise were comparable. 
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Figure 38.  T63 Engine SO2 emission indices for sulfur-doped JP-8 (JP-8S) fuel 

 

       

Figure 39.  SO2 emission indices by fuel type for idle and cruise power. 

The total hydrocarbon (THC) emissions data are plotted in Figure 40.  For THC at idle, both 
condensation devices appear to provide EIs in the same general range as the plume measurements 
with two notable exceptions for the DC.  For cruise, however, the results were more scattered.  The 
best agreement between the two dilution systems and the plume at cruise was for JP-8 with the 
DC2X operating condition consistently showing EIs 25-50% higher for all fuel types.  The CDP 
EIs for the JP-8S and JP-8A fuels were also found to be exceptionally low for the JP-8S and JP-
8A fuels compared to the plume with differences over a factor of 30 existing between the CDP and 
plume for JP-8A.  
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Figure 40. THC emission indices at idle (a) and cruise (b) by fuel type 

Black and Elemental Carbon Measurements using SuperMAAP and NIOSH 5040 
Black carbon (BC) mass concentrations were measured in the plume using the SuperMAAP.  BC 
EIs were only calculated for test points where concurrent sampling and CO2 measurements were 
made.  Excellent agreement was obtained between the BC measurements made at the two idle and 
cruise points for each fuel type.  BC EI were approximately 60 and 261 mg/kg fuel for idle and 
cruise conditions respectively for both JP-8 and JP-8S fuels.  As expected, fuel sulfur content did 
not impact BC emissions.  Also as anticipated, significant increases in BC EI (4.6X and 2.3X for 
idle and cruise respectively) were observed for the JP-8A fuel relative to JP-8 and JP-8S.  
Unfortunately, BC measurements in the CDP and DC were not acquired due to the relatively small 
diameter sample lines from these devices and inadequate flow to the SuperMAAP instrument.   
 
Elemental carbon (EC) mass concentration data were obtained using a Sunset Semi-Continuous 
ECOC Analyzer.  This analyzer collects a soot sample on a small quartz filter and then undergoes 
a rather lengthy oven temperature ramp process using multiple carrier gases as described in the 
NIOSH 5040 method [47].  Due to the long analysis period, only the 1X dilution condition was 
sampled for both the DC and CDP with their analysis cycle conducted during the 2X dilution tests.  
Organic carbon (OC) was also obtained by this method, but could not be corrected for gas phase 
artifacts which required a second instrument and additional sample flow both of which were not 
available during the study. 

The EC emission indices are shown in Figure 41 for both idle and cruise power conditions.  At 
idle power, scatter in the data was significant with the best agreement observed for the JP-8 fuel 
where the two dilution systems provided EIs that were within ±50% of the plume EI.  For the other 
two fuels, the DC and CDP both produced much lower EIs as compared to the plume. 

For the tests at cruise power, the EC EIs for the DC and CDP were found to be consistent with 
each other but lower than those for plume.  This is especially the case for JP-8 and JP-8S fuel 
which were within about 55-80% of the plume EIs.  The largest spread in EC EI was observed 
between the DC/CDP and the plume for the JP-8S fuel. 
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(a)                                                              (b) 

Figure 41.  Elemental carbon (NIOSH 5040) EIs at idle (a) and cruise (b) by fuel type 

Comparisons between the SuperMAAP BC and the NIOSH EC for samples collected in the plume 
are shown in Figure 42.  As illustrated, excellent agreement was obtained between the two 
methods.   

 
NIOSH EC Emission Index (mg/kg fuel) 

Figure 42.  Comparison of NIOSH 5040 EC to SuperMAAP BC determined in the plume  

Total Mass and Sulfate 

Filter samples were collected at all test points and conditions during the T63 demonstration.  Upon 
recovery of the filters, it was discovered that both multi-filter samplers had been contaminated by 
small gravel probably from the ground around test site.  The small pieces of gravel were easily 
removed without compromising the filters but unfortunately this contamination created very high 
mass loadings and low sulfate values during analysis.  For this reason, no filter data can be reported 
here.  When the multi-filter samplers were eventually disassembled after completion of the 
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program, gravel was found throughout both systems and a rigorous cleaning had to be implemented 
to remove the contamination found.  

6.1.4 VPS Performance Assessment  - ORNL 
Tests were conducted to evaluate the performance of the VPS in comparison to the PMP VPR 
(evaporation-condensation) with T63 engine exhaust.  Figures 43 and 44 show the lognormal fit 
of the averaged particle size distribution (PSD) for T63 engine particles after conditioning through 
the VPS and PMP devices at different power conditions with JP-8 fuel.  The peak size shift of the 
PSD for the VPS is not dramatic, but the one for the PMP VPR (Figure 43b) shows an 8 nm left 
shift toward smaller size.  Both VPS and PMP were able to reduce the number concentration of 
particles produced at idle and cruise conditions for engine operation with all fuels.  When particles 
of mobility diameter smaller than or equal to 15 nm were counted and compared to the incoming 
particles, the removal efficiency for both PMP and VPS in all engine conditions were statistically 
100% (Figure 45).   

     
                                 (a)                                                          (b) 
Figure 43. Lognormal fit of averaged particle size distribution for the T63 engine at: (a) idle and 
(b) cruise conditions measured after conditioning with the PMP VPR  

 
                  (a)                                                                  (b) 
Figure 44. Lognormal fit of averaged particle size distribution for the T63 engine at: (a) idle and 
(b) cruise conditions measured after conditioning with the VPS 
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The results suggest that VPS met the program criteria and performed successfully in removing 
virtually all turbine engine particles smaller than 15 nm, which aerosol population is generally 
considered to be volatile.  However, data to prove that all particles smaller than 15 nm are volatile 
are lacking.  Verifying that particles are non-volatile can be performed by microscopic imaging, 
spectroscopic, and nano-indentation tests.  The thermographic test used in this program is a method 
of validating the particles are volatile but it is not definitive. 

 
Figure 45. Percentage of particles smaller than 15 nm removed by VPS and PMP VPR at studied 
T63 engine conditions 
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6.2  Demonstration on C-17 (PW-F117) Engine 

Test conditions for the demonstration of the devices on the C-17 aircraft (PW-F117 engine) were 
shown in Table 2.  The demonstration was conducted with one fuel, a Jet A plus military additives.  
The fuel was an average jet fuel in terms of physical and chemical properties with very low sulfur 
(20 ppmw).  Low engine power settings were selected for the demonstration as these are the most 
prone to high volatile PM formation due to the higher concentration of organics (unburned 
hydrocarbons) in the exhaust.  Raw samples collected from the engine exit through four gas probes 
were transferred through heated sampling lines at 150°C to the Dekati ejector (“non-volatile” PM), 
DC, CDP and gas emissions instrumentation. The total dilution ratio (DR) (ejector plus secondary) 
for the non-volatile PM sample was between 6:1 – 20:1 for most cases.  For the volatile PM 
samples, the DR in the condensation devices were controlled to match the sample dilution 
measured in the plume (20 m) probe.  These varied based on engine power as follows: DR=~32:1 
at idle, DR= ~25:1 for 20% max thrust and DR= ~21:1 for 33% max thrust.  The DR in the CDP 
was varied by controlling the total nitrogen dilution flow, while in the DC the secondary dilution 
(air) was adjusted while maintaining constant nitrogen flow to the ejector.  

Due to the limited aircraft availability (445th Airlift Wing reserve unit mission commitments), this 
demonstration was limited to one full day of testing.  Although a second test day was planned, 
adverse weather (i.e., strong winds, rain, thunderstorms) limited the demonstration to only a few 
hours on day two. Unfortunately, this severely constrained the number of tests and variables 
considered, which hindered our ability to fully demonstrate the devices.  Potential sample leaks 
through a sampling system fitting for tests at engine idle, very likely affected the magnitude of the 
measured PM parameters; however, it is believed that it did not impact the trends of the data and 
conclusions of the demonstration.  Test results of the shortened demonstration are discussed in the 
following sections. 

6.2.1 Emissions Measurements at Plume, DC, CDP and Engine Exit - AFRL/UDRI 
Gaseous Emissions 

In order to have a valid comparison between the PM characteristics at the plume and the 
condensation devices, a representative engine core sample must be collected at the engine exit 
plane.  Figure 46 displays the CO and NOx emission indices (EI) for the demonstration engine at 
similar conditions compared to data from the ICAO Databank for the commercial variant 
(PW2040) and a separate field campaign.  As shown, there is very good agreement between the 
data sets, which increases confidence that that the probes were capturing a representative core 
sample without diluting with the fan/bypass air.  The present tests showed that even at the idle 
setting, the unburned hydrocarbons were extremely low (<65 ppm).  The low organic volatiles 
combined with the atypical low sulfur fuel, produced very low concentration of volatile species, 
which reduced the potential for volatile PM formation.  Nonetheless, as discussed in the next 
sections, sufficient volatile PM was produced for assessment of the condensation devices. 
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Figure 46. Comparison of CO and NOx emissions between PW-F117 engines and commercial 
variant engine (data from ICAO Databank) at idle and 33% max thrust 

Comparison of PM Concentration and Size between Plume, DC and CDP 

Particle size distributions for idle and 33% max engine thrust conditions are shown in Figure 47.  
At idle, the plume sample shows significant increases in particle concentrations compared to tip-
diluted samples.  A shift in the size distribution to smaller mean particle sizes is also observed.  
This is evidence of formation of volatile particles in the plume.  Comparisons of the DC to the tip-
diluted sample, also shows increases in particle number and shift to smaller particles but at a much 
lesser degree.  These results are consistent with those observed in the T63 demonstration, which 
also showed increases in particle concentrations with the DC, but significantly lower than in the 
plume.  The CDP conditioned sample had slightly fewer particles than the tip-diluted sample and 
slight shift to smaller diameters. This could be related to increased particle losses in the CDP.   

 

Figure 47. Particle size distribution for PW-F117 engine PM exhaust at idle and 33% max thrust 
operation sampled at engine exit with tip-diluted probe, through DC, CDP and at plume. 

At the 33% condition, the particle distribution shifted to smaller sizes for the plume compared to 
the tip-diluted sample, however, the concentrations were significantly lower particularly for the 
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larger soot particles.  This behavior was consistent for repeated tests, but not fully understood.  The 
DC and tip-diluted sample size distributions were very similar, which could be due to the lower 
concentration of volatile species present to form volatile PM.  However, it is not clear why there 
were larger PM concentrations for the DC compared to the plume.  Particles from the CDP had 
geometric mean diameter similar to the tip-diluted sample, but again, at lower concentrations. 

Figure 48 shows the concentration of nuclei particles (7-23 nm diameter) for the four sampling 
techniques employed during the demonstration. Assuming that the nuclei size particles are mostly 
volatile PM, the formation of these in the plume is evident especially at engine idle.  Increased 
engine power operation reduced the concentration of organic species (volatile PM precursors) and 
the difference between volatile and non-volatile (tip-diluted) PM.  It is observed that the DC also 
promoted the formation of volatile PM with increases 4.3X at idle compared to those observed 
with tip-dilution; however, consistent with the T63 demonstration, the concentration of particles 
was significantly lower than those formed in the plume (13X).  Even lower concentrations were 
observed with the CDP.  Therefore, although there is evidence of volatile PM formation, 
neither condensation device met the success criteria of an order of magnitude increase in the 
volatile PM concentrations relative to tip-dilution as stated in Table 1.  

 

Figure 48. Particle Number EI for “volatile” PM based on nuclei size particles measured with the 
SMPS 

Figure 49 shows the mean particle diameter data for samples using the four sampling techniques.  
As expected, the mean particle size decreased in the plume and condensation devices relative to 
tip-diluted samples due to the formation of new nuclei size particles.  The mean diameter at idle 
for the DC was within 26% of that of the plume, which is slightly above the 25% success criteria.  
The mean diameter for the 20% and 33% max thrust conditions and for the CDP also exceeded the 
set criteria. 
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Figure  49. Mean particle diameter for PW-F117 engine PM exhaust sampled with tip-diluted 
probe, through DC, CDP and plume 

BC was measure using a Laser Induced Incandescence (LII) instrument. Data for the BC LII mass 
measurements at the plume and condensation devices are shown in Figure 50.  Excellent agreement 
in BC PM mass was observed for the DC at the two lower power conditions; however, consistent 
with particle number data, the DC produce much higher PM than the plume at 33% max thrust 
power.  Unfortunately, time constraints limited the data collected for the CDP.  Agreement of BC 
data was expected as the volatile PM should not impact the non-volatile BC PM mass as measured 
with the LII.   

 
Figure 50. PM Mass EI for PW-F117 engine PM exhaust sampled through DC, CDP and plume 
measured with LII 
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6.2.2 Volatile PM Chemical and Physical Characterization - ARI 
ARI characterized volatile PM with a C-ToF-AMS, which measures mass spectrum from non-
refractory PM composition and determines mass concentration and particle size distribution in 
vacuum aerodynamic diameter (Dva); and an ESCOM device, which simultaneously detects CO2 
concentration, particle count, and light extinction.  

Based on the C-ToF-AMS and ESCOM measurements, emission indices of volatile PM mass, 
particle number, and BC mass were calculated using equations described in section 5.0.5. Results 
from the MCPC and CO2 gas analyzer led to the determination of particle number emission index, 
EIn. The EIn represents particle emissions contributed by both the newly formed volatile particles 
(nucleation/growth mode) in the engine exhaust or condensation devices and the black carbon soot 
particles (soot mode) from engine combustion. As shown in Figure 51, the determined EIn at the 
three power conditions and sampling techniques are similar, all around 1x1015 particle/kg fuel. For 
instance, for the plume probe the EIn was 1.1×1015 particle/ kg_fuel at idle, 0.7×1015 particle/ 
kg_fuel at 20% thrust, and 0.9×1015 particle/ kg_fuel at 33% thrust. On the other hand, EIn from 
both DC and CDP increased with engine power by about 140% from idle to 33% thrust, as 
demonstrated in Figure 51. It was determined from the C-ToF-AMS measurements that there is 
significant contribution of engine lubrication oil to volatile PM emissions when sampling from the 
plume. Unlike the mass spectra of n-alkanes such as n-decane, the mass spectra of lubricant oils 
show significantly different fragment patterns at the mass range above m/z = 57, which have been 
used to identify and quantify them from engine exhaust plumes. It was determined that more than 
90% of the PM organics from the plume at idle, 20%, and 33% thrust was lubrication oil, which is 
also identified as Mobile II lubrication oil [48,49]. 
 

 
Figure 21. PW-F117 engine particle number emission index measured using the ESCOM for the 
tested power settings and sampling methods 
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After correcting the contribution from lubrication oil, it was observed that organic PM composition 
accounted for a very small portion of total PM mass, as demonstrated in Figure 52 indicating that 
this engine produced very low hydrocarbon emissions even at the idle setting. This is consistent 
with the gaseous measurements by AFRL/UDRI.  As to the PM organic emissions, shown in Figure 
53, the organic PM EI at engine idle condition was 2.46 mg/kg_fuel for the plume sample, 2.60 
mg/kg_fuel for DC and 1.80 mg/kg_fuel for CDP. These values represent a difference of +6% and 
-27%, respectively relative to the plume sample, which are close to the instrument experimental 
uncertainty.  Therefore, the organic PM EI appeared insensitive to the sampling methods used in 
this study. In addition, the engine PM organic emissions were found to vary only modestly with 
engine power in this study. For instance, organic PM EI from the probe was 2.46 mg/kg_fuel at 
idle, 1.51 mg/kg_fuel at 20% thrust, and 3.50 mg/kg-fuel at 33% thrust. Both DC and CDP showed 
modestly higher values than the plume at higher engine power conditions.  
 

 
Figure 52. Contributions from lubrication oil, organics, and black carbon to total PM mass 
emission index 
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Figure 53. PM organic emission index after correction on lubrication oil contribution 

6.2.3 Gas Phase Organics Measurements – MSU 

A proton transfer reaction mass spectrometer (PTR-MS) instrument, as described previously, was 
used by MSU for the measurement of selected gas phase organics from the plume and condensation 
devices, which included: formaldehyde, methanol, acetaldehyde, the sum of acetone + propanal + 
glyoxal, benzene, toluene, C2-benzenes, C3-benzenes and naphthalene.  Isomeric and isobaric 
compounds which cannot be separated by the quadrupole mass spectrometer are reported as sums.  
The C2-benzenes represent the sum of three xylene isomers, ethyl benzene and benzaldehyde, 
whereas the C3-benzenes represent the sum of C9H12 and C8H8O isomers.  Figures 54 and 55 
show plots of compound EIs a function of engine power for the three different sampling 
techniques.  The error bars reflect the variability in the measured concentrations, which reflects 
changes due to dilution, source variations as well as instrumental variability.  Thus, the error bars 
do not necessarily reflect the true uncertainty but are useful when comparing data collected for 
different compounds on the same probe. 

Figures 54 and 55 show comparisons of compound EIs a function of engine power for the three 
different sample probes: 20-meter plume probe, DC and CDP.  Several features stand out in these 
figures.   

• The EIs are the greatest at the lowest engine power condition (idle).   

• At idle, the EIs measured on the 20-meter plume probe are significantly higher than those 
observed for the DC or CDP probes.   

• Except for methanol and the sum of acetone + propanal + glyoxal, the EIs measured on the DC 
and CDP probes appear to be similar across all of the test conditions.   
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As anticipated the emission indices for all the components shown in Figures 54 and 55 exhibit an 
inverse power dependence [50, 51] where they are highest at the lowest power condition (idle) 
with significantly lower values at the higher engine powers.  Several of the components, methanol 
and the sum of acetone + propanal + glyoxal, appear to have a different power dependence, but 
this is an artifact in the measurement.  Acetone and methanol both have significant concentrations 
in the ambient air and their presence in the DC and the 20-meter plume probes affects the reported 
emissions.  While it is recognized that this ambient influence must be removed to have a measure 
of the true emission from engine, no correction was made due to the large ambient variability 
observed during the testing event.  It is assumed that  

 

Figure 54.  Gas phase component emission index as a function engine power and sampling 
methodology  
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EIs for methanol and the sum of acetone + propanal + glyoxal are better represented by the data 
determined on the CDP (since ambient air is not used for conditioning in this device). For the 20-
meter plume probe and the DC, a first-order correction can be made for the ambient contribution 
by subtracting the EI measured at the highest power, where essentially all of methanol or acetone 
originates from the dilution air, from the EIs measured at idle and 20% rated thrust.  It is more 
challenging to reconcile why the EIs measured at idle on the 20 m plume probe are elevated with  

 

Figure 55. Aromatics emission index as a function engine power and sampling methodology  
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respect to those taken on the DC and CDP probes.  It is noted that this difference in the samples 
appears to be restricted to this single test point.  The simplest explanation for this observation is 
that there was a leak in the sample line that delivered the engine exhaust to the condensation 
devices.  This leak would allow the exhaust to be diluted prior to entering the devices leading to 
lower apparent EIs.   

A main objective of the project was to examine to what extent, if any, the gas phase organic 
composition varied between the different sampling approaches.  Based on this very limited set of 
measurements, aside from the ambient effects described above, it appears that the high volatility 
gas phase organic composition is approximately uniform across all the three sampling techniques.  
An important result, not immediately apparent from data presented in Figures 54 and 55, is that 
the C-17 engine has very low high volatility gas phase organic emissions as compared to the 
CFM56-2C1 engine studied at AAFEX2 [50].  This is highlighted in Table 6, which shows the 
measurements reported here for the CDP (corrected for dilution) with the EIs determined under 
similar low power conditions and standard temperature (288K) as for the CFM56 engine burning 
JP-8 fuel.   

Table 6. Comparison of EIs for the idle emissions of PW- F117 (sampled from CDP) and 
CFM56 engines [50] 

Compound 
EI (g/kg fuel) 

PW-F117 (This 
study) 

EI (g/kg fuel) 
CMF56-2C1 (AAFEX2) 

Formaldehyde 0.037 1.15 
Methanol 0.01 0.18 
Acetaldehyde 0.021 0.45 
Acetone + Propanal + Glyoxal 0.01 0.22 
Benzene 0.009 0.17 
Toluene 0.003 0.085 
C2-benzenes 0.0065 0.16 

While the data in Table 6 should not be directly compared from an engine performance perspective, 
it is noteworthy to recognize that the gas phase organic concentrations were significantly lower 
(by over a factor of 10) than for previous studies on the CFM56 engine.  While the exhaust gas 
concentrations of PW-F117 and CFM56 engines– under the conditions studied – are substantially 
different, the trend in composition is remarkably similar as is illustrated in Figure 56 where the 
compound EIs found in Table 6 for the two engines are plotted versus each other.  Only 
formaldehyde appears to significantly different.  However, this difference is not considered 
important given that challenges of measuring of formaldehyde with the PTR-MS and that it 
represents a single data point. 
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Figure 56.  Plot of organic compound EIs for PW-F117 versus for CFM56 engine from a 
previous campaign  

6.2.4 PM and Gaseous Emissions Characterization from Plume, DC and CDP – EPA  

Gaseous Pollutants 

The calculated EIs for THC and SO2 are shown in Figure 57 for all power conditions.  As the 
reference value, the theoretical SO2 EI for fuel with a 20 ppm sulfur content is 40 mg/kg.  As was 
the case for the demonstration on the T63 engine, the SO2 EIs for the CDP are not provided.  Also, 
THC EIs for the CDP are not provided since only negative THC values (below sensitivity limits) 
were measured during this demonstration. 

As shown in Figure 57, the DC THC EIs were generally lower than those found in the plume 
except at idle.  The most consistent agreement was observed at 20% thrust where the DC EI was 
within about 30% of the two plume values.  In the case of the SO2 EIs, DC and CDP data were 
only available at 20 and 33% thrust.  For these power conditions, the DC SO2 EIs were either 
higher or lower than those of the plume depending on which plume EI is used for comparison.  
Like THC, the EIs obtained at 20% power appear to be most consistent with the DC providing an 
EI which is approximately two times higher than the two plume measurements. 
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Figure 57.  THC and SO2 EIs for all F-117 engine power conditions 

 
Black Carbon Data 

The BC EIs calculated from the MSS data are shown in Figure 58 and appear to have much less 
scatter than the gas phase measurements.  In general, the DC sample had a factor of ~ 2 to 3 higher 
BC EIs than those found in the plume. The CDP EIs on the other hand can either be higher or 
lower than the plume depending on thrust level.  At 33% and 20% rated thrust, the CDP EIs were 
about a factor of 1.5 to 2 higher than the plume whereas at idle, the CDP BC EI was up to a factor 
of 2 lower than the plume. 
 

 
Figure 58.  BC emission indices as determined by the AVL MSS at all engine power levels. 

Particle Number Emissions Data 

The particle number EIs calculated from the EEPS data are shown in Figure 59.  At 33% max 
thrust, the particle number EIs from the DC were about a factor of 1.5 higher than those obtained 
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for the plume whereas the CDP EI is about a factor of two lower.  For the 20% thrust condition, 
both the DC and CDP EIs compare fairly well with the plume measurements except for the first 
DC test point which is a factor of almost three higher than the plume.  Finally, for idle, the DC EIn 
is a factor of ~ 3.5 to 18 times higher than the plume depending on which plume EI used, while 
the CDP EIn is only 10% of the plume average.  It is clear that the lack of consistency between 
plume measurements makes data interpretation very challenging. These data also disagree with 
data from the AFRL and the ARI teams.   It is uncertain why the disagreement at this condition as 
the trends for the other conditions are consistent with the different teams. 
 

 
Figure 59.  Particle number EIs as determined by the EEPS instrument at all thrust levels. 

Particle Size Distributions 
 
The particle size distribution (PSD) was obtained by the TSI EEPS for each engine thrust level 
along with the geometric mean particle diameter (GMD).  These are shown in Figure 61 to 62 with 
all data corrected for dilution.  As shown in these figures, all PSDs are lognormal and mono-modal 
with no nuclei mode evident.  A number of differences in the PSD were observed between thrust 
levels as discussed below. 
 
Regarding the PSDs obtained at 33% power, shown in Figure 60, it can be seen that the PSDs fell 
into three groups depending on sampling location.  The PSDs for the DC exhibited the highest 
number and largest particle size (GMD ~ 40 nm) as compared to the plume and CDP.  The three 
plume PSDs show a generally smaller number of particles and smaller particle sizes (GMD ~ 25-
30 nm).  Finally, the CDP had the lowest number of particles, the size of which were about the 
same as the plume PSDs (GMD ~ 31 nm).  From these data it appears that the DC produces a 
noticeably different aerosol as compared to the plume and CDP at 33% power. 
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Figure 60.  Particle size distributions for PW-F117 engine in plume and condensation devices at 
33% max thrust condition 

From Figure 61, substantially different PSDs were obtained at 20% thrust.  In this case, the plume, 
DC, and CDP all produced similar PSDs.  The only notable exception was a replicate test of the 
DC, which cannot be explained from the available data.  
 

 
Figure 61.  Particle size distributions for PW-F117 engine in plume and condensation devices at 
20% max thrust condition 
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The PSD data shown in Figure 62 show that the DC produced a similar size distribution to that of 
one of the plume test points but with a greater number of particles and slightly lower GMD (25 vs. 
34 nm).  The CDP more closely matched the second plume test point except with a higher number 
of particle counts in each size bin.  Also, the DC’s PSD appears to be more “ragged” in the 10-20 
nm range than was the case for the other two thrust levels indicating a higher level of inconsistency. 
 

 

Figure 62.  Particle size distributions for PW-F117 engine in plume and condensation devices at 
idle condition 

 
6.2.5 VPS Performance Assessment  - ORNL 
The VPS performance was assessed during this demonstration using exhaust from the C-17 engine. 
Figure 63 shows several particle size distributions (averages of 4-6 sample scans) for the idle 
engine power condition.  The engine PM sample data are shown in black symbols and the 
lognormal fit in the black curve.  Since the overall particle removal performance of VPS and PMP 
VPR are compared, data from the last stage output (i.e., the second stage) of the PMP VPR is 
provided in the figure.  It is noticed that the raw data showed variation beyond that of a generally 
smooth particle size distribution such as the lognormal-fit curve show in the figure.  It was noticed 
that the variation in the 4-6 scans was usually greater than ±20% in this test, which is large 
compared to past experience.  It is believed that the particle population in the sample was unstable 
due to large dilution or potential contamination in sampling system.  Considering the adverse 
weather conditions during the campaign and several technical issues with valves and leaks, some 
data instability was expected.  It was noticed that the left tail (nuclei side of the curve) of the raw-
data distribution appeared to be going upward that indicates a large number of particles in the 
10nm or smaller size range were present in the sample.  This observation was present in all scans 
of the raw sample. The data variation was significant which further indicates the incoming particle 
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population was unstable during the idle engine power operation and the aerosol population might 
have contained significant number of volatile particles.  If these particles were indeed volatile, the 
mode diameter of these particles was smaller than 10nm, which supports of the programmatic 
assumptions of 15nm mentioned above. Note that a lognormal fit analysis to particle size 
distribution using a single mode assumption was unable to fit both the primary engine particles 
and the volatile particle population in Figure 63.  Thus, it is clear that there were two modes indeed 
existing in the PM data resulting from the idle engine power condition.   
 

 

Figure 63. Particle size distribution for PW-F117 engine exhaust sample at idle after 
conditioning with VPS and PMP VPR (after stage 2) 

Once the incoming particles were subject to thermal conditioning by either PMP VPR or VPS at 
350°C, both VPS and PMP results showed a significant removal of particles.  Thus, it appears that 
the C-17 engine volatile PM were thermographically similar to C40 particles, despite the latter 
being a complex mixture of hydrocarbons while the C40 particles are a single-component.  For idle, 
the particle removal efficiency by VPS is estimated to be 82.3% for the size across all SMPS 
measurable size bins from 9 to 379nm, and that for PMP VPR is 75.5%.  For particles smaller than 
or equal to 15nm, the removal efficiency for VPS was found to be 100% and 93.6% for PMP VPR.  
The results showed that the VPS was as effective as PMP in removing particles for the entire size 
range.  However, only the VPS performed reasonably for the 15-nm particles with an efficiency 
greater than 99% as required by the performance criteria of this program.   

Figure 64 shows particle size distributions for engine PM exhaust for the 33% max thrust 
condition.  The particle number concentrations at this power were about an order of magnitude 
higher than for the idle condition.  It is noteworthy that there was no upward tail found at the left 
end of the curve in Figure 65 to indicate the presence of volatile particles in contrast to that of 
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Figure 64.  This confirms as expected that the volatile particle population was much smaller at 
33% engine power compared to that at the idle condition. The particle removal efficiency by VPS 
is estimated to be 90.2% and that for the PMP VPR 82.7% across all SMPS measurable size bins 
from 9 to 379nm.  For particles smaller than or equal to 15nm, the removal efficiency for VPS was 
at 99.91% and 99.37% for PMP VPR.  The removal efficiency results show that the VPS was about 
as efficient as the PMP VPR across the entire size range.  Both devices performed very well in the 
removal of 15 nm and smaller particles with an efficiency greater than 99%, therefore both devices 
met the performance criteria set in the program, (1) the removal of 15-nm particles and smaller ≥ 
99%, and (2) the reduction of the mode diameter of the overall particle population at 350°C.    

 

 

Figure 64. Particle size distribution for PW-F117 engine exhaust sample at 33% max thrust after 
conditioning with VPS and PMP VPR (after stage 2) 

6.3 Technology Demonstration Performance Summary 
A summary of the performance objectives, success criteria and results of the demonstrations (as 
discussed in the previous subsections) are listed in Table 7.  The results show the potential of the 
condensation devices to simulate gas-to-particle processes in the atmosphere; however, due to 
performance inconsistencies and that not all success criteria were met, it is concluded that the 
devices are not ready for compliance relevant measurements.  The VPS demonstrated very high 
potential to remove volatile species for the measurement of only non-volatile PM and should be 
considered for engine certification measurements after further validation against the updated 
VPS requirements listed in the SAE ARP 6320 [51]. 
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Table 7. Summary of Demonstration Objectives, Success Criteria and Actual Performance 

Performance Objective Success Criteria Criteria Met? 
Demonstrate volatile species 
condensation (volatile PM 
formation) in the DC and CDP. 
Significant increase in PM 
compared to probe-tip dilution.   

Clear evidence of volatile particle 
formation in DC and CDP 
compared to probe-tip dilution.  

YES 

10X increase in 5-20 nm particle 
number 

NO. Only 2-5X increase. 

Demonstrate similar PM chemical 
characteristics for samples 
collected at the DC, CDP and 20 m 
locations. 

Composition of PM from DC or 
CDP and 30 m sample within ±25% 
in absolute or normalized terms. 

YES. Organic carbon 
EImass similar magnitude. 

Demonstrate that ambient air 
diluted samples in the DC and 
CDP (N2 dil) produce similar total 
PM characteristics as at the 20 m 
sampling location. 

±40% of the particle number INCONCLUSIVE 

YES at higher engine     
power. 

     NO at idle. 
±30% mass  YES at two lower 

conditions. 
±25% of mean diameter INCONCLUSIVE 

YES - T63 engine tests. 
NO - C-17 tests.  
Larger concentrations of 
nuclei particles at plume 
with significantly reduced 
mean diameter but not 
matched with DC or CDP. 

Demonstrate that N2 diluted 
samples in the DC and CDP 
produce similar non-volatile PM 
characteristics as probe-tip  

±25% of the particle number  INCONCLUSIVE  
YES – T63 engine tests 
Not evaluated – C17 

±15% of mean diameter YES – T63 engine tests 
Not evaluated – C17 

Demonstrate efficient performance 
of the VPS to remove tetracontane 
particles 

> 99 % vaporization of 15 nm 
tetracontane particles   

YES 

Demonstrate efficient performance 
of the VPS to remove volatile 
species from engine PM 

Qualitative data. Significant 
reduction in 15nm and smaller 
particles and reduction on mean 
particle size  

YES. 
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7.0 COST ASSESSMENT 
Although the performance of the condensation devices did not satisfy all the demonstration goals, 
an initial cost assessment for implementation is provided below in case a future program can 
continue development and the performance goals are achieved.   

 Cost Model 
The successful demonstration of the PM sample conditioning devices and VPS, in concert with 
already accepted PM instrumentation, provides turbine engine manufacturers a methodology for 
measuring non-volatile and total PM2.5 emissions factors from military weapon systems, in a 
controlled environment.  Current (non-standard) practices to measure total PM (i.e., far field) are 
complex, time consuming, expensive, and provide unstable data.  Since there isn’t an established 
alternative for a total PM measurement methodology, a cost comparison between the current and 
demonstrated methodology is difficult.  However, based on current practices, the demonstrated 
methodology is expected to significantly reduce testing and logistics costs by using existing gas 
probes and reducing the required set up and actual engine run times.  The cost comparisons below 
are based on the present cost of current practices and the demonstrated approach.   

7.2 Cost Analysis and Comparison 
For the characterization of only non-volatile PM, the VPS will lead to significant savings in 
equipment costs to remove volatile species from the PM sample.  The volatile particle remover 
(VPR) system currently considered by the SAE E31 committee for non-volatile PM sample 
characterization is manufactured by AVL and costs approximately $250K.  The VPS in this project 
is estimated at a much lower $55K, and allows analysis of the volatile fraction.  Table 7 shows a 
comparison of estimated costs between the current practices and the technologies demonstrated in 
this project.  The long-term savings are realized in the test costs at approximately $85K less per 
test for the demonstrated technologies.  
 
Table 7. Type of Cost and Cost Comparison for Current and Demonstrated Technologies 

Demonstrated Technology Costs  Current Process Costs  

Activity Avg. Cost 
($k) Activity Avg. Cost 

($k) 
Equipment   Equipment   

- Dilution Chamber 50 - Volatile Particle Remover 250 
- Condensation Dilution Probe 50 - Black Carbon Instrument 50 
- Vapor Particle Separator 55   
- Condensation Particle Counter 60 - Condensation Particle Counter 60 
- Particle Sizer 75 - Particle Sizer (2) 150 
- Particle Mass Instrument 100 - Particle Mass Instrument (2) 200 
- Sampling System 100 - Sampling System 150 
- Gas Emissions Instrumentation 200 - Gas Emissions Instrumentation 200 
- Probe System 75 - Probe Systems 85 

Test Costs  Test Costs  
System Installation & Teardown 40 System Installation & Teardown 50 
Near Field Testing  80 Near and Far Field Testing 130 
Data Analysis  40 Data Analysis  65 
Other (travel, supplies, misc.) 30 Other (travel, supplies, misc.) 30 
Total 955 Total 1420 
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8.0  IMPLEMENTATON ISSUES 
The demonstrations in this project showed that the two condensation devices to promote volatile 
PM formation in turbine engine exhaust did not meet all of the performance criteria set for the 
program.  Although both the DC and CDP showed potential, as evidenced by the formation of PM 
from volatile species, these were not sufficient to fully simulate the thermo-physical processes in 
the atmosphere which lead to the formation of volatile PM and PM with characteristics of those 
found in aircraft engine plumes.  However, as mentioned previously, the demonstration on the 
turbofan (PW-F117) engine was very limited, which precluded the adjustment of dilution 
parameters that could have improved PM data agreement between plume and devices.  If further 
work is performed and improved performance can be demonstrated, the implementation issues for 
turbine engine OEMs are relatively minor since the sampling system from engine to device is the 
same as those existing for gaseous emissions and smoke number certification of engines.  
Additions include the dilution device, sampling lines for the sample after conditioning, and the 
PM characterization instruments.   
 
The VPS met the success criteria based on its comparison to the PMP VPR performance using 
C40 and turbine engine particles.  Implementation issues are minimal and perhaps simpler than 
the use of the VPR systems considered presently by the SAE E31 committee.  
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10.0 APPENDICES 
Appendix A: Points of Contact 
 

Performer Organization Phone/Email Role in Project 
Mr. Edwin Corporan Fuels & Energy 

Branch (AFRL/RQTF) 
937-255-2008 
Edwin.corporan@wpafb.af.mil Principal Investigator 

Dr. Matthew DeWitt 
University of Dayton 
Research Institute 
(UDRI) 

937-255-6399 
Matthew.dewitt.ctr@wpafb.af.mil Fuels Characterization and 

Emissions Evaluations 

Dr. Meng-Dawn Cheng 
Oak Ridge National 
Laboratory (ORNL) 

865-241-5918 
chengmd@ornl.gov 

VPS modeling & 
characterization, PMP 
system implementation 

Dr. Richard Miake-Lye 
Aerodyne Research 
Inc 

978-932-0251 
rick@aerodyne.com 

Condensation probe and 
PM chemical 

characterization 

Mr. John Kinsey 
U. S. Environmental 
Protection Agency, 
NRMRL 

919-541-4121 
kinsey.john@epa.gov 
 

Volatile & non-volatile 
PM mass and sulfur 

measurements 

Dr. W.B. Knighton Montana State 
University 

406-994-5419 
bknighton@chemistry.montana.edu PTR-MS measurements 

Mr. Chris Klingshirn 
University of Dayton 
Research Institute 
(UDRI) 

937-255-7301 
christopher.klingshirn.ctr@us.af.mil 
 

Emissions Evaluations 
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