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Abstract.

This paper reports on sueeessfully-testing-the successful first deployment of a new, autonomously operating measurement
system on a Grob G 520 Egrett aircraftfer-, which was used as a chase aircraft to perform in-flight aerosol and trace gas mea-
surements of engine exhaust from other aircraft. A suite of in-hotse-butti-custom-built and commercially available instruments
was selected, modified, and adapted to operate in the unpressurized compartment of the Egrett to-operate-over a wide range of
ambient temperatures and pressure-levelspressures. We performed these first in-flight emission measurements at cruise altitudes
behind-a-twin-turboprop-aireraft- the-between 7.6 and 104 km (FL250 and FL340) behind a Piper Cheyenne, a twin-turboprop
aircraft powered by Garrett/Honeywell TPE 331-14 engines s-over Texas in April 2022. The instrumentation and inlets on the
Egrett were designed to measure non-volatile particulate matter (svPMnvPMp_ - 10), total particulate matter ((PMtPMp_ ~10),
nitrogen oxides (NO and NO,), water vapor (H30), carbon dioxide (COs), and contrail ice particles. All instruments were
operated in relevant plume conditions at cruise altitudes between7-6-and-+0-4-km-(FE256-and FI2340)-at-distances ranging from
100 to 1200 m between the two aircraft. The instruments proved to have high reliability, a large dynamic range, and sufficient
accuracy which-is-adequate-for measuring the emissions of the turboprop engine.

We derived the emission indices (EI) for tPM, nvPM, and NOy, at cruise. The particulate emission indices range from 9.6 to
16.2 x10'* kg~! (particles per kg fuel burned) for EI py; and from 8.1 to 12.4 x10'*kg~! for El,,,py (medians). For NOy
we find rather low Elyo, between 7.3 and 7.7 gkg ™! for Elxo, (medians). Furthermore, the tPM aerosol size distributions
have been measured in the exhaust plume, taking into account the size-resolved sampling efficiency of the instrument. The
analysis of the size-resolved emission index indicates a log-normal distribution with geometric mean and standard deviation
at Bg—=347++9D, = 27.5 £ 2.0 nm. This geometric diameter value is in the range of jet engine soot emissions previously

measured in flight. The measurements help to constrain the climate impact of eurrent-small-class turboprop engines and proevide
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need to be compared to larger turboprop aircraft in the future. The current work provides a benchmark for future alternative
Hs propulsion systems, such as fuel cells and direct combustion engines.

1 Introduction

Assessing the climate impact of aviation requires knowledge of emissions and contrails from current technologies, including
the regional sectors. Future aircraft powered by hydrogen-based propulsion systems—, including fuel cells and direct hydrogen
combustion engines—, could eventually replace short-haul fossil fuel-based turboprop aircraft in the long term. However,
significant uncertainties remain regarding the climate impact of the current regional fleet under cruising conditions, due to the
lack of in-flight measurements and a public emissions database. Aviation eontributes-abeut-accounts for approximately 3.5% to
the-of total anthropogenic effective radiative forcing (Lee et al., 2021). About-Of this, about one-third resttresults from CO,
emissions (34 mW m~2) accumulated since the beginning of modern aviationand-, while the remaining two-thirds from-its
result from non-CO; effects, like NO, emissions (17 mW m~2) and contrail cirrus formation (57 mW m~2) (Lee et al., 2021).
According to the European Aviation Environmental Report 2022 (EASA, 2022), in 2019 75% of all flights from European
airports were in the medium and short range below 1500 km, and 9.8% of all flights were turboprop engine aircraft.

Both ;-turboprop and turbofan engines are based on the gas turbine principle, and the combustion processes are similar
(Braunling, 2015). However, the mixing and dilution in the wake of the aircraft are expected to differ from jet engine exhaust
due to the effect of the propeller and the expulsion of the emissions. Thisin—particutar—, in particular, may affect contrail
properties like the initial ice crystal number.

Due to their higher fuel efficiency and lower operating costs, turboprops can still compete in the short to medium-range
sector with the turbofan engines that dominate global aviation. Turboprop engines are lighter, simpler in operation, gen-
erate high power per unit weight, and have better take-off and landing performance than turbofan and turbojet engines
(FAA, 2024). Turboprop aircraft are the most efficient at lower speeds (between approx. 400 and 650 km/h) and lower alti-
tudes (between approx. 5500 and 9100 m). Therefore, due to the low emission altitude of these aircraft types, their impact
on non-CO- effects is expected to be less relevant to the overall radiative forcing from aviation. Keles et al. (2024) ar-
gue that turboprops are able to reduce the CO5 and non-CQO, effects at short ranges of ~740 km compared to single-aisle
turbofan aircraft, despite having a much lower payload. Maruhashi et al. (2024) shows that the NOy effects on the radia-
tion forcing mainly depend on the altitude of emission. Future aircraft similar in size, power, and altitude range to turbo-
prop aircraft may be the first to be equipped with new disruptive technologies such as hydrogen fuel cell electric propul-

sion systems (International Air Transport Association, 2023; Federal Aviation Administration, 2023). The contrail formation

altitude depends ﬂe{—eﬁ}}FOH ambient condltlonsbﬁt—a}se%eﬂgm&efﬁekeﬂeybgggglvevggﬁng&mwmand engine technology.
Hydrogen combustion engines—an and fuel cell propulsion

enable contrail formation at temperaty

=

-higher ambient temperatures than kerosene combustion
Schulte and Schlager, 1996; Bier et al., 2024) according to the Schmidt-A

leman criterion. While for classical kerosene combustion
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bene ts of these new aircraft in terms 600, and non€O,, effects.

The ICAO aircraft engine emission database includes turbojet and turbofan engine types for a static thrust greater than
26.7 kN for which emissions are regulated (ICAO, 2023). As a consequence, little public information on turboprop emissions
exists. To a large extent, the emission data are proprietary to engine manufacturers and operators, making it dif cult to incorpo-
rate them into a global aviation climate assessment. Also, turboprop emission datéatrall-, mostly available for sea level
pressure conditions. Due to a lack of in- ight emission measurements, the scalability of ground emissions to emissions at al-

titude using fuel ow methods has not been investigated. It is also unclear to what extent ground-based emission data are relatec

Airborne measurements of aircraft emissions during cruise are costly and challenging and therefore only a limited number of

these measurements are reported in the literatures&hgy-et-al-{(1995)-Sehulte-and-Sehlager{1996)-Sehlageretal-{1997)-Seht

. Recent measurements have mainly been reported for jet engine aircraft using the DLR Falcon or the NASA DC8 as chase air-
craft(Moore et al., 2017; Brauer et al., 2021a, b; Voigt et al., 2021: Dischl et al., 2024: Harlass et al., 2024; Markl et al., 2024)

(Moore et al., 2017; Brauer et al., 2021a, b; Voigt et al., 2021; Dischl et al., 2024; Harlass et al., 2024; Markl et al., 2024).

The adaptation of measurement instruments for deployment on research aircraft presents several challenges. They must b
compact and lightweight to accommodate space and weight constraints while also meeting strict safety requirements. In the spe
ci c case of measuring aircraft emissions during formation ights, instrument requirements are de ned by their robustness to
withstand highly turbulent conditions and to operate at extreme temperatures belddy a4l pressures below 500 hPa. As the
market for these instruments is limited, adapting ground-based measurements to altitude often requires speci ¢ modi cations.

Furthermore, they require high temporal resolution, accuracy, and a broad dynamic range to capture rapid uctuations in emis-

sions. The variability of atmospheric aerosol and trace gas background concentrations is often within 1 to 3 orders of magnitude,

. Since the speed envelope of the emitting aircraft must match that of the chasing aircraft, suitable aircraft pairings are nec-
essary. In particular, smaller turboprop aircraft often fall outside the speed range of turbofan-powered aircraft, limiting viable
combinations.
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andice particle measurements form the basic components of an in- ight payload on a chaser aircraft. We report here on a

comprehensive set of autonomaassitt-in s
We provide measurements 60D,, H,O, NOy, tPM, nvPM in the wake of a Cheyenne Piper turboprop aircraft. To the best of

our knowledge, these are the rst quantitative emissions measurements behind a turboprop aircraft in ight. The DLR payload
aboard the Egrett presented in this paper will be the basis for the Blue Condor (German Aerospace Center (DLR), 2022; Airbus,

2022) measurements, investigating the contrail properties of a small hydrogen turbojet aircraft.

1.1 Campaign overview

The emission data were obtained as part of a ight test campaign conducted by Airbué-fprit-April 4, 2022e-14-Aprit-,
to April 14,2022, based in Denison, Texas, USA. The chase aircraft, a Grob G 520 Egrett (BigetB)ieds a high-altitude

atmosphere. The instruments for contrail and emission measurements were installed and operated by the German Aerospac
Center (DLR)FheAs the Egrett is a single-pilot aircrafthereferethe instruments were started shortly before the ight and
worked autonomously without further interaction from the pilot or the operators. The campaign comprised 6 ights in 12
days. In addition to test and chase ights with other emission aircraft, we were able to conduct two near- eld emission ights
behind a Garrett/Honeywell TPE 331-14 twin-engfgachratedat 1213kW

Cheyenne 400LS (Fig. 2), also operated by AV Experts LLC. In the following section, the instruments for aerosol (tPM, nvPM,
and size distribution), NO andO, (NOy), H,O, andCO, measurements are described in detail. All instruments are installed

backward-facing inlets fo€CO, andH,0O. These inlets were connected to the instruments in the belly of the aircraft with
heated stainless steel tubing. The inlet position was optimized to avoid the in uence of the propeller and the emissions of the
chase aircraft during sampling. A second sampling position was selected in front of the left landing gear at the left wing. The
Cloud-, Aerosol-, and Precipitation Spectrometer (CAPS) was integrated in a canister next to two sampling Nazsdad

H,O. The in uence of the Egrett's propeller on the measurement was visualized by placing tufts along the mast and the CAPS.
During ground tests and in ight, they were monitored to see if and how far the propeller wash affected the air stream. As

the tufts at the inlets did not move during ground test and with pitch and roll during the ight, we estimate the effect of the
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Figure 1. The chaser aircraft Grob G 520 Egrett equipped with instruments for contrail and emission measurements. The aircraft was
modi ed with a mast holding the inlet for aeros@O,, and water vapor measurements connected to instruments inside the fuselage. The
main compartments in the fuselage contain the A-Box, the WARAN, and the CR2 water vapor instrument. The SIOUX instrud@nt for
measurements is housed in the belly of the Egrett. The left landing gear holds the CAPS instrument for ice crystal detection as well as
sampling lines foNOy and water vapor leading to the SIOUX and WARAN instruments, respectively.

propeller at the measurement locations to be negligible. The con guration of two inlet positions (in front of the landing gear
and on top of the mast) is part of the Blue Condor Project (German Aerospace Center (DLR), 2022; Airbus, 2022). These
inlets are designed to measure contrail ice crysh@3,, andH,O emissions from &l,-combustion engine. Simultaneously,

they determine the background aerosol concentration and size distribution to assess the dependence of background aeros
on contrail properties (Karcher, 2018; Bier et al., 2024). Additionally, in-plume measurements from the mast inlet position
allow us to probe kerosene engine emissions like soot andt€@erive emission indices. As the atmospheric conditions for
conventional contrail formation were not met during the campaign, the contrail ice particle measurements from the CAPS wing

probe (Kleine et al., 2018; Brauer et al., 2021c; Markl et al., 2024) are not discussed in this work.

2 Instrumentation

The Egrett was equipped with instruments for the measurement of aerosol (tPM, nvPM, and size distribution),NN@) and
(NOy), H,0, andCO.. In this section, we describe the different measurement principles, the modi cations made to adapt
the instruments to the Egrett, the characterization and calibration of the instruments, and their speci ¢ uncertainties. Figure 1

provides an overview of the location of the instruments on the aircraft.



