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Abstract. The arcticle represents the results of the analysis of aircraft engine emissions measurement principles
and techniques, which were implemented on the ground of measurement campaigns at major European airports. The
paper is devoted to investigation of operational and meteorological conditions impact on emission indexes of aircraft
engine. On the ground of analysis of CFM56-5C2 engine test for cruise and idle conditions was observed, that real
operational conditions differ from certificated ones. The observed variations between determined and certificated
emission indexes are most likely caused by operational (thrust) and meteorological (air temperature and humidity)
conditions under real circumstances which are quite different from well defined conditions during certification
procedure. Determination of emission indexes under real operational (real value of thrust) and meteorological
(ambient temperature) conditions is an actual task, as input data for models and high accurate assessment of aircraft
emissions contribution to total air pollution in the vicinity of airport. In addition, estimation emission indexes with

taking into account engine age and its maintenance, allow to calculate precisely the emission inventories of airports.
Keywords: air pollution monitoring; aircraft engine emission; assessment of emission indexes; emission index;
environmental monitoring; emission inventory of aircraft engine.

1. Introduction

Aircraft emissions are of concern due to the expansion
of air traffic over the years (a mean annual rate of 5 to
7 %) and their potential impact on air quality in local,
regional and global environments [1, 2, 3].

Aircraft (during approach, landing, taxi, take-off
and initial climb of the aircraft, engine run-ups, etc.)
is the dominant sources of air pollution at airports in
most cases under consideration [4, 5].

According to emissions inventory results, the
aircraft contribution is more than 50 % from total
pollution of the airport [4, 5]. The emission inventory
of aircraft emissions are usually calculated on the basis
of certificated emission indexes, which are provided by
the engine manufacturers and reported in the database
of the International Civil Aviation Organization
(ICAO) [6]. ICAO database has gained from a very
limited number of newly manufactured engines during
the certification process [7].

The emission indices rely on well-defined
measurement procedure and conditions during
engine certification. Under real -circumstances,
however, these conditions may vary and deviations
from the certificated emission indices may occur due
to impact such factors, as:

* the life expectancy of an aircraft — emission of
an aircraft engine might vary significantly over the
years (the average period — 30 years);

* the type of an engine installed on an aircraft,
which can be different from an engine operated in an
engine test bed;

» meteorological conditions — temperature,
humidity and pressure of ambient air, which can be
different for certification conditions (temperature —
15 degrees C, pressure — 101325 Pa)

2. Analysis of the research and publications

Analysis of measurement campaigns at different
European airports (London-Heathrow in 1999 and
2000, Frankfurt/Main in 2000, Vienna in 2001 and
Zurich, 2003) [7]) determines, that operational
procedures of aircraft are sometimes not well
adapted to engine settings (thrust) and standard time
operation (TIM), which are specified under ICAO
engine emission certification procedure.

Thus, the aircraft engine thrust used in real
operations is significantly smaller (close to 85-90 %),
than what is prescribed by the ICAO (100 %) for
performance and cost-efficiency reasons [7, 12].
Such inevitably may lead to overestimation of
emissions of NOx from airport operations. In
practice for idle/taxi mode most aircraft use a thrust
of 3—4 % of m aximum instead of 7 %, this may lead
to underestimation of CO and hydrocarbons [7, 12].

Copyright © 2014 National Aviation University
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In Ukraine continuous measurements of airport-
related emissions have not been conducted at all.
And the assessment of historical, existing and/or
future air pollution is implemented only by modeling
techniques.

3. Task

Assessment of emission indexes of aircraft engine
exhaust from measurement under operating
conditions is an actual task which allows to calculate
precisely the emission inventory and to improve
local air quality modeling systems.

4. Determination EICO, EINO under
operation conditions at European airports

The most part of landing/take-off cycle (LTO), the
aircraft is taxing with a thrust of 7 % maximum
value. Several measurement campaigns were
performed for idling aircraft at different European
airports (London-Heathrow in 1999 and 2000,
Frankfurt/Main in 2000, Vienna in 2001 and Zurich,
2003) [7] to overcome expressed limitations of the
ICAO database using non-intrusive spectroscopic
methods  like  Fourier  transform  infrared
spectroscopy (FTIR) [8, 9] and differential optical
absorption spectroscopy (DOAS) [10].

On the ground of measurement results the
emission indices for CO and NOx were calculated
(1) under real operational conditions (idling, taxing
and take-off) and compared to the values given in
the ICAO [7].

idle

350

M) o) g
M(CO,) 0(CO,)
where M — the molecular weight;

O — concentration (mixing ratio, column
density, etc.) of the species.

Measured EICO by FTIR emission and
absorption spectrometry are generally slightly higher
than the ICAO values, fig. 1 [7]. The differences in
the CO emission indices given from FTIR emission
and absorption spectrometry are caused by a
different measurement principle and measurement
volume. The FTIR emission spectrometry detects the
exhaust of a single engine and the FTIR absorption
spectrometry the exhausts of all engines behind the
aircrafts. The mean difference is 20 % in order of
measurement accuracy.

The largest difference between measurement data
(FTIR emission and absorption spectroscopy) and
emission indices of the ICAO data for CO was found
for the RB211-524D4 engine due to quite long life
expectancy (engine age and its maintenance) of B747-
236, fig. 1. The oldest aircraft with an emission index
of 52.9 g/kg was 25 years old; the other two were built
in 1987 and 1983. Mean values of the measured
emission indices for three engine types (CFM56-5B1,
CFM-5B4/2P and CFM56-5B3/P) are nearly identical
although the ICAO data of the CFM56-5B family
differ by a factor of 2, fig. 2 [7].

EI(X) = EI(CO,)X

Deviation from ICAO, %
=
L
(=]

B FTIR emission

FTIR absorption

Fig. 1. Comparison measured EICO by FTIR emission and absorption spectrometry during measurement campaign
for idling aircraft at European airports (London-Heathrow in 1999 and 2000, Frankfurt/Main in 2000, Vienna in 2001)
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Fig. 2. Comparison EICO determined for CFM-5Bx engines with ICAO values for idling aircraft at European
airports (London-Heathrow in 1999 and 2000, Frankfurt/Main in 2000, Vienna in 2001)

The relatively high variance of extreme values
given as minimum and maximum value of all
measured data is caused by engine-to-engine and
maintenance quality, table 1.

Measured EINOx by FTIR  emission
spectrometry and DOAS are significantly below the
ICAO values, fig.3 [7]. The emission index of NOx
determined from measurements by the passive FTIR

emission spectrometry is generally lower than the
results given from DOAS system. This is due to the
chemical transformation from NO to NO,. The
passive FTIR emission spectroscopy allow to
estimate EINOx from NO concentration detected at
the nozzle section of aircraft engine, while DOAS
system — from NO, measured in the exhaust plume
behind the aircraft [11].

Table 1. Measured EICO of main engines at idle thrust of different engine types by FTIR emission spectrometry
and by FTIR absorption spectrometry at European airports (London-Heathrow in 1999 and 2000, Frankfurt/Main in

2000, Vienna in 2001)

FTIR emission FTIR absorption ICAO
Air ) Number | gpectrometry EICO, g/kg | Number | spectrometry EICO, g/kg
Engine of tested of tested
craft i Mini- | Maxi- :
engines -~ Lo Mean | e€ngines Mean+c g/kg
A320 CFM56-5B4 7 21,3 72,6 50,5 24 45,85+3,8 40,1
A321 CFM56-5B1 3 23,0 71,9 49,9 10 42,09+4,35 28,4
A321 CFM56-5B3 1 50,7 63,9 55,7 9 43,1+5,03 19,2
B737 CFM56-7B2 1 45,9 73,4 59,6 1 48,7+15,05 45,35
B747 RB211-524 1 21,0 31,2 26,0 3 37,41£15,25 9,3
B747 | RB211-524 2 10,4 18,1 12,2 6 19,48+6,51 11,75
B757 RB211-535 2 11,7 12,0 11,8 11 15,4142 18,79
B777 GE90-85B 7 2,7 64,1 39,1 6 43,35+6,21 13,67
CRJ200 CF34-3B 8 10,2 57,3 38,9 5 30,83+4,88 42,6
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Fig. 3. Comparison measured EINOx by FTIR and DOAS with ICAO values during measurement campaign for

idling aircraft at European airports

The ICAO values lies in between the measured
ones (fig. 4) for idle operational conditions (engine
ignition and taxing conditions) at Zurich airport [12].

Therefore, based on European experience, we
concluded, that idling during real operational
conditions is not equal to ICAO definition. This
difference is caused by thrust setting of aircraft
engine under real and certificated (at 7% of
maximum thrust) idle conditions:

1. Real EICO is higher, than the ICAO ones due
to lower thrust settings (engine ignition);

2. Real EICO is lower, than the ICAO ones due
to higher thrust settings (taxing condition).

Thus, thrust value installed during engine exhaust
certification measurements in test beds is a
combination of true idling and taxing conditions.

Moreover, idle thrust differs from engine type to
type and depends on ambient air conditions and
hence thrust cannot be simply calculated from on-
board measured parameters of an aircraft.
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Fig. 4. Comparison measured EICO (a black vertical bar with horizontal lines of minimum, median and maximum
meaning) with ICAO values (a grey horizontal bar) during measurement campaign for idling aircraft at Zurich airport.
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5. Dependence emission indexes on engine age,
fuel flow and ambient temperature

Measurement data of emission characteristics of 9
aircraft engine (CFM56-5C2/F) were officially obtained
from Lufthansa Technik AG in Munich in order to
investigate dependences of emission indexes on
operational period (engine age, hours), fuel flow of
engine and ambient conditions. Engine tests (26
measurements) were performed for stationary conditions
on standing aircraft A340-300 (D-AIGD, D-AIGF) for
different operational conditions (idle and cruise) at
Munich airport during three years [1].

Concentrations of NO, NOx, CO, CO, and H,O
were measured at the nozzle exit of engine (or in
plane parallel to engine nozzle at a distance of
approximately 10 cm) by using FTIR spectrometry
method [8] (with an absolute accuracy of 20 to
30%) to determine real in-use corresponding
emission indices of NO, NOx, CO, CO,, H,O
according to equation (1) for idle (N1 =20 — 22 %),
cruise (N1 =79 — 81 %) conditions [7, 8, 13].

It should be noted that the FTIR emission
spectrometry method focuses on the detection of NO
in aircraft exhaust right at the engine nozzle section.
While NOx consist of both NO and NO,, the NO,
was not measured during the experiment at Munich
airport. Therefore, the NOyx emission indexes are

determined on the ground of measured values of NO
only (which represent approximately 80 % of NOx).
The method was designed for accurate NO detection
at high thrust levels. For low thrust operating
conditions (N1 =19.5 — 24.9 %) the NO measurements
can be below the detection limits of FTIR emission
spectrometry method which does not allow
determining robust NOx emission indices [7, 11, 12].

Measured emission indexes of CO, NOx were
proceeded to find their dependence on operational
period, fuel flow of engine and ambient temperature.
Regression analysis was done for measured EINOx,
EICO and engine age (#) with estimated statistical
characteristics, table 2. Regression lines are fitted in
0,95 prediction interval via operational period
(hours) of engine, fig. 5, 6. Wide range of coefficient
correlation is caused by high variation of EICO,
EINO depending on operational period (166—13000
hours) of tested engines.

Regression analysis was also done for measured

EINOx, EICO and ambient temperature (¢z,) with

estimated  statistical characteristics, table 3.
Regression lines are fitted in 0, 95 prediction
interval via ambient temperature, fig. 7, 8.

Coefficient correlation is quite below 0.5, which is
caused by quite small volume of random sample (36
measurements) and also accuracy of FTIR method.

Table 2. Dependencies EINO and EICO on operation hours of CFM56-5C2/F engine of A340 (D-AIGD, D-AIGF)
aircraft with statistical characteristics, correlation coefficient (r) and coefficient of determination (R”)

- Basic statistical characteristics Dependence emission indexes, EI on
& | Operational . . Prediction operational period of aircraft engine, ¢
g conditions Mini- | Maxi- Mean Standard interval EI(CO,NO)= ate+ b
< mum | mum deviation ’
+95 % a b : R
Idle, after
o engine test, 12,5 21,0 16,74 3,66 13,36 | 20,13 | 0,0011 11,32 0,6372 | 0,4060
O &l Eleo
T2
B | Cruise flight
EI > | 3,20 6,30 4,66 0,97 3,765 | 5,558 | 0,00026 3,36 0,580 | 0,3329
NO
Idle, after
S engine test, 3,30 | 23,00 | 13,96 4,79 12,313 | 15,60 | 0,00018 | 12,632 | 0,14017 | 0,0197
oY  Fo
< 1
A Q| Cruise flight
EI >| 2,60 | 10,40 | 4,78 1,57 4,256 5,30 | 0,00003 | 4,585 0,064 | 0,0040
NO
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EICO, g/kg

EI=12.632 + 0,00018*Period
r=0,14017
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Fig. 5. Dependence of EICO on operation hours of
CFM56-5C2/F engine of A340 (D-AIGD, D-AIGF)
aircraft

Finally, regression analysis was done for

measured EINOx and fuel flow (FF), fig. 9.

Regression lines

fitted within 0.95 prediction

intervals vs fuel flow (FF) for the prediction
expression: EINOx = -6.0944+16.02*FF.

EI=4.5822 + 0,00003 *Period
r=0,06351

2
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Operational period (engine age), hours
Fig. 6. Dependence of EINO on operation hours of

CFM56-5C2/F engine of A340 aircraft (D-AIGD and
D-AIGF)

Index of fuel consumption varies in a number of

measurements performed in the range of = 5 %, but
sometimes there is also an extreme deviation of this
indicator, which may be due to sharply increased or
decreased index ORES (N %) for the investigated
operating mode.

Table 3. Dependencies EINO and EICO of CFM56-5C2/F engine of A340 (D-AIGD, D-AIGF) aircraft on ambient
temperature with statistical characteristics (correlation coefficient () and coefficient of determination (R,)

- Basic statistical characteristics Dependence emission indexes, £/ on
£ | Operational . . Prediction ambient temperature, 7,
2| conditons | Mini- | Maxic || Sandard | FECSCD EI(CO, NO) = at, + b
< mum mum dev1at10n + 95 %’ ~
a b r R
Idle, before
— | engine test, 75 | 22,50 | 14,65 4,592 11,728 | 17,56 | -0,095 15,89 | -0,196 0,038
= Elco
E Idle, after
S| enginetest, | 10,0 | 20,0 | 1431 3,353 12,182 | 16,44 | -0,062 15,12 | -0,174 0,03
< Elco
a Cr“‘;’*}i‘ght’ 2,714 | 6,0 4,07 1,0433 341 4,73 | -0,0045 4,13 20,041 | 0,0016
o Idle, before
O | engine test, 50 | 41,11 | 15,68 6,96 13,36 | 18,01 | -0,038 16,19 | 0,054 | 0,0029
E: Elco, ﬁg 7,a
A Idle, after
| enginetest, | 6,15 | 24,17 | 1439 3,97 13,048 | 15,73 | -0,092 20,09 0,22 0,050
% Elco, fig. 7, b
A | Cruise flight, | 20 1550 | 478 1,58 4256 | 531 | 00084 | 4805 | 0,054 | 00029
EINOa ﬁg8
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Fig. 7. Dependence of EICO on ambient temperature for idling conditions of CFM56-5C2/F engine of A340:
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Fig. 8. Dependence of EINO on ambient temperature for cruise conditions of CFM56-5C2/F engine of A340 (N\e 3, 4
D-AIGF, D-AIGD) aircraft
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Scatterplot for measured data

EINOx = -6,0944+16,02*FF; 0,95 Pred.Int.
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Fig. 9. Dependence of EINOx on measured Fuel Flow
(Ne 3, 4 D-AIGF, D-AIGD) aircraft

6. Comparison emission indexes with ICAO values

As cruise flight is displayed between “approach” and
“climb-out” stages of ICAO cycle, EINOx were
estimated on the basis of fuel flow rate [13]. At
cruise conditions, mean value of determined EINOx
is about 50% lower than ICAO value, table 4.

A similar approach was used to estimate EICO
for idle conditions under real value of fuel rate.

Since the average value of the actual fuel rate
was only 78 % (FF = 329 kg/h) on the ICAO value

08 0,9 1,0 11

Flow , kg/s

for cruise conditions of CFM56-5C2/F engine of A340

(FF = 423 kg/h), respectively, calculated emissions
indices are equal only 44 % (EICO = 15.1 g/kg) of
ICAO ones (EICO = 34 g/kg).

Analysis results of emission measurement data for
aircraft engine concluded that method, which takes into
account the influence of the real operational (fuel flow
rate, operation period of engine/age and its
maintenance) and ambient temperature on emission
indexes, allows to get more accurate results of
emission inventory of aircraft engines.

Table 4. Emission indexes of CFM56-5C2/F engine according to engine test for cruise, idling conditions and

comparison with ICAO values

Ne Operational conditions Floo EmlSSIg;NindeX g/kgEINOX Fuel E;/VIZ rate,
1 Engine test for cruise regime 0,7 5,5 >8.,4 3039
2 Approach stage of LTO-cycle, ICAO 1,75 10,0 1280
3 Climb stage of LTO-cycle, ICAO 0,8 25,8 3873
4 Engine test for idle mode 15,1 329
5 Idling (taxing) of LTO-cycle, ICAO 34,0 423

7. Conclusions

The observed variations between determined and
certificated emission indexes are most likely caused
by operational (thrust) and meteorological (air
temperature and humidity) conditions under real
circumstances which are quite different from well
defined conditions during certification procedure.

Nevertheless, these differences are important since
the ICAO data [4] is currently used to calculate
emissions from airports.

Determination of emission indexes under real
operational (real value of thrust) and ambient
temperature is an actual task, as input data for
models and high accurate assessment of aircraft
emissions contribution to total air pollution in the
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vicinity of airport. In addition, estimation emission
indexes, taking into account engine age and its
maintenance, allow to calculate precisely the
emission inventories of airports.
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Harionansuuii aBianiitnuii yaiBepcuret, npocn. Kocmonasta Komaposa, 1, Kuie, Ykpaina, 03680
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VY po0oTi BUKIIaZEHO pe3yJIbTaTh aHali3y METOJIiB, 3aCO0IB Ta IPHUHIMIIIB BUMIPIOBaHHS eMicii aBiaJIBUTYHIB B yMOBax
TOJIOBHUX aepornopTiB €Bporu. JlocniypKeHO BIUIMB peajbHUX EKCIUTyaTalliiHUX Ta METEOpOJIOTIYHMX YMOB Ha
BEJIMYMHH iHJCKCIB emicii aBiagBuryHis. Ha mifcraBi aHamizy CTeHAOBUX BHIIPOOYyBaHb aBiansuryHa tTuimy CFM56-5C2
JUT KPEeHCePChKOro PEeXUMY Ta PEKUMY MAajoro ra3y BCTAHOBIICHO KUTBKICHI 3aJIE)KHOCTI BEJIMYHMH 1HIEKCIB eMicii Bix
TEeMITepaTypy aTMOC(EpHOro IMOBITPs, HAaNpAIIOBaHHS Ta BUTPATH HajuBa (peXuMy poOOTH) aBiaaBuryHa. PisHUI,
BHUABIICHAa 3a pe3yJbTaTaMH MOPIBHSUIBHOTO aHANi3y BHMIPSHHUX iHIEKCIB ewmicii Ta HamaHumx mokazHukiB ICAOQO,
3yMOBJICHa THM, IO peanbHI eKCIUTyaTalliifHi yMOBM HE BigmoBigaroTh ymoBam ceptudikamii ICAO, 30kpema 3a
XapaKTepUCTUKAaMH TATW ABUTyHA. OOIPYHTOBAHO JOLUIBHICTh ypaxyBaHHs PEaIbHHX EKCIUTyaTalliiHUX (ITOKa3HUK
TSTW Ta TEpioJl HaNpalIOBaHHS aBiaJBUTyHa) Ta METEOPOJIOTIUYHMX (Temmeparypa arMoc(epHOro IMOBIiTPsS) YMOB Ha
BEJIMYMHHM 1HAEKCIB eMicii aBiaBUTYHA 3 METOI0 BIOCKOHAJCHHS MPOLEAYPH iHBEHTapH3allii BUKUIB aBiaJIBUTYHIB Ta
B3arai HiJBUILEHHS e(pEeKTUBHOCTI CTpaTerii peryIoBaHHs SKOCTI ITOBITPSI B MEXaX Ta OKOJIUII aepoIopTy.
Kiro4oBi ciioBa: eKoJOTiYHMIT MOHITOPHHI; €MICisl aBialiiHUX JBUTYHIB; 1HIEKC eMicii; MOHITOPHHI 3a0pyAHEHHS
TIOBITPS; OIIHKA 1HIEKCIB eMicii; mporeypa iHBeHTapu3allil aBialliifHIX ABUTYHIB.
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E-mail: synyka@gmail.com
B pabote mpencraBiieHbl pe3ysbTaThl aHAJIM3a METOJOB, 00OPYIOBAHUS W NPUHIMIIOB U3MEPEHUS CYIIECTBYFOIIHX
CUCTEM HMHCTPYMEHTAJIbHOI'O MOHUTOPUHIAa SMHUCCHI aBHaJIBUraTelled B INIaBHBIX asporoprax EBpomnsl. IlpuBeneHsi
pe3yJIbTAaThl BBINOJHEHHOTO MCCIENOBAHUS OTHOCUTENBHO BIMAHMS OKCIUIYaTalMOHHBIX W METEOPOJIOTHYECKHUX
YCIIOBUM Ha BEJIMYMHBI MHAEKCOB 53MMCCHUU aBuazsurartens. Ha oOCHOBaHMM aHanu3a CTEHAOBBIX HCIBITAaHUI
aBuazsurareist Tuna CFM56-5C2 st kpelicepckoro pexxnuma 1 pexkxuma Majlioro ra3a ObUIM YCTaHOBJIEHBI 3aBUCUMOCTH
WHACKCOB IMHCCHH OT TEMIEpaTypbl aTMOC(EpPHOTO BO3IyXa, pacxoja TOIUTUBA M HApaOOTKU aBHaBUTATEINA. TakuM
00pa3oM, pealibHbIe IKCIUTyaTAlHOHHBIC YCJOBHUS OTJIMYATHCS OT CepTH(UKALMOHHBIX YCJIOBUH aBuaaBUratesied, B
YaCTHOCTH, IO MOKazaTesnto TAru. OleHKa HHIEKCOB OMUCCHUN aBUAJIBUTATENEH C yUETOM PEAIbHBIX IKCILTYyaTallMOHHBIX
(ToKazatenp TATH) W METCOPOJIOTMYECKHUX YCIOBHH (TemIieparypa atMOoc(epHOro BO3AyXa) SIBISETCS aKTyallbHON
3amadeit, KoTopasi oOecIednBaeT JOCTOBEPHBIC MCXOMHBIC MaHHBIC IUIS MOJAEICH 3arps3HEHUS BO3AyXa a’pOIOPTOB H
MTO3BOJISIET YCOBEPIICHCTBOBATh MPOIEIYypy HHBEHTApU3aIlM BHIOPOCOB aBHaaBHraresiei. Takum oOpa3oM, OIeHKa
WHICKCOB SMHUCCHH B PEAIBHBIX YCIOBUAX OOCCIIEYMBACT JOCTOBEPHYIO OIICHKY COCTAaBJISIONICH BBIOPOCOB
aBUaJBUTATENEH B O0IIEM 3arpsi3HEHUH BO3IyXa adporopTa.
KiwueBble ciioBa: HWHBEHTapu3alys BHIOPOCOB aBHALMOHHBIX JBHIATelieil; HMHAEKC SMHCCHH; MOHHUTOPUHT
3arpsi3HEHUs BO3/lyXa; OLIEHKA UHJEKCOB AMUCCHU; DKOJIOTUYECKUI MOHUTOPUHT; SMUCCHUSI aBUAIMOHHBIX JIBUTATENEH
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