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Statistical Model for Gas Turbine Engines

Exhaust Emissions

Antonio Filippone†*& Nicholas Bojdo

The University of Manchester

Abstract

A statistical analysis has been developed from the ICAO databank to predict aero-engines
exhaust emissions during a landing and take-off cycle (LTO). The ICAO databank contains up-
dated emission indices for a vast number of turbojet and turbofan engines only, with thrust
ratings greater than 26.7 kN. Correlations are developed and proposed for turboprop and tur-
boshaft engines to overcome the difficulty of assessing exhaust emissions from these engines in
absence of industry data. LTO emissions are predicted for a turbofan-powered commuter air-
plane (Embraer E195) using the surrogate model. It is demonstrated that the predictions are
closer to the values extracted from the flight data recorder than to the emissions calculated with
the ICAO method. Thus, approximate emissions indices applied to actual flight procedures are a
better choice that a standard ICAO LTO emission estimate from the databank. The correlations
are then applied to the prediction of LTO emissions of a turboprop airplane (Bombardier Q400).

*School of MACE, George Begg Building, Manchester M13 9PL, UK. † E-mail: a.filippone@manchester.ac.uk.
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Nomenclature

DoF = Degrees of Freedom
Dp = emission rate
EI = emission index
GPS = Global Positioning System
LTO = Landing- and Take-off
PR = pressure ratio
REI = reference emission index
RMS = Root-mean-square
Wf6 = fuel flow
a, b, · · · , f = coefficients of interpolating equation
a1, · · · , d1 = coefficients of interpolating equation
EI = generic emission index
Foo = rated engine thrust
hm = humidity factor
m = index of a sum; mass
n = number of engines in database
N1 = gas generator speed (also in percent)
r = RMS of the residuals
x1, x2 = independent variables
WSSR = sum of squared residuals
δ = relative air pressure
θ = relative air temperature
σ = standard deviation

1 Introduction

Fossil fuels are the main source of energy for the commercial aviation, and are likely to remain

so for the foreseeable future. Therefore, emissions from combustion of aviation fuel will remain

a pressing problem at all levels: from engine design, to meeting ever more stringent targets that

are agreed at the international level. To predict such emissions, a number of sophisticated multi-

disciplinary software tools have been developed over the years. These tools deal with emissions

forecasting on a local and global scale using aggregate data provided by industry, for example

Ref.1. Emissions on a global scale have been predicted in a number of projects, and at regular

intervals by various organisations, notably NASA2, Eurocontrol, the European Commission, and

others3. A comprehensive review on this matter was published by Masiol & Harrison4 in the context

of air quality around airports; these authors included an observation that insufficient information

was available to evaluate the variability of emissions at reduced engine thrust.

In any case, most of the emission models rely on the ICAO databank5, with the exception of
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CO2 emissions, which are directly related to fuel burn6. Exhaust emissions are also calculated

using additional industry data, empirical and semi-analytic models, independent models of aircraft

performance, aerodynamics and propulsion7. Particulate matter is excluded from this database.

A number of experimental campaigns in recent years highlighted the complexities of the emissions

problem with airborne measurements8;9, and measurements at the airfield10. Particulate matter,

for which considerable research is also available (for example11), is not considered in the present

work.

For engineering analysis, the ICAO is the most extensive source of quantitative information, and

is continuously updated with contributions from manufacturers. The database now consists of about

500 gas turbine engine versions, including models no longer in service, no longer in production, or

superseded. The data are limited to turbofan engines with thrust ratings above 26.7 kN, as there is

no obligation to report emissions of smaller engines to the regulator (Notably, military engine data

are absent from the database, for example several General Electric turbofans and turbojets: F101,

F110, F118).

Other ancillary data that may have technical interest are available, for example the engine test

dates. These dates can help identify general trends, such as the increase in overall pressure ratios

and by-pass ratios over time.

Using the time-in-mode and the fuel flows indicated by the ICAO, we only obtain notional

values of the environmental emissions. These are not real-world occurrences, as pointed out by

several authors. Actual emissions depend on a large number of factors, which include the actual

ground roll procedures, the gross weight, the deterioration of the engines, atmospheric conditions,

derating (or part-thrust) and the fuel consumption. Uncertainty effects in emission indices are

evaluated by Lee et al.12, who point to uncertainty estimates as large as 55% for HC and 26% for

CO. Inaccuracies in fuel consumption have been pointed out by a number of authors, notably Senzig

et al.13 who proposed a method based on data collected from the Flight-Data Recorder (FDR).

Although the emission data are extremely useful, one must be wary of considering these data

applicable to all conditions, since the certification is derived from a limited number of tests (typically,

3 new engines), at specified atmospheric conditions and at a fixed altitude. Thus, there are issues

concerning engine deterioration effects, variability of performance data across engines of the same

family, etc., as also indicated by measurements published by14 for NOx. Caution must be exercised

when extrapolating these emissions to a global scale and to a long time frame involving future
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aircraft operations, as it may lead to incorrect conclusions and inappropriate policies.

Deterioration effects can be substantial, as reported in previous research15. Luckachko et al.16

also illustrated historical trends in engine emissions. Historical data are available within the ICAO

database only as a test date (most of the tests were conducted after 1980). A problem with the test

date is that within the database it has no clear correlation with actual technology level. Combustor

details are important, but are mostly of commercial nature (“reduced emissions”, “environmental

kit”, “phase 3”, etc.), and carry no useful information. Yet, there are a few exceptions. For

example, the GE low-emission combustor for the GEnx engines is documented by Foust et al.17,

and named twin annular premixing swirl (TAPS). This technology shows considerable improvements

in emissions at some engine modes over prior architecture. The TALON X technology, documented

by Pratt &Whitney18, is used in about a dozen certified engines; it can also be mapped against other

combustor technologies, as demonstrated later. Recent research into swirl effects in the combustor19

shows promising results in reducing emissions, particularly NOx.

Semi-analytical methods have been proposed on the basis of gas turbine test data20; it was

verified in the course of this work that the correlations proposed do not apply to aero engines. The

predictions of these algebraic formulas proposed by Rizk & Mongia are well above the normal values

for aero engines. The semi-analytical model has, in principle, the advantage of taking into account

other factors, such as the fuel residence time in the combustor, the evaporation time, and the

particle size distribution. Unfortunately, these parameters may only be available in aggregate, not

specifically for any engine. Therefore, any higher-order model would fail by virtue of uncertainties

in the simulation chain. Other engineering methods exist for the prediction of NOx from gas turbine

combustors21. These, as the previous ones, rely on four key parameters in the combustor: entry

pressure and temperature, pressure drop and fuel-to-air ratio — data not readily available from

the ICAO database or from the manufacturers. Likewise, it is known that maximum combustion

temperatures have slowly increased from about 1,800 K to 2,000 K in the past 30 years, but data

are not published for specific engines.

There are proprietary methods in the industry to estimate exhaust emissions. These methods

are not published, not available for research, and are dependent on a larger set of data that is not

possible to access for estimates of aviation emissions.

Aside from these caveats, the main motivator of the analysis shown in this paper is the lack of

reference data for small engines (Foo < 26.7 kN), turboprop and turboshaft engines; this lack of
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data prevents the simulation of emissions and the comparison with high by-pass ratio engines.

Only a few sparse data exist from turboprop/turboshaft engine manufacturers; data in the

literature may include tests of military engines, for example, T700-GE-700 with different fuels

(JP4, JP5), which yield different emission rates22.

One argument sometimes put forward is that turboprop engines are designed to provide torque

rather than thrust. Unless these engines are coupled to a propeller via a gearbox, no useful thrust

is generated. However, it is contended here that combustion emissions are ultimately dependent on

the combustor design and the aero-thermodynamic conditions inside the combustor, specifically the

total entry temperature TT3, and the total pressure PT3 (or overall compression ratio PR), hence

some commonality should exist.

In this paper we propose the following argument: combustors for turbofan and turboprop engines

should provide the same level of exhaust emissions, all other parameters being equal. Since the

detailed conditions in the combustor are not known, we limit the analysis to correlations that use

the overall pressure ratio PR, and fuel flow Wf6 (or specific fuel consumption, where available).

Therefore, we propose data analysis from the ICAO databank to extract information that can be

used for modelling emissions from torque-generating gas turbine engines.

There are several ways of showing the data in a graphical model. To avoid too many charts,

a few representative examples will be provided here. The remaining post-processed data are made

available in the supplementary material accompanying this paper.

2 Statistical Emissions Model

2.1 Use of the ICAO Databank

The ICAO spreadsheets include the certification data, which are nitrogen oxides (NOx), carbon

monoxide (CO), unburned hydrocarbons (UHC, or HC), smoke number, landing- and take-off (LTO)

emissions relative to the rated thrust (Dp/Foo); the latter ones are limited by international con-

ventions (the Committee on Aviation Environmental Protection, CAEP, a technical unit of the

ICAO).

The emission data are provided at four standard operating points, defined as take-off (N1% =

100), climb-out (N1% = 85), final approach (N1% = 30) and idle mode (N1% = 7). The calculation

of landing and take-off emissions relies on the use of these modes for a specified length of time.

Thus, the final estimate for LTO emissions is based on an algebraic equation:
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EI =
4

∑

m=1

EImtmWf6m (1)

where tm [s] is the time in mode m, Wf6m is the corresponding fuel flow [kg/s], and EIm is the

emission index [g/kg]. The result is an emission value in grams. This operation is repeated for

all indices. Note that the emission data are given for a single engine at the operating conditions

indicated by the manufacturers (ground conditions with a range of atmospheric temperatures and

pressure); therefore, the LTO emissions of an aircraft must be corrected for the number of operating

engines, and for the flight conditions (atmospheric effects and flight Mach number).

In Eq. 1 the times-in-mode tm work as weight factors in the final evaluation of an emission value.

Thus, low emission indices for a long time (idle) may contribute to a comparable level of a high

emission value for a short time (takeoff or climb-out).

When engines operate at different ratings (speeds or fuel flow), an interpolation of the emission

indices is necessary. A numerical investigation carried out in the course of this work highlighted

the fact that that a step-by-step integration of the emissions using interpolated values from the

ICAO databank depends strongly on how the data are interpolated at the low end of the fuel flow.

An example is shown in Figure 1, which refers to the emission rates of the turbofan CF34-10E7.

The data points are obtained from 10 different flights recorded by the FDR. The ICAO reference

points are indicated by circles which are not coincident with the ICAO points due to the non-linear

relationship between fuel flow and gas turbine speed.

The interpolation of the data with respect to the fuel flow is the is the most appropriate for this

scope and is in line with the behaviour indicated by studies on the CFM56 turbofan engine23. The

double-log interpolation logN1-logEI leads to a considerable under prediction of emissions at low

ratings, especially CO (as shown) and HC. This emphasises the difficulty and indeed the potential

variability in the emissions at low values of thrust, as typically found on airport taxiways. The

discrepancy between ICAO LTO emissions and emissions predicted using general part-load engine

states increases with the idle-mode emission indices.
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Figure 1: Interpolation of the CO emission index from the ICAO databank; turbofan engine CF34-
10E7. Points “I” and “T” are coincident.

2.2 Data Analysis

The ICAO data have been rearranged so as to exclude engines no longer in service, engines with

superseded data, and data not directly relevant to the analysis shown in the foregoing discussion.For

example, neither power extraction nor the fuel specification have been considered. No attempt has

been made to separate low by-pass ratio (turbojet) from high bypass ratios (turbofan). However,

a few turbojet engines were eliminated because of incomplete data (Rolls-Royce Spey). Other

anomalies exist. For example, on a map of log(Wf6) versus log(EI) the emission indices of the

AE3007 engines are out of step from all other engines.

The second step is to identify clear outliers in the remaining data. This step involves some

level of judgment as to where a cut-off may lie. A filter was applied to identify the outliers in

the remaining set. Three filter rules were used: 1.) engines test dates; 2.) thrust-specific fuel

consumption; 3.) absolute values in relation to the average of a distribution. These rules were

applied to the whole dataset in turn, and are described below.

Test Date. Consideration of test dates is somewhat arbitrary, as there is no clear cut off, and the

database itself does not correlate easily with the test date. However, by choosing as a cut-off date the

year 1980, only 22 engines are eliminated from the database (JT3, JT9, JT15, and earlier versions

of the CF60); subsequent analysis shows that the scatter of the data and the residuals of the least



8

square functions are improved with this choice. Scatter is further reduced on most emission indices

if the cut-off date is moved further into the future, with the year 1990 being particularly useful

for improving all correlations. However, maintaining the test date in the matrix allows additional

insight into the direction of technological advances; these indicate clearly a direction toward higher

pressure ratios, higher by-pass ratios and lower emissions. The final compromise was a cut-off test

year of 1985, which leaves a database of approximately 400 engines. This choice removed some

engines with large HC emissions in idle mode. Furthermore, this selection maintains a good number

of samples at the low-end of the map: relatively low fuel flow coupled with relatively low pressure

ratios, which is the domain of turboprop engines.

Thrust-Specific Fuel Consumption. For the take-off mode, the thrust-specific fuel consump-

tion (TSFC) can be calculated from the ratio Wf6/Foo. Investigation of the TSFC distribution

indicates that there is a ratio of ∼ 2.3 between the worst and the best engine in the database.

Those engines that have a TSFC > ∼ 15 mg/Ns, and have been excluded from statistical analysis.

The latter operation eliminates 10 engines (some JT8 and one JT15).

Mean Values. We then looked at the distribution of the emission indices. For each index, for

example the take-off NOx, we compared the value for each engine with the average value of the

distribution, EI . If engines are deselected when

EI > max
{

2EI , EI + 2.5σ
}

or EI = 0 (2)

at any of the four modes of operation, this leaves 200 engines in the database; this result was

considered unreasonable. If the zero entries are maintained, only 30 engines are eliminated. If the

filter Eq. 2 is applied separately to each operating mode, then only a few engines are eliminated at a

time. In order to avoid losing essential information, the filter was applied on a mode-by-mode basis,

which means that if an engine was excluded from the analysis of one emission index, it could have

been retained in another emission index. No engines are eliminated for the take-off NOx analysis,

whilst 3 engines are deselected in the analysis of the idle-mode HC emission index. Note that

that different filters may deselect the same engines, which indicates that the operation is robust to

different criteria. In any case, the number of engines remaining in the database is just less than 400

if the reference year is 1985, and about 420 engines if the test date is pushed back to 1980.
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2.3 Data Sorting

In order to provide explanations for observed trends, we have attempted to sort the engines. The

only data available to differentiate the various engines are the by-pass ratio, the design pressure

ratio, the rated output and the combustor type; the latter one is generally a commercial definition.

Entry temperatures in the combustor are not given in the databank, and although the conditions

could be simulated, the simulation was deemed not sufficiently accurate for the scope of the analysis

that follows. The by-pass ratio is not thought to affect the conditions in the combustor, and the

analysis appears to confirm that this is the case. A useful relationship can be found in some cases

between the rated fuel flow Wf6 and the design pressure ratio, PR. The case for NOx emissions at

take-off ratings is shown in Figure 2. There appears to be two separate clouds of points. These points

have thus been separated into two sub-sets that are fitted with linear least squares. The legend on

the top left corner indicates the main engine families in each sub-set. The discriminating factor for

the two sub-sets was a derivative dWf6/dPR = 1.62/15 ≃ 0.085 (this corresponds roughly to a line

between the two linear correlations in Figure 2a). When the two sets of data are corrected for their

rated thrust, they eventually collapse around a single line, as indicated in Figure 2b. Therefore, for

the take-off mode, least-square functions are sought in terms of the TSFC-PR combination.
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Figure 2: Relationship between take-off fuel flow and design pressure ratio.

2.4 Interpolating Functions

All the emissions have been fitted with a surface defined by
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z(x1, x2) = a+ bx1 + cx21 + dx2 + ex22 + fx1x2 (3)

where {x1, x2} are two independent parameters. We assumed that there is a parabolic dependence

on each parameter plus a cross-dependence via the coefficient f . Linear equations such as

z(x1, x2) = a1 + b1x1 + c1x2 + d1x1x2 (4)

have also been considered. In most cases, the RMS of the residuals (r =
√

WSSR/DoF ) and the

variance of the residuals σ = (WSSR/DoF ) was lower if Eq. 3 was used. No weights were used

in the interpolation. In any case, the sum of residuals is relatively large, meaning that surface

fits are not inclusive of most data points. There is no unique way of seeking best fits, as these

depend on the equations chosen, on the weights used, the numerical procedure applied and on the

consideration of outliers, which in some cases have an exaggerated effect on the final correlation.

The least-squares method used for the determination of the coefficients of Eq. 3 and Eq. 4 is that

of Levenberg-Marquardt, programmed for this scope. The best fit minimises the distance

∑

i

[zi(x1i, x2i)− z(x1, x2)]
2 (5)

between value zi and the corresponding surface z(x1, x2) The coefficients of the correlation analysis

are given in the Appendix. For all the operating modes, least-square surfaces are calculated using

the TSFC-PR combination.

The largest emission indices are generally NOx in take-off mode, CO in idle mode and HC in

idle mode. These specific cases are illustrated with some graphs, Figures 3, 4 and 5. In Figure 3

we show the result of the analysis for the NOx emission index, and in Figure 4 we show the HC

emission indices in idle mode. The graphs show two separate sub-sets of data: those engines having

a TALON combustor18 and those engines having a TAPS combustor17.

The emission indices of these combustors (applied, respectively to GEnx engines and PW1-

series) are considerably below the reference surfaces; this indicates that emissions are substantially

cut in comparison with other high by-pass turbofans. In fact, at pressure ratios of PR ≃ 35, these

emissions are about half of the average in the database. The margins are not so evident at other

modes, and in fact, in idle the data points for this engine series are virtually on the best fit surface,

Eq. 3.
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Figure 3: Best fit surface for NOx emissions at take-off; data points coloured according to test date
(darker shades denote new test dates). Test date cutoff is 1985.

Figure 4: Best fit surface for HC emissions in idle mode; data points coloured according to test date
(darker shades denote new test dates). Test date cutoff is 1985.

Once the least-square functions are determined (see also coefficients given in Appendix A), we

define the relative error, for each engine in the database:

E =
EIICAO − EIinterp

EIICAO
(6)
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Figure 5: Best fit surface for CO emissions in idle mode; data points coloured according to test date
(darker shades denote new test dates). Test date cutoff is 1985.

This error is only calculated for non-zero emission entries only. A statistical analysis is applied to

this error, which indicates that the standard deviation on the smoke number is rather large (E > 102

in most cases), and thus this interpolation is not reliable for this quantity.

3 Extrapolation to Turboprop Engines

As indicated in the foregoing analysis, a critical effect on engine emissions cannot be determined:

this requires the introduction of another parameter, since the scatter of the data is large. This

scatter includes clear outliers, as well as zero-emission data, all of which have been included in the

statistical analysis. With this caveat in mind, the same empirical relationships are proposed for

turboprop engines. Only approximate pressure ratios and take-off fuel flow data can be inferred

from engine manufacturers. Interpolation of data is then executed with independent variables PR

and Wf6.

Fuel flow data at the ICAO reference conditions are not available for these engines. In Figure 6

we show the uninstalled fuel flow and shaft power from one turboprop engine for which data were

available (turboprop PW127F), with the data normalised to the take-off power setting. The reference

data indicate two different idle states: flight and ground idle, the latter being N1 = 3%, most likely

with a static propeller.
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Figure 6: Uninstalled shaft power of a turboprop engine at standard sea level conditions.

In reality, the relationship N1-Wf6 is not linear and is likely to depend on the specific engine.

An example is shown in Figure 7 which refers to fuel flow data extracted from the Flight Data

Recorder of Bombardier Dash8 Q400 airplanes powered by PW150A turboprops. This is a case of

real-life operation, in contrast to a new, uninstalled engine. A few important facts are highlighted.

First, the data are for a full flight, from gate to gate, and thus include both low and high power

settings, atmospheric effects and engine intake distortion (installation and propeller’s induced flow).

Second, at N1% ≃ 95 there is a sharp increase in fuel flow, with a corresponding increase in shaft

torque, e.g. the gas generator turbine never reaches the 100% speed required by the ICAO standard

settings. Finally, the fuel flow drops to zero at engine speeds of the order of 25-30%. Therefore,

idle conditions can be interpreted as N1% =25, in contrast to the prescribed ICAO values. Since

turboprop and turboshaft engines are coupled with rotating systems, requiring a minimum of torque

to operate, it is possible that the relevant idle mode has turbine speed of the order of 20%, rather

than 7%, as in the case of the turbofan engines.

Figure 8 shows another case for the same engine, but for a different airplane. Note that left and

right engines have different fuel flow rates, but the general trend is the same as that in Figure 7.

Engine power data are not available, but have inferred from the product between torque and N1.

The N1-power relationship has been verified for other engines by using a one-dimensional aero-

thermodynamic model24;25. In absence of more rigorous data, for the fuel flow we propose the power
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fit

Wf6 = exp(4.459 · 10−2N1 − 4.098) (7)

This equation is expressed by the average solid line in Figure 7, and represents conditions at sea

level (approximately).

Additional problems are encountered in the analysis of emission data for this class of gas turbine
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engines. First, turboprops can deliver a non negligible amount of residual thrust; thus, these power

plants deliver a mix of torque and jet thrust. Turboshaft engines deliver almost exclusively torque;

only minimal residual energy is available from the exhaust gases. Turboshaft engines are the power

plant of choice of modern helicopters, where the exhaust may have to be diverted away from the

engine axis. Therefore, residual thrust is of no use.

A graphical example of the correlations used is displayed in Figure 9, where we have used the

only available and approximate data for turboprop and turboshaft engines. The relatively small

pressure-ratio and fuel flow range of these engines indicates that they are placed in a small corner of

the map, and sometimes they fall off the bounds of the ICAO database. For example, the minimum

pressure ratio in the database used for the present analysis is 9.76 (engine JT15D.01S), whilst many

turboprop engines have pressure ratios below this value. In recent years these pressure ratios have

increased almost uniformly to PR > 14. Therefore, correlations at this low end of the independent

parameters need further data points to be deemed robust.

A similar analysis is shown for the NOx emissions in idle mode, Figure 10. The pointed arrow

indicates the range of emission indices over a very narrow band of pressure ratios and fuel flow.

Only sparse emission data (large symbols) could be inferred for this case.

Figure 9: Best fit surface for NOx emissions at take-off.
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Figure 10: Best fit surface for NOx emissions in idle mode.

3.1 Emission Index Model

The process for estimating the emission indices for NOx, CO, and HC for turboprop and turboshaft

engines is as follows:

1. The ICAO database for turbofan engines is processed on a case-by-case basis and least-square

surfaces such as Eq. 3 are produced; 6 coefficients are determined for each emission index

(see Table A1). The independent variables for the least-squares are the fuel flow Wf6 and the

overall pressure ratio of the turbofan engines.

2. For turboprop and turboshaft engines, the pressure ratios and the take-off fuel flows are

inferred from open-source documents, official or otherwise.

3. For operating modes other than take-off, fuel flow data at standard atmospheric conditions

are determined from surrogate equations, such as Eq. 7, which in a general form is written as

Wf6 = exp(aN1 + b) (8)

4. The operating modes of these engines are set to N1% = 20, 30, 85, 100 (as a result of the

analysis in Figure 7.) The corresponding emission data are “reference” emission indices, REI.
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5. Reference emission indices are determined by using the atmospheric conditions recommended

in the Boeing Fuel Flow Model 226, which are reported here:

EICO = REICO

(

θ3.3

δ1.02

)

, EIHC = REIHC

(

θ3.3

δ1.02

)

, EINOx = REINOx

(

δ1.02

θ3.03

)

ehm

(9)

where hm is a humidity correction.

6. For a given value of the fuel flow Wf6 the corresponding emission index is calculated by

interpolation as discussed in § 2.

An exponential Mach number correction is used in the Boeing fuel flow model; this correction

does not apply in the general case, with polynomial fits being more appropriate in some cases.

4 Results and Discussion

The emission model proposed is applied to the prediction of exhaust emissions from the turboprop

aircraft Bombardier Dash8 Q400, powered by the PW150A engine (see Figure 7). The computer

model used is FLIGHT, which is widely documented (see for example24;25). The code now pre-

dicts emissions for NOx, CO, HC, SOx H2O, and soot, which are separated as LTO, stratospheric

emissions, and cumulative.

In both cases, a short commuter flight (400 km, 216 n-miles) is considered. The required range

has little effect on the LTO emissions, except for the CO2, which have been studied separately6.

LTO emissions depend on the amount of time spent on the ground, the idle times and actual flight

procedures. We assume that taxi times are as stipulated by the ICAO (16 minutes outbound +

10 minutes inbound). In all cases, we consider a passenger load of 90%, standard atmospheric

conditions, no winds, and airfield altitude near sea level. The present calculation of the LTO

emissions consists of 6 phases: taxi-out, take-off, climb-out, final approach, landing, and taxi-in.

Therefore, a comparison with the standard procedure will show some discrepancies.

4.1 Embraer E195 with CF34-10E engine

We now consider the case of a commuter airplane powered by turbofan engines, the General Electric

CF34-10E7 (ICAO Databank version 23, engine ID number: 8GE119). For this aircraft we have a

set of 10 FDR data logs for commuter flights. These data give parameters such as airspeed, fuel
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flow rate and aircraft mass for each flight stage, which are inputted into FLIGHT to estimate the

emissions based on power setting. The LTO emissions are summarised in Table 1 in the appendix.

The calculations were carried out by using Eq. 1 with the appropriate emission indices, the times

and the fuel flows extracted from the flight data recorders.

It is observed that there is a large discrepancy between the calculated emissions and the emis-

sions estimated by a straightforward application of the ICAO method (demonstrated in Figure 1),

in particular for carbon-oxides and uncombusted hydrocarbons; there is more than one order of

magnitude in the discrepancy of CO emissions and a factor ∼2 for the HC emissions. There is a

number of factors to take into fuhrer account. First, the engine speed seldom exceeds 90% (causing

a reduction in NOx emissions at take-off), it rarely goes below 20% (causing a large reduction in

idle NOx). In fact, the time in idle is virtually zero for all the flights considered.

Second, the LTO times are on average ∼5 minutes shorter than the standard values, mostly due

to shorter ground roll. The calculated emissions do not include corrections for engine installation

losses, since the fuel flow data are taken directly from the FDR files. The emission indices are

corrected for atmospheric effects (pressure, temperature, relative humidity) intake ram pressure,

following the Boeing model. The ICAO emission estimates are as indicated in the engine test doc-

umentation and are multiplied by two to take into account two operating engines. The calculations

using the present model are shown in the bottom row. These data show that the statistical estimates

of the exhaust emissions are much closer to the actual flights than to the ICAO estimates.

Although a limited set of FDR data has been used, the result indicates that there can be wide

discrepancies between the use of standard data and actual emissions, and it is not unlikely that

some aircraft emissions are estimated in large excess.
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Table 1: LTO exhaust emissions of an Embraer E195 with CF35-10E7 engines; DF = Dp/Foo.

Flight Fuel NOx CO HC DF DF DF SOx H2O LTO N1min N1max

[kg] [g] [g] [g] [NOx] [CO] [HC] [mg] [kg] [min] [%] [%]

1 318.5 3194.7 6500.6 613.5 38.17 77.67 7.33 254.8 394.0 33.8 7.8 91.8
2 268.4 3204.2 3074.6 281.1 38.28 36.73 3.36 214.8 332.1 19.2 10.8 91.9
3 359.0 4561.3 4080.8 374.8 54.50 48.75 4.48 287.2 444.1 25.3 7.8 90.3
4 352.7 3830.2 5854.0 548.1 45.76 69.94 6.55 282.1 436.2 31.9 18.8 90.9
5 355.3 4029.2 4938.7 456.1 48.14 59.00 5.45 284.2 439.5 29.7 7.5 91.1
6 278.8 3203.9 2696.0 234.2 38.28 32.21 2.80 223.0 344.8 18.8 7.6 90.1
7 134.3 1328.6 2238.4 205.1 15.87 26.74 2.45 107.4 166.1 12.2 19.5 91.8
8 322.3 3399.5 5660.1 528.3 40.61 67.62 6.31 257.8 398.6 31.0 20.4 91.9
9 356.5 3975.0 5899.8 552.9 47.49 70.49 6.61 285.2 441.0 32.2 7.9 89.9
10 386.5 4412.2 5279.6 480.3 52.71 63.08 5.74 309.2 478.2 31.4 7.8 89.9

Average 3596 4682 432 27.0
σ 911 1441 139 7.2
ICAO 6682 12860 1202 32.9
Present model 4116 4167 556

4.2 Bombardier Q400

The Bombardier Q400 is a medium-range commercial aircraft powered by two turboprop engines.

The predicted reference emission indices for this aircraft are provided in Table 2.

Table 2: Predicted emission indices for the PW150A. All data are [g/kg].

NOx CO HC

Takeoff 16.089 0.588 0.093
Climbout 12.636 0.669 0.109
Approach 7.003 6.001 0.328
Idle 3.305 32.703 4.162

As in the previous case, a number of FDR data packs were available. These data have been used

to predict the LTO emissions using the emission indices in Table 2. The sampling rate of the data

is 1s for the fuel flow and 4s for the GPS position. Each engine was considered separately, because

of different fuel flows, such as those shown in Figure 8. Thus, the incremental emissions ∆m at a

generic time step are

∆m = EI [Wf6(1) +Wf6(2)] ∆t (10)

with the appropriate emission index EI from Table 2 and with corrections described in § 3.1. The

predicted emissions are summarised in Table 3. The flight time includes all operations below 3,000
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feet. Note that flight number 5 has only a brief duration below the threshold altitude. Flight times

are slightly different from the ICAO standard, as are the engine speeds during the various phases

of flight.

Table 3: Predicted LTO emissions for the Bombardier Q400 turboprop airplane with PW150A
engines.

ORIG DEST Fuel time N1min N1max NOx CO UHC SOx H2O
[kg] [min] [%] [%] [g] [g] [g] [mg] [kg]

1 ABZ MAN 172.6 35.7 64.0 94.3 2102.1 146.5 21.4 138.1 213.5
2 BHD MAN 175.4 32.9 21.5 94.1 2166.8 147.6 21.6 140.3 217.0
3 EDI MAN 181.0 36.0 20.1 93.5 2183.4 167.2 23.3 144.8 223.9
4 MAN NWI 182.9 35.6 63.9 94.4 2244.1 149.9 22.4 146.3 226.3
5 MAN JER 121.8 17.2 67.4 94.1 1567.5 86.1 14.0 97.5 150.7
6 MAN GLA 185.2 37.7 20.6 94.5 2266.8 158.0 23.1 148.2 229.1
7 MAN INV 193.8 37.2 39.0 94.5 2380.0 157.6 23.7 155.0 239.7
8 NQY MAN 171.7 31.7 40.9 93.8 2115.8 139.9 20.9 137.4 212.5
9 SOU MAN 166.5 33.9 24.9 93.5 2055.1 137.2 20.3 133.2 206.0

Average 33.1 2120.2 143.3 21.2
σ 6.3 229.3 23.4 2.9

The time in idle mode (defined as the time when N1gg < 20%) is virtually zero in all the flights

considered. This means that the predicted HC emissions are likely to be considerably lower than

those calculated following the ICAO methodology, if the emission indices were known. Similar

conclusions have been demonstrated in a recent paper by Turgut et al.27.

It is noted that there is a factor ∼1.5 between maximum and minimum NOx, a factor ∼2 for

the CO, and so on. Therefore, Table 3 makes it clear that accuracy in the emission indices alone is

not a guarantee for accurate prediction of exhaust emissions from actual flights. An error of 50%

on any of the indices used for the prediction of a “standard” flight would be no worse than a set

of accurate emission indices applied to a set of actual flights. The best use of the emission indices

is in differential analysis, e.g. in cases where it is possible to compare, without doubt, two or more

different operations with the same airplane and the same engines.

5 Conclusions

Double-digit variability has been found in most gas turbine emissions data. Although the recent

trend is toward lower emissions across all engine sizes, there remains a spread of performance data.

Manufacturers promising “double-digit improvements in environmental emissions” rely on data
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averages for comparisons. These data may include old engines with poor environmental performance.

A number of conclusions have been reached in this study.

First, a statistical analysis has been proposed from the ICAO databank to predict emissions of

modern engines not already covered in the public domain, specifically turboprops and turboshaft

engines. The analysis set a cut-off test date to 1985, but otherwise no weights have been used in the

statistical analysis. The ICAO databank indicates that there is a wide spread of emission indices

due to a variety of effects, not least the technology level; this is identified almost exclusively by the

year of certification and the combustor technology (where available).

Second, a general correlation for emission indices has been proposed for turbofan engines, to be

used in preliminary design, or in cases where actual emission data are not available. With some

caveats, the emission model could be used for small engines, keeping in mind that the proposed

functions would provide extrapolations outside the data matrix.

Third, it is demonstrated that the interpolation of the emission indices at a generic point in the

engine’s flight envelope depends strongly on the interpolation method, and inaccuracies increase

toward the low-end of the engine speeds (idle mode). For the turboprop engines, this study proposes

to review the definition of idle mode. In this instance, a value of N1 =20% has been used.

A further step was aimed at proposing a simple method for predicting emissions from turboprop

engines. A method has been described to correct the indices for atmospheric conditions. This

emissions model proposed is suitable for cases where no real-life data are available; this includes

preliminary aircraft design (with few design data available), operational optimisation, and evaluation

of exhaust emissions from aggregate flights.

Finally, an analysis was carried out on two airplanes for which FDR data where available: a

turboprop Bombardier Q400 and an turbofan commuter airplane, Embraer E195. In the latter case,

it is shown that there is a wide scatter of emissions, possibly due to operational aspects. However,

the predictions obtained with the emissions model proposed (assuming that the emission indices

were unknown), provides a better estimate for the LTO emissions that the standard ICAO model.

This result emphasises again that the ICAO method for LTO emissions does not reflect real-life

cases.

For the turboprop engine model, emissions were predicted using a selected number of FDR data

and the surrogate emission model. Also in this case, a variability of emissions has been detected,

which is mostly attributed to the airplane itself, the engine state, and the operational procedures.
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The application shown can be expanded to other engines for which emissions data are not

available. Also, detailed analysis can be performed with FDR data of other airplanes to further

verify the approach proposed in this contribution.
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A Correlation Data

Table A1: Coefficients of Eq. 3 for turbofan emission model; n = number of engines in database.
Cut-off test-date: 1985.

EI a b c d e f r n

Takeoff
NOx -0.6026e+2 0.8782e+0 0.1293e−1 0.9680e+1 -0.3723e+0 -0.2644e−1 7.01713 395
CO -0.8542e+1 0.2230e+0 -0.1555e−2 0.1189e+1 -0.3791e−1 -0.1464e−1 0.25929 389
HC 0.9451e+0 -0.2969e−1 0.1671e−3 -0.7388e−1 0.6899e−3 0.1710e−2 0.04930 388
SN -0.8321e+2 0.3256e+1 -0.3673e−1 0.7262e+1 -0.1391e+0 -0.1067e+0 3.99624 394
Climbout
NOx -0.1226e+3 0.3609e+1 -0.1684e−1 0.1958e+2 -0.7642e+0 -0.2313e+0 6.12832 396
CO -0.9324e+1 0.3059e+0 -0.2166e−2 0.1327e+1 -0.3697e−1 -0.2369e−1 0.37030 389
HC 0.4873e+0 -0.2293e−1 0.1506e−3 0.3785e−2 -0.3222e−2 0.1253e−2 0.06129 389
SN -0.2677e+2 0.1093e+1 -0.1909e−1 0.2800e+1 -0.1496e+0 0.1695e−1 3.26990 392
Approach
NOx -0.3447e+2 0.1695e+1 -0.1384e−1 0.1320e+2 -0.1190e+1 -0.2531e+0 1.72064 398
CO 0.2134e+2 -0.4416e+0 0.2066e−2 -0.8409e+1 0.1220e+1 0.8128e−1 1.81451 380
HC -0.1181e+1 0.6224e−2 0.3943e−4 0.9949e+0 -0.1501e+0 -0.5507e−2 0.35106 386
SN 0.3220e+1 -0.6787e−1 0.1905e−2 -0.1231e+1 0.1470e+0 0.7839e−2 1.41086 389
Idle
NOx -0.9113e+1 0.4164e+0 -0.3209e−2 0.1120e+2 -0.3185e+1 -0.1285e+0 0.58958 394
CO -0.1286e+3 0.6372e+1 -0.6598e−1 0.1804e+3 -0.4570e+2 -0.3728e+1 10.40077 389
HC -0.1096e+2 0.8805e+0 -0.1033e−1 0.1808e+2 -0.4260e+1 -0.5871e+0 3.10105 389
SN 0.9072e+1 -0.1836e+0 -0.4484e−3 -0.1138e+2 0.2659e+1 0.2239e+0 1.04649 389
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Table A2: Coefficients of Eq. 3 for turboprop/turboshaft emission model; n = number of engines
in database. Cut-off test-date: 1985.

EI a b c d e f r n

Takeoff
NOx 0.1337e+2 0.9144e−1 0.3617e−4 -0.1075e+1 -0.6473e+0 0.2994e+0 6.04636 395
CO -0.4312e+0 0.9648e−1 -0.2328e−2 -0.5474e+0 -0.1131e+0 0.2726e−1 0.24908 389
HC 0.1713e+0 -0.1004e−1 0.1902e−3 0.8724e−1 0.5984e−2 -0.3085e−2 0.05069 388
SN -0.7601e+1 0.1142e+1 -0.2213e−1 0.9802e+0 -0.1369e+0 -0.8636e−2 4.20621 394
Climbout
NOx 0.7194e+1 0.5609e+0 -0.1059e−1 -0.3223e+1 0.2889e+0 0.2591e+0 5.25297 396
CO 0.1788e+0 0.5469e−1 -0.1710e−2 -0.5147e+0 -0.2318e+0 0.3439e−1 0.36576 389
HC 0.2859e+0 -0.1764e−1 0.3169e−3 0.1465e+0 0.9445e−2 -0.4966e−2 0.06137 389
SN -0.1914e+2 0.1839e+1 -0.3592e−1 -0.3807e+1 -0.1654e+1 0.2614e+0 3.27922 392
Approach
NOx 0.3699e+0 0.5470e+0 -0.7445e−2 -0.6914e+1 0.6782e+1 0.1138e+0 1.53381 398
CO 0.8187e+1 -0.2967e+0 0.5588e−2 0.3856e+1 0.4757e+1 -0.3191e+0 1.81015 380
HC 0.5958e+0 -0.2780e−1 0.1839e−3 0.7055e+0 -0.6934e+0 0.6639e−2 0.34968 386
SN -0.7969e+0 0.1014e+0 -0.3505e−2 -0.1549e+1 -0.1322e+2 0.4516e+0 1.33569 389
Idle
NOx 0.1605e+0 0.2412e+0 -0.1650e−2 -0.8818e+1 0.3714e+2 -0.2268e+0 0.58430 394
CO 0.2051e+2 0.1776e+1 -0.4778e−1 -0.1390e+3 0.1528e+3 0.2915e+1 10.51605 389
HC 0.4966e+1 -0.1452e+0 -0.1305e−2 0.3729e+2 -0.3787e+2 -0.2503e+0 3.11248 389
SN -0.1868e+1 0.1876e+0 -0.2811e−2 0.3949e+1 0.3192e+0 -0.1473e+0 1.04944 389


