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Abstract

Based on available operational flight data of a
Boeing 737-300 with CFM56-3 engines, four dif-
ferent thrust models are developed in MATLAB.
The model development is supported by the soft-
ware GasTurb which is able to compute operat-
ing lines for engine components based on a de-
sign point. The results are used for the generation
of lookup tables. The computed thrust is then
utilized in parameter estimation for the landing
phase from touchdown to a calibrated airspeed
of 50kts. Here, zero drag coefficients, spoiler
drag coefficients and a braking coefficient are es-
timated for about 1500 flights using the Output
Error Method combined with the Gauss-Newton
algorithm.

1 Introduction

In order to ensure and increase the safety level
of airlines, they are obligated to analyze their op-
erational flight data recorded in so called Quick
Access Recorders (QAR). This is an recorder
comparable to the flight data recorder, known as
black box for accident investigation, but contain-
ing more parameters and being easily accessible.
These data contain valuable safety related infor-
mation about flight physics, system parameters or
aircraft configuration for predictive analysis us-
ing physics based incident models, e.g. for the
Runway Overrun [1]. The estimation of drag and
braking coefficients is essential to be able to sim-
ulate landings within a dedicated incident model.

For avoiding the estimation of parameters of sim-
ple thrust models and to reduce the number of
unknown longitudinal forces, the thrust shall be
directly determined based on multiple available
time series from the QAR and more complex
thrust models with fixed parameters to approxi-
mate a certain engine type behavior. These mod-
els are supported by design calculations in the
GasTurb software. This approach differs from
existing work by Chati [2] and Campbell [3]. The
goal of this paper is to model the longitudinal
acceleration during landing using the complex
thrust models and by estimating drag and brak-
ing coefficients for later usage in physics based
incident models at the Institute of Flight System
Dynamics.
The results of this paper are based on data of
Boeing 737-300 aircraft which are equipped with
CFM56-3 engines of variant B2.

2 Thrust Model Development

The overall idea for modeling the thrust is utiliz-
ing the software GasTurb [4] to generate lookup
tables for the model implementation in MAT-
LAB. GasTurb enables to compute component
maps where the relation between relative cor-
rected spool speed, reduced mass flow, isentropic
efficiencies and total pressure ratios can be drawn
from.

TN = Tg,II +Tg,I −Ti (1)

Ti = ṁ0 ·VTAS (2)
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The net thrust TN of the engine in Eq. (1) is mod-
eled as the sum of the bypass gross thrust Tg,II ,
the core gross thrust Tg,I and the inlet nozzle mo-
mentum Ti with the mass flow ṁ0 and the true air-
speed VTAS. With the data exports from GasTurb,
four different model approaches are tested. The
first model is a pure lookup table for the thrust.
The other three models share bypass thrust cal-
culation and the same fan compressor map to re-
trieve corrected engine mass flow, pressure ratios
and efficiencies. The core thrust of the second
model is determined via a lookup table of the
thrust ratio between bypass and core thrust. Mod-
els 3 and 4 utilize several component maps within
thermodynamic station calculations for the core
thrust based on Exhaust Gas Temperature (EGT)
and on the fuel flow measurement, respectively.
Formulas for the station calculations are based
on [5] and [6]. The station designation used in
the index of variables is based on the Aerospace
Recommended Practice 755C of the Society of
Automotive Engineers [7], which is also used in
GasTurb [8] and listed here:
0: Ambient; 1: Aircraft engine interface; 2: First
compressor/fan inlet; 21: Inner stream fan exit;
13: Outer stream fan exit; 18: Bypass nozzle
throat; 25: High pressure compressor (HPC) in-
let; 3: HPC exit; 4: Burner exit, high pressure tur-
bine (HPT) inlet; 45: Low pressure turbine (LPT)
inlet; 5: LPT exit; 8: Core nozzle throat.

2.1 Modeling in GasTurb

Detailed performance data of is generally not
available to the public. This includes the com-
pressor and turbine maps, which are manda-
tory for engine performance modeling. GasTurb
comes with a set of component maps that are
scaled in the design process to fit the desired en-
gine.
The simulation in GasTurb consists of two steps,
design point modelling and the off-design. For
the design point, operating data of a high power
setting is suitable [9]. Available engine data usu-
ally refers to the maximum power setting of an
uninstalled engine on the test bed.[10] Available
performance data [11, 12, 13] was used to de-

fine the design point, e.g. the Take Off Rat-
ing of 98kN. Due to extraction of bleed air or
of mechanical power when mounted, the perfor-
mance of the engine in service is below the maxi-
mum uninstalled thrust. The performance reduc-
ing quantities need to be estimated. For simplifi-
cation the extraction of bleed air and mechanical
power were assumed to be constant for models 1
and 2. The inlet duct is another contributor to in-
stallation losses modelled with the standard Gas-
Turb inlet map.
The off-design results in operating lines of the
engine components for the entire operating en-
velope. An operating line is a set of operating
points. Detailed information on the off design
and the adjustment of component maps can be
found in [8] and [9].

2.2 Model 1: Look-Up Thrust Model

Model 1 is completely based on thrust values cal-
culated by GasTurb. For each operating point
GasTurb can provide thrust values which are ex-
ported and fed into a lookup table. Several op-
erating lines for different Mach numbers and al-
titudes were exported to cover the entire flight
envelope. Fan speed, Mach number and alti-
tude are the main factors influencing the engine
thrust and input parameters to the lookup ta-
ble. The thrust calculated by GasTurb for dif-
ferent altitudes is based on pressure and temper-
ature according to the International Standard At-
mosphere (ISA). The ambient conditions of the
QAR-altitude can differ from the ISA conditions
and therefore may lead to deviations.

2.3 Using Operating Lines from GasTurb’s
Component Maps for Thrust Calculation

As the shape of the operating lines primarily
changes with respect to the Mach number, the
operating lines were exported for different Mach
numbers. A set of operating lines of the fan is ex-
emplary given in figure 1. The map data is fed
into a 2D look-up table which has the relative
corrected component speed and the flight Mach
number as inputs. The map based models are in-
dependent of ISA conditions since the station cal-
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culation is based on the actual ambient pressure
and temperature from the QAR data and due to
the use of corrected units in the component maps.
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Fig. 1 Fan Map

2.3.1 Bypass Thrust Model based on Fan Map

Models 2,3 and 4 all use the same thrust model
for the bypass thrust based on station computa-
tions from ambient condition to bypass nozzle
throat described in the following.
Total pressure pt,0, total temperature Tt,0 and
Mach number are calculated from the static
pressure ps,0, static temperature Ts,0 and the true
airspeed VTAS.
The engine intake is assumed to be adiabatic,
therefore Tt,2 equals Tt,0. pt,2 is calculated with
the inlet pressure recovery, obtained from the
inlet map, that is implemented as a 2D look-up
table with the Mach number and the relative
corrected fan speed as inputs. It is assumed
that the pressure loss is the same for core and
bypass stream. The corrected engine mass flow,
the isentropic efficiency and the pressure ratio
of the fan are read from the fan map. With the
fan intake conditions Tt,2 and pt,2 the corrected
engine mass flow can be converted to the actual
mass flow ṁ0. The bypass ratio (BPR) varies
depending on spool speed and Mach number.
The BPR is exported similar to the operating
lines from GasTurb and fed into a lookup table.
With the BPR the core mass flow ṁI and the
bypass mass flow ṁII are calculated from the
engine mass flow ṁ0.

pt,13 = pt,2 ·Πt, f an (3)

Tt,13 = Tt,2 ·

1+
Π

γ−1
γ

t, f an −1

ηis, f an

 (4)

The fan map can be split into an inner and outer
part. For the bypass thrust the outer part is of
interest. The total pressure pt,13 and total tem-
perature Tt,13 at the fan exit are given in Eqs. (3)
and (4), where Πt, f an is the outer pressure ratio
of the fan and ηis, f an its isentropic efficiency.
The specific heat capacity cp and the specific heat
ratio γ are calculated with the mid-temperature
and the fuel to air ratio (FAR) of the gas which is
covered by a polynomial given in [5] and based
on the work of S. Gordon and B. J. McBride [14].
The mid-temperature of each compression or ex-
pansions is found in an iterative process of cal-
culating the exit temperature of the considered
component. For the compression in fan, booster
and HPC the FAR is zero. The bypass duct is as-
sumed to be adiabatic, therefore Tt,18 equals Tt,13.
The pressure loss within the bypass duct and the
bypass nozzle is assumed to be constant. The
convergent nozzle has two operating conditions,
which are determined by the critical pressure ra-
tio at the throat of the nozzle:(

pt,18

ps,0

)
≷

(
pt

ps

)
crit

=

(
1+

γ18 −1
2

) γ18
γ18−1

(5)

If the pressure ratio at the nozzle throat is larger
than the critical pressure ratio, the nozzle is chok-
ing (Ma18 = 1). In the choked condition the static
pressure is above the ambient pressure. With
Mach number Ma18 = 1 the static temperature
Ts,18 and pressure ps,18 can be calculated from
the total temperature Tt,18 and pressure pt,18. The
exit velocity c18 equals the local speed of sound
in Eq. (6) with gas constant R0.

c18 =
√

γ18 ·R0 ·Ts,18 (6)

For the unchoked nozzle the ambient pressure
ps,0 equals the static pressure ps,18 at the throat of
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the nozzle. The exit velocity c18 can be derived
from difference of the total and static specific en-
thalpy (ht,18 − hs,18) and the isentropic relation,
Eq. (7).

c18 =

√√√√√2 · cp18 ·Tt,18 ·

1−
(

ps,18

pt,18

) γ18−1
γ18


(7)

All parameters for calculating the bypass gross
thrust Tg,II in Eq. (8) are known at this stage. In
case of the unchoked nozzle, the additional thrust
resulting from the pressure difference ps,18− ps,0
at the exit area A18 is zero.

Tg,II = ṁII · c18 +A18 · (ps,18 − ps,0) (8)

2.3.2 Model 2: Core Thrust based on Thrust
Ratio

The core gross thrust for model 2 Tg,I,2 for Eq. (1)
is obtained from the ratio of the core and bypass
gross thrust Φ, which is exported from GasTurb
similar to the operating lines. GasTurb allows the
user to compose parameters out of available stan-
dard parameters. The data is fed into a 2D lookup
table with the relative corrected fan speed and the
Mach number as input parameters.

2.3.3 Model 3: Core Thrust based on EGT-
Signal

The core thrust of model 3 is based on the EGT-
signal of the QAR-data. The total temperatures
and total pressures at stations 21, 25 and 3 of
the core engine are calculated with the operat-
ing lines of the inner fan, the booster and the
HPC similar to Eqs. (3) and (4). The bleed air
(ṁb) is assumed to be extracted behind the HPC.
The reduction of the core mass flow and the HPC
pressure ratio by extraction of bleed air is taken
into account. The model also considers the drain
of mechanical power (Pext) that is extracted from
the N2 spool. In the combustion chamber the fuel
mass flow ṁ f is added. The total pressure loss in
the combustion chamber is set to 5 %. With the
core mass flow ṁI , the dynamic pressure pt,4 and
the EGT-data, the exit conditions of the HPT and

LPT can be calculated with the power balance of
the N1 and N2 spool.
The EGT is measured in the stator of the sec-
ond LPT-stage. The EGT-measurement in the
CFM56-3 is described in Kurzke [15] in detail.
Since the LPT has four stages with increasing
blade diameter, the work extraction is not con-
stant across the four stages. The temperature de-
crease after the first stage can be estimated to
βEGT = 0.217 as described in [15]. As the ther-
mocouple measuring the EGT is located within
a stator and is not aligned with the direction of
the gas flow, a recovery factor αEGT = 0.976 for
the EGT measurement is introduced. [15] For the
calculations αEGT and βEGT were assumed to be
constant throughout the operating envelope.

EGT
αEGT

= Tt,45 −βEGT ·
(
Tt,45 −Tt,5

)
(9)

The power of fan Pf an and booster Pbooster are
calculated with the mass flow, temperature dif-
ference and cp of each component. With the as-
sumption of a constant mechanical efficiency of
the N1 spool ηN1 the power of the LPT PLPT is:

PLPT =
Pf an +Pbooster

ηN1
(10)

PLPT =
(
ṁI + ṁ f − ṁb

)
· cp ·

(
Tt,45 −Tt,5

)
(11)

The temperature difference in Eq. (9) is a fac-
tor in the calculation of the LPT power PLPT in
Eq. (11). Combining Eqs. (9) and (11) leads to
an expression for Tt,45 in Eq. (12) where cp and
Tt,45 can again be calculated iteratively using the
before mentioned polynomial. With cp and Tt,45,
the total temperature Tt,5 can be calculated with
Eq. (11).

Tt,45 =
EGT
αEGT

+βEGT ·

(
PLPT

cp ·
(
ṁI − ṁb + ṁ f

))
(12)

pt,45 = pt,4 ·
(

1− 1
ηis,HPT

(
1−

Tt,45

Tt,4

)) γ

γ−1

(13)
The total pressure at station 45 pt,45 is obtained
from Eq. (13), which can be derived from the
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isentropic relation and the definition of the isen-
tropic efficiency. The isentropic efficiency of the
HPT (ηis,HPT ) is stored in a 2D look-up table
with the Mach number and the relative corrected
HPT spool speed as inputs. The total temperature
Tt,4 is obtained from the power balance of the N2-
spool. The total pressure at station 5 is calculated
in the same way by inserting Tt,45, Tt,5, pt,45 and
ηis,LPT into Eq. (13).
The core nozzle condition and exit velocities are
computed similarly to the bypass nozzle. The re-
sulting gross thrust of the core for Eq. (1) is given
in Eq. (14), where in case of an unchoked core
nozzle the thrust resulting from the pressure dif-
ference is again zero.

Tg,I,3 =
(
ṁI − ṁb + ṁ f

)
· c8 +A8 · (ps,8 − ps,0)

(14)

2.3.4 Model 4: Core Thrust based on Fuel
Flow Rate

Models 3 and 4 share the same calculations of the
core till station 3. With a simplified combustion
calculation, which is based on the equations in
W. Bräunling [5], the burner exit temperature Tt,4
can be calculated with use of the fuel flow rate.
The energy balance between the stations 3 and
4 is given in Eq. (15), where LCV is the lower
calorific value of the kerosene at a reference tem-
perature of Tre f ,k =298,15 K and ηc the combus-
tion efficiency.[5](

ṁI − ṁb + ṁ f
)
·ht,3 =

(ṁI − ṁb) ·ht,4 + ṁ f ·ηc ·LCV (15)

With the enthalpy ht,4 [5]:

ht,4 = cp
∣∣Tt,4
Tre f ,k

·
(
Tt,4 −Tre f ,k

)
(16)

With Eq. (16) and Eq. (15), Tt,4 is obtained iter-
atively. The specific heat capacity cp is averaged
over the evaluations at Tre f ,k and Tt,4. [5]. The
temperatures at stations 45 and 5 again can be
obtained from the power balance of the N1 and
N2 spools. The pressures pt,45, pt,5, exit velocity
c8, core gross thrust Tg,I and engine net thrust TN
are calculated similarly to model three.

2.4 Sensitivity of Fixed Model Parameters

Since not all fixed model parameters were
known, especially for the models 3 and 4, they
had to be assumed. Therefore, the sensitivity of
the thrust with respect to certain model parame-
ters was analyzed. Model parameters taken into
account were total pressure losses in the bypass
duct, the core engine nozzle and the combustion
chamber. Further parameters are the amount of
bleed air, the power drain, mechanical efficien-
cies and the combustion efficiency. The most in-
fluencing parameters are the EGT-correction fac-
tor αEGT , the bleed air mass flow ṁb and the
combustion efficiency ηc.

3 Thrust Model Comparison

Within the following subsections the computed
thrust from the four described models will be
shown as well as analyses of the differences be-
tween the models for multiple flights.

3.1 Single Flight Analysis

Fig. 2 Thrust for complete flight, single engine

The described models lead to similar thrust
values resembling the expected behavior during
one flight as depicted in Fig. 2. During take off
the thrust of a single engine increases to a maxi-
mum value at 25m/s ground speed between 64kN
for models 1,2 and 4 to 72kN for model 3. This is
between 65.3% and 73.5% of the Take Off Rat-
ing under standard conditions and without taking
into account power losses when mounted. De-
creasing thrust during the climb phase and a drop
in thrust at level off fit the expected behavior as
well. During descend and approach the thrust de-
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creases again before it increases during final ap-
proach when flaps and landing gear are extended.
Within Fig. 3 it is zoomed in to the landing phase.
In addition to the pure thrust computation also the
effect of deployed reversers can be seen.

TN,rev = Tg,I + crev ·Tg,II −Ti (17)

Fig. 3 Thrust during landing phase, single engine

The CFM56-3 uses a cold stream reverser
that deflects the bypass stream by a certain an-
gle δrev. This is taken into account with the fac-
tor crev in the net thrust during deployed reversers
TN,rev in Eq. (17), which is similar to Eq. (1). For
a smooth transition, over-critically damped PT2
behavior is assumed for crev when changing from
crev = 1 to crev = sinδrev.
The graphs in Fig. 3 show flight idle thrust at
touchdown and the deployment of the reversers
about 5 seconds later. Once the reversers are
deployed, no run up of the fan speed for addi-
tional reversed thrust is commanded by the pi-
lot. Therefore the reversed thrust decreases dur-
ing deceleration phase and changes back to posi-
tive thrust once the reversers are stowed.
The differences between the models 2, 3 and 4
four steam from the core thrust computation only.
Since the parameter estimation is applied to the
landing phase, a closer look is taken on the thrust
difference for this phase in the next section.

3.2 Model Differences for Multiple Flights

In order to compare the models’ performance for
multiple flights, metrics need to be defined. For
this analysis it was chosen to look at the error
time series ∆T (k) between the net thrust of the
first model TN,1 and of each one of the other mod-
els TN,x as defined in Eq. (18). The actual metrics

for this case are the mean value µ(∆T ) of these
errors and the standard deviation σ(∆T ), given in
Eq. (19) and (20). It is sufficient to look at the
resulting three pairs since all other pairs can be
computed from them.

∆T (k) = TN,1(k)−TN,x(k) (18)

µ(∆T ) =
1
n

n

∑
k=1

eT (k) (19)

σ(∆T ) =

√
1

n−1

n

∑
k=1

[eT (k)−µ(∆T )] (20)

Additionally it is distinguished between time
steps k when the reversers are deployed and when
they are stowed. In the following figures only the
results for deployed reversers are shown, where
on the left side mean values and on the right side
standard deviations can be seen.

Fig. 4 Thrust difference between Models 1 and 2

Fig. 5 Thrust difference between Models 1 and 3

The differences between models 1 and 2 in
Fig. 4 show the most stable behavior over all
flights. This can be explained by model 2 still
using a look up table for the core thrust together
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Fig. 6 Thrust difference between Models 1 and 4

with the more simple computation of the fan
thrust. The extreme differences at the edges of
the distribution can be explained by significantly
different environmental conditions compared to
the standard atmosphere assumed in model 1. A
clear offset towards higher thrust values in model
3 compared to model 1 together with higher stan-
dard deviations can be seen in Fig. 5. This might
be caused by wrong measurements of EGT and
model assumptions for the core thrust computa-
tion. The mean values of the differences between
model 1 and 4 (Fig. 6) show the highest spread
of values and even higher standard deviations for
each single flight. This leads to the conclusion
that the fuel flow data as well as the modelling
approach contain high uncertainty.

4 Parameter Estimation during Landing

With the thrust models developed the estima-
tion of drag and friction coefficients is possible.
Since recording operational flight data is not done
for the purpose of parameter estimation as it is
done for flight test campaigns, the data have poor
recording frequency and little excitation of sys-
tem dynamics. Therefore, the number of observ-
able parameters is generally very limited.
As a first method we decided for the Output Er-
ror Method (OEM) which is rather simple but still
provides more flexibility than least squares algo-
rithms, e.g possibility to bound parameters.

4.1 Output Error Method

This section describes the implementation of the
iterative Output Error Method based on [16]. For
this paper where one output z(t) is used for the

estimation.

yi(t) = g(uuu(t),ΘΘΘi) (21)

ri(t) = z(t)− yi(t) (22)

J(ΘΘΘi) = σ
2(ri(t)) (23)

The time variant output yi(t) for iteration i is
calculated by the algebraic output function g with
input time series uuu(t) and the model parameters
ΘΘΘi, Eq. (21). With the residual ri(t) in Eq. (22)
the cost function J is defined as its variance in Eq.
(23). Time variant variables are implemented as
row vectors. For calculating the parameter update
∆ΘΘΘi within each iteration, the Gauss-Newton al-
gorithm is implemented as follows:

∆ΘΘΘi =−
(

∂2J(ΘΘΘi)

∂ΘΘΘ
2

)−1
∂J(ΘΘΘi)

∂ΘΘΘ
(24)

, with the second derivative of the cost function

∂2J(ΘΘΘi)

∂ΘΘΘ
2 =

(
∂yi(t)

∂ΘΘΘ

)T

·σ2(ri(t)) ·
∂yi(t)

∂ΘΘΘ
, (25)

and the first derivative of the cost unction

∂J(ΘΘΘi)

∂ΘΘΘ
=−

(
∂yi(t)

∂ΘΘΘ

)T

·σ2(ri(t)) · ri(t). (26)

The sensitivity ∂yi(t)
∂ΘΘΘ

is determined symboli-
cally and is hard coded for higher accuracy and
computational speed. If the relative change in the
cost function between iterations is small enough,
the current parameters are used as result. If the
cost function increases, the current step ∆ΘΘΘi is
halved within one iteration.

4.2 Model Equations for Parameter Estima-
tion

The longitudinal acceleration ax as output y(t) is
influenced by four different forces, the net thrust
TN , the drag D, the braking force FB and the grav-
itational force FG due to runway slopes.

ax = (TN +D+FB +FG)/m (27)

Because of the data quality, simplified models
for the drag force D in Eq. (28) and braking force
FB in Eq. (29) were chosen.
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D = q ·S · (CD0 +CD,sp ·δsp) (28)

with the estimated coefficients for zero drag
CD0, drag due to spoiler deflection CD,sp, the dy-
namic pressure q, the wing reference are S, and
the spoiler deflection δsp. A hypothesis is, that
the aerodynamic coefficients show close to con-
stant behavior if the model represents main ef-
fects.

FB =CB ·
pbr

pbr,max
·FN (29)

The braking force FB in Eq. 29 is computed
with the estimated friction coefficient CB, the
brake pressure pbr, the maximum brake pressure
pbr,max, and the normal force at the landing gear
FN . The normal force includes a simple model
for the lift with assumed coefficients. In contrast
to the aerodynamic coefficients, the friction coef-
ficient should vary with different environmental
conditions. The model includes three parameters
ΘΘΘ = [CD0,CD,sp,CB] to be estimated and its main
inputs uuu(t) include the thrust model inputs, dy-
namic pressure q, spoiler deflection δsp, and the
brake pressure pbr.

4.3 Single Flight Analysis

The initial step was to analyze a limited number
of single flights by plotting a proof of match as
well as the residuals for all four thrust models,
see Fig 7.

Fig. 7 Proof of match for single flight

Table 1 Estimated parameters for single flight

Model 1 2 3 4
CD0 0.1494 0.1466 0.1645 0.1389

σ(CD0) 0.0054 0.0053 0.0059 0.0056
CD,sp 0.1545 0.1588 0.1959 0.2022

σ(CD,sp) 0.011 0.011 0.012 0.011
CB 0.9160 0.8895 0.9557 0.9041

σ(CB) 0.025 0.025 0.028 0.026

All modelled longitudinal accelerations fol-
low the main trends of the measured one. The re-
traction of the reversers at 20s as well as braking
action at the end of the time series are captured.
The residuals are very similar but show determin-
istic behavior at the beginning when spoilers are
deployed and at the end during braking. This is
confirmed by tests for whiteness and normality
for the residual and most probably caused by time
shifts.

The estimated parameters and their standard
deviations σ in Tab. 1 do not differ significantly
between the used thrust models. Results for
Model 3 show greater deviations from the rest.
The correlations between the parameters based
on the input data and the Fisher Matrix show high
correlations between CD0 and CD,sp, but little cor-
relation of both with the friction coefficient CB.
However, based on the proof of match for a sin-
gle flight, given the low quality of the data and
model uncertainties, the parameters don’t neces-
sarily fulfill the hypothesis mentioned in the pre-
vious section.

4.4 Statistics over Available Flights

After showing the parameter estimation for a sin-
gle flight, the estimation is now executed for all
available flights using the second thrust model.
After excluding results where σ(CD,sp)> 0.2 and
σ(CB) > 0.5, parameters for 1384 flights are
available.

The results show a spread for both drag coef-
ficients in Fig. 8 and 9. The simple model, strong
correlation, interference with the braking action,
data errors as well as time shifts between lon-
gitudinal acceleration and spoiler deflection can
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Fig. 8 Estimated zero drag coefficient

Fig. 9 Estimated spoiler drag coefficient

be explanations. The brake coefficient CB in Fig.
10 shows non-physical negative values as well as
outliers above 1.5. The negative values are due
to simultaneous start of braking and spoiler de-
ployment for some flights or minor braking right
at the end of the analyzed time series. Some
flights with positive outliers have a data error in
the spoiler deflection leading to disturbed normal
forces. With the currently estimated brake coef-
ficient no clear correlation to precipitation indi-
cated in METAR weather information could be
detected. The precipitation is the only, but of
course not perfect indication of runway condi-
tions available.

When looking at the distributions of the pa-
rameters themselves, see Tab. 2, the standard de-
viations of the aerodynamic coefficients over all
flights are recognized as smaller than most stan-

Table 2 Distribution details of estimated parameters

parameter mean standard deviation
CD0 0.135 0.016

CD,sp 0.207 0.044
CB 0.900 0.214

Fig. 10 Estimated brake coefficient

dard deviations σ(CD0) and σ(CD,sp) for the sin-
gle flights. The braking coefficient shows op-
posite behavior for merely all flights. This cor-
responds to the hypothesis for the coefficients
stated in section 4.2.
With these initial results, a second estimation
is done with fixed values for CD0 = 0.135 and
CD,sp = 0.2 and only the brake coefficient CB be-
ing estimated. This reduces the number of nega-
tive values, but it does not increase the correlation
with runway conditions.
Filtering the results for flights with an early start
of braking tbr < 2 and flights with late braking
action tbr > 30s leads to significant differences in
the mean value of the brake coefficient CB. From
this the dependence of the braking effect on the
current velocity can be shown.

5 Conclusion and Outlook

The developed thrust models are applicable to all
flight phases. Challenges are gathering the neces-
sary engine data and choosing model parameters
based on engineering judgment. Publicly avail-
able data relates to measurements in a test envi-
ronment and not the real application. The current
status of the thrust models allow parameter esti-
mation during landing and applications in other
flight phases will be tested. This first approach
to estimating safety critical parameters for inci-
dent analyses based on computed thrust opens
the way for further work. The results for sin-
gle flights show good matches between modelled
and measured outputs. However, application to a
large number of fights shows the need for treat-
ment of data issues as well as modelling different
effects in different flights. Future work will in-
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clude extensive analyses of statistical dependen-
cies between estimated parameters and influenc-
ing factors, bounding of parameters during esti-
mation, development of quality measures as well
as model revisions.
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