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MOJIEJIOBAHHA BUTPAT ITAJIBHOI'O
TYPBOBEHTHUJIATOPHOI'O IBUT'YHA HA KOMIIEHCAIIIO
CIHOKUBAHHA EHEPT'TI CUCTEMOIO OBJIAJJHAHHSA

Pe3ztome.  [lobyoosano  mamemamuuHy  MoOeib, AKA — 6PAX0BYE  6HAUE  BI0ibpanoi 60
MypO08eHMUNIAMOPHO20 OBUSYHA NHEBMAMUYHOI NOMYXHCHOCMI Ma NOMYI’CHOCMI HA 8any 2eHepamopd Ha
sumpamu nanvHo2o. Modenv Oae 000pi pesyrbmamu 6 YCboMy JIMATbHOMY OIANA30HI U HA BCIX OCHOBHUX
pedicumax osueyna. Peanizayia euxonana ax nionpoepama 6 npozpamuomy cepedosuwi Matlab i npusnauena ons
O00nosHeHHs. 6dice ICHYIOUoi Mmoldeni Osucyna. Boua senie cobow OemepMiHOBAHY YUCENbHY MOOelb
i0enmudgpixayii. [ani ons el 2eHepo8aHi uucerbHUMU eKcnepumenmamu 6 copmeepromy npooykmi Gasturb.
Ilepesipxy moodeni GUKOHAHO WLIAXOM HOPIGHAHHS Pe3YIbMAmie NOGHOI MoOeni NONbomy jaimaxa, 6 SAKill
inmezposani po3enadysana Mooenb 08UsyHA 3 OAHUMU 3 TIMATbHOI OOKYMeHmayii ma JimanbHux 3anucis.

Kniouosi cnosa: mamemamuune MoOen08anHA MypOOGEHMUIAMOPHUX OBUSYHIG, GUMPAMA NATLHO2O0
HA KOMNEHCayilo CNONICUBAHHS eHepaii.

V. Serbezov

TURBOFAN ENGINE MODEL FOR ESTIMATION OF THE FUEL
CONSUMPTION FOR COMPENSATION OF AUXILIARY ENERGY
SUPPLY

The summary. The presented model is suited for estimation of the influence on fuel consumption of the
pneumatic and generator shaft power will be off-take from turbofan engine. It is made to be applicable for the
entire aircraft flight envelope and engine operating modes. The model is realized in Matlab environment and is
intended to complement the performance model of the engine, that is already developed [2]. The model is based
mainly on polynomial interpolation. The data, used for the synthesis of the model is generated by simulation with
Gasturb software. The model is validated by comparison with data published in the relevant Aircraft Flight
manual and flight data records.
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power supply.

1. Introduction. The assessment of the incremental fuel consumption of the aircraft
power plant, for aircraft systems pneumatic and electric power generation is a key for the
evaluation of the effectiveness of these systems. In the specialized literature, however (as [1]
for example) the point is mostly on comparing the effectiveness of the systems in certain
flight conditions for the most common flight phase e.g. cruise flight. This approach allows
the use of simplified methods of calculating the engine efficiencies and fuel consumption. For
the task of evaluating new possible architectures of the aircraft power generation it is
necessary to assess their performance also in other phases of the flight. The main difficulty is
that the engine performance characteristics that are needed for this in the most cases are not
publicly known.
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Figure 1. General structure of the developed model

The solution proposed by the author is to use a combined approach. The flight
performance characteristics of the engine for the flight simulation can be derived statistically
from flight recorder data [2]. The internal engine efficiencies and other parameters that are
needed for estimating fuel spent for additional power generation can be obtained from an
engine model produced by specialized engine performance software. In this particular case
GasTurb 11 software is used. A general block-diagram of the combined model is given in
figure 1.

To simplify the model and in the same time to cover the entire engine operating range
and flight conditions range the theory of engine modes commonality is used [3]. The power
generation incremental fuel model complements the engine performance model described in
ref. [2], and allows the evaluation of power generation effectiveness in wide range of flight
conditions.

The model is realized for a Airbus A320 class aircraft, equipped with CFM56-5B class
engines. The adequacy of the model is verified by comparison to data from the aircraft
documentation [5,6].

2. Mathematical Model Requirements and Assumptions. As stated above the main
requirement for the model is to give adequate results throughout the airplane flight envelope
for all engine operating modes. This includes altitudes from 0 to 11887 m (Flight Level 390)
and Mach number from 0 to 0.8. To satisfy the requirement and in the same time to simplify
the model as possible, a number of assumptions were implied.

Engine mode-defining parameter. Particular difficulty represents the modeling of
deep off-design modes of the engine such as the idle mode at different ambient conditions. As
far as the original performance maps of the engine components (compressors and turbines)
are not accessible, typical representative maps of these components were used. This approach
allows in deep off-design modes to model some important engine parameters, such as thrust
and fuel consumption but it is not applicable for evaluation of others like the rotational speed
of the engine rotors. As a result the fuel flow to the engine and not the rotor RPM had to be
used as a parameter that defines the engine operating mode.

Engine Operating Modes Commonality. The theory of gas turbine engine
commonality is widely used for correction of the engine parameters according to the ambient
conditions. It permits a significant simplification of the off-design point calculations. Detailed
description of this theory is given in the literature [3].
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For the present task it is suitable to use look-up tables storing the corrected values of
the engine fuel flow, mechanical power off take from the engine shaft and the compressor air
bleed. The corresponding equations are given in (1).

101300 .Pa |288.K

WfCOl"F = Wf'
Pio T,
Px_ = Px. 101300 .Pa - 288 .K 0
Pio T,
Wbl = Whi. 101300 .Pa . T,
Do 288 .K

Were Wf'is the engine fuel flow in kg/s, Px is the mechanical power off take from the
engine high pressure spool in W, and Wh! is the air bleed from the high pressure compressor
in kg/s, py and Ty are the total pressure and total temperature of the ambient airflow in front
of the engine.
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Figure 2. Relation between mechanical power off take and incremental fuel flow (booth corrected for sea level
standard conditions) at different Mach numbers, with and without air bleed

Linearity Assumption. It is assumed that the electric power generation and air off
take load are relatively small, compared to the total engine power (less than 5%)and these
loads will not change the operating point of the engine significantly. In this way the efficiency
of the power generation will not vary with variations of the power load and the relation
between the power generation and the increment of the engine fuel flow will be linear.

This assumption was verified by numerical experiment with the Gasturb engine
performance model. The visualization of part of the results is shown in figure 2.

Engine Control Law Assumptions. The control law of the engine has a significant
effect on the way the fuel flow changes with the changes in the power off take. The control
systems of modern turbofan engines use complex laws that are not known to the author. In
case of flight in steady conditions and change only in power off take these laws can be
reduced to three basic laws.

It is presumed that in engine take off and climb modes the control system maintains
engine fan rotation speed constant. As a result there will be small changes in the engine thrust
when the additional engine load changes.

In cruise flight the auto throttle system of the airplane keeps the thrust of the engines
constant and compensates the changes in the additional load by varying the fan rotation speed.

At idle mode the main task of the control system is to maintain stable engine operation
and for that it keeps engine high-pressure compressor rotation speed constant.

Compressor Air Off Take Assumptions. Typically the bleed air is taken from
different stages of the compressor and is mixed so to maintain certain pressure and airflow.
To simplify the engine model it is assumed that in all engine modes except idle the air is taken
from a single point between the low pressure and high pressure points of air bleed.

At idle mode only the high pressure point of air bleed is used.
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3. Model Development. The model was developed in three major steps.

First an engine performance model was created in the GasTurb 11 software. It was
adjusted with engine performance data published in open access sources [7,8]. By changing
the engine design point and the operating point coordinates on the compressor and turbine
maps the representative engine parameters for different thrust ratings and flight conditions
(Table 1) were bring within 5% margins of the published values, (Table 2). An exception is
the low idle mode, were the error of the fuel flow is within 6%. The difficulty of modeling
deep off-design modes was mentioned in the previous paragraph and these results are
considered satisfactory.

The second step was to compute with the performance model suitable look-up tables.
These tables should give the relation between the consumed electric or pneumatic power
respectively and the fuel consumption of the engines in the entire operation envelope. To
reduce the amount of calculated data points the linearity and mode commonality assumptions
were used as described above.

Table 1. GasTurb 11 performance model of CFM56-5B engine characteristics summary

Thrust, kN By-pass ratio Ov. Pressure ratio Airflow kg/s Fuel Flow kg/s

standard atmosphere sea level conditions

142.35 5.5628 33.64 439.5 1.4568

133.45 5.6622 31.813 427.95 1.3221

120.11 5.7755 29.04 407.37 1.1491

104.53 5.9512 25.7 379.02 0.9868
94.7 6.0649 23.7 360.79 0.8847

flight conditions Flight Level 350, M=0.8

28.56 35.42

25.98 0.4885
25.04 32.19

IDLE, standard atmosphere sea level conditions

4.53 0.0915

Table 2. GasTurb 11 performance model of CFM56-5B engine

verification with data from [6] and [7]
Thrust, kN By-pass ratio error o Pr‘e”iiﬁ:e ratio Airflow error Fuel Flow error
standard atmosphere sea level conditions
142.35 3% 2,6 % 0,1 % -1,5%
133.45 2,9 % 4,4 % 0 % -1,3 %
120.11 1,3 % 4,9 % 0,1 % -1,9 %
104.53 0,9 % 4,3 % -1 % -0,7 %
94.7 1 % 4,9 % -1,9 % -2,3 %
flight conditions Flight Level 350, M=0.8
28.56 0,1 %
25.98 1,2 %
25.04 -1,3%
IDLE, standard atmosphere sea level conditions
| [ | -5.7 %
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The numerical experiments conducted showed that at nominal operation modes of the
engine the influence of the corrected power off-take from the engine high pressure spool on
the corrected fuel flow in practice do not depend from the flight Mach number the flight
altitude and the compressor air bleed (fig. 2). This allowed using single dimension
interpolation (table look-up). The value of the corrected fuel flow defines its derivative from
the power off-take.

The compressor bleed air influence sowed more complex behavior (fig. 3). In figure 3 the
parameter dFFc/dWblc is the derivative of the corrected fuel flow from the corrected air
bleed. In this case a 2-dimensional lookup table is used that gives account of the flight Mach
number.

0,025

—®—n1c=108 M\%*M
—4—n1c=86
—@—n1c=65

| ——n2c=67e06
—¥—n2c=67e1 ‘L_/_+_\|_/__|_’__{———L
— 1

0,005 r T !

0 01 02 03 o4 M 05 06 07 08

3
8

dFFc/dWblc

Figure 3. Relation between the derivative dFFc/dWblc and the Mach number, at different engine fan rotational
speeds in percents and different points of air bleed

The final step was to realize the model in Matlab environment and to verify it. The general
structure of the model algorithm is given in figure 4.

The verification of the bleed air influence on the fuel flow was performed with data from
the airplane documentation [5,6]. The input information was the air mass flow at different
flight conditions, taken from the Aircraft Maintenance Manuel [5].

4. Model Verification and Conclusions. The auxiliary fuel consumption model was
integrated in the engine and aircraft model, described in [2]. It was compared with the fuel
calculation correction data for 'normal' and 'low' modes of the air-conditioning system, that
are given in the Flight Crew Operating Manual (FCOM) [6]. It must be stated that the FCOM
data is tentative and conservative, as far as it is intended for quick practical calculations.

The results of the comparison for a number of aircraft take off weights and flight
altitudes, that represent the aircraft flight envelope are given in table 3.

The results show good resemblance with the FCOM and fell within or close to the
10% error margin. It can be concluded that the model of the fuel consumption for air bleed is
satisfactory for the most of the airplane flight envelope.

There is no evident data for similar verification of the fuel flow for electric power
generation, but as far as it is directly connected with the working cycle of the engine, the
reliability of the results follows from the adequacy of the model that is shown above.
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Table 3. Fuel consumption correction for air bleed - comparison
of the model with data from A319 FCOM]5]
Aircraft | Flight phase| Fit. level | Altitude, m| 0% "v‘;f:;’elfgc"”s”med FCOM | Model
cond.- fuel
mass, kg cond.-low| delta delta,% .| error,%
norm correction, %
60 000| Climb to 310 9449 1328.02| 1323.11 491 -0.369 -04 -7.64
60 000 390 11887 1739.05| 1731.43 7.62 -0.438 -0.4 9.56
70 000 Climb to 310 9449| 1692.87| 1686.44 6.43 -0.380 -0.4 -5.09
70 000 370 11278 2155.37| 2146.04 9.33 -0.433 -0.4 8.18
60 000 CRUISE 310 9449 5140.40| 5116.90 23.50 -0.457 -0.5 -8.57
60 000 390 11887 4203.40| 4180.50 22.90 -0.545 -0.5 8.96
70 000 CRUISE 310 9449 5409.70| 5386.10 23.60 -0.436 -0.5 -12.75
70 000 370 11278 4703.40 4680.00 23.40 -0.498 -0.5 -0.50
65 000] Descent 390 11887| 158.0977| 155.133| 2.9649 -1.88 -2 -6.23
65 000 310 9449| 144.6055| 142.004] 2.6016 -1.80 -2 -10.04
45 000 310 9449( 116.3125| 114.262| 2.0508 -1.76 -2 -11.84
ENGINE OPERATING MODE > LOOK-UP TABLE SELECTION
FUELFLOW ¢
1 CORRECTED
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Figure 4 General structure of the model algorithm

5. Conclusions. The presented turbofan engine model evaluates the fuel consumption

for auxiliary power generation from the engine. It compliments the engine performance model
and enables the conduction of numeric studies of the aircraft systems effectiveness at different
flight conditions. The main merit of the model is that it gives acceptable accuracy without the
need of detailed information about the original engine characteristics.
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