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Abstract

This paper looks at fuel consumption due to shaftgy off-takes from the engine and the
related increase in the aircraft’'s fuel consumptibrpresents a review and comparison of
published and unpublished data on this kind of soyion. The paper presents results from
the TURBOMATCH engine simulation model, calibratesl real world engine data. A
generic equation is derived for the calculationfa#l consumption due to shaft power
extraction. Main result is the shaft power fad¢found to be in the order of 0.002 N/W for a
typical cruise flight. This yields an amazingly higfficiency for power generation by shaft
power extraction from a turbo fan engine of mo@nti0 %.

1 INTRODUCTION

1.1 Trade-Offs

Many technical options exist for the design of aworaft system under investigation. Safety
aspects allow no compromise because certificaggulations have to be closely followed.
The best alternative is hence found from tradestfidies considering system price,
maintainability, reliability, and the system'’s fusdbnsumption. An aircraft system consumes
fuel due to transportation of the system’s massnduitight (fixed or variable mass), shaft
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power off-takes from the engines (by electricalagators or hydraulic pumps), bleed air off-
takes (for the pneumatic system), ram air off-tafeeg. cooling air for the air conditioning

system), and additional aircraft drag caused bypthksents of parts sticking out into the flow
field (e.g. due to drain masts or antennas) [1#isTpaper limits the investigation to

considering fuel consumption due to shaft poweitales from the engines.

1.2 Shaft Power from the Accessory Gearbox

Figure 1 shows the principle of how shaft powetaleen from the high and/or low pressure
shaft of the engine. Required is an internal geatbat couples the engine shaft(s) to a radial
driveshaft that drives an external accessory geaif@B). Figure 1 shows further that bleed

air is taken from the engine compressor. Note: @kieis not considered in this paper.

éﬂ'— ﬁ%
Pel Phyd

Figure 1(left) — Principle of bleed air off-takeadishaft power off-takes from the engine
accessory gearbd®], [3]

Figure 2 (right) — Hispano-Suiza accessory gearbod power transmissions for the Rolls-
Royce’s Trent family of engines powering the AirA840-500/600, Airbus A330, and
Boeing 777. Visible are the connection for the ahdrive shaft and the mounting pads for

the accessoried 4]

The internal gearboxis usually located between the low pressure aedhigh pressure
compressor. In case of modern two-shaft designsep taken by the internal gearbox from
the high pressure shaft [4] (p. 143). i.e. the oatel shorter of the two concentric shafts. But
the drive may also take power from each enginet,sbafas to distribute the loads onto both
shafts. Aircraft systems may in this case be drivem the low-pressure shaft [11] (p. 67).
The high-pressure shaft rotates faster than thepl@ssure shaft, which may also influence
the choice of where to attach which accessory.

The drive shaftruns through the air ducts of the engine (seerkigl To limit the
disruption to the airflow through the engine duelte drive shaft and the hollow fairing that
encloses it, the shaft is designed as small asipp@ssd hence runs at high speed [11].

The accessory gearboXAGB) is usually arranged as a curved casing st the
various accessories are mounted close to the erfggparate mounting pads are provided for
each accessory (Figure 2). The drive within thengas provided by a train of spur gears.
Idler gears are commonly used between them, teaser the spacing between accessories.
The accessories are arranged on both sides ofitresldaft entry, in reducing order of their
speed.
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Accessoriesfor aircraft systems can be generators as Varidpeed Constant
Frequency (VSCF) generators, Integrated Drive Gaoes (IDG) consisting of a Constant
Speed Drive (CSD) and a generator, hydraulic vigidtsplacement axial piston pumps, and
high (e.g. for landing gear actuation) and/or lowegsure compressors (e.g. for air
conditioning; if not provided by the engine com@s3 [11] (page 70 ff).

2 PRESENT TRENDS

Besides the introduction of new materials and nagirees, the focus in civil aviation is on
more efficient systems. These new systems and st#isg are generally “more electric”
replacing some or all hydraulic and/or pneumatistams by electric systems with the
following improvements:

» higher engine efficiency (partly due to optimizemhpressor layout),

» better controllability and hence higher subsystéfiniency,

» absence of hot bleed air system with its maintemaetnanding components,

» absence of hydraulic system with its tendency tréwlic leakages.

But still three years after the maiden flight of tBoeing 787 — the first civil transport aircraft
with electrical based, bleed less subsystem desiggivantages and disadvantages of such a
design [18] are not clear yet. One reason is tiaetfects of the different forms of off-takes
(bleed air and shaft power off-takes) and theie&fn engine fuel consumption are still not
sufficiently discussed in the aviation community.

3 SECONDARY POWER THEORY

Secondary power on board an aircraft comprisedeuftrecal power, hydraulic power, and

pneumatic power. Electrical power and hydraulic poare generated from shaft power taken
from the accessory gearbox of the aircraft's engifiee required fuel consumption for

secondary power generation first of all dependshenfuel consumption of the engine for

aircraft propulsion. Chapter 3.1 presents a generthod to calculate the basic thrust
specific fuel consumption (SFC) of a jet engine jwopulsion. Chapter 3.2 presents the
theory to calculate fuel consumption due to shaivgr off-takes which is based on the basic
SFC of the engine.

3.1 The Engine’s Specific Fuel Consumption

A typical value for the thrust specific fuel congution (SFC) of today’s jet engines in cruise
flight is SFC= 16 mg/(Ns). Very advanced jet engines may hav8RC= 14 mg/(Ns). Note
that SFCis not a constant, but rather increases with &ir@peed or Mach number. Data is
published for thesFCin normal cruise conditions [12] [13]. If publighéata is not available
SFCmay be calculated from an equation given byTMINGLY converted in [12] to S| units:

SFC= (1130107 +12510° M) /T/T, kg/(Ns) 1)

M is the flight Mach numbeiT = T(h) is the temperature at altitudeT, = 288 K. A more
details model for SFC is presented in [8] base{R0h(see also CD version of this paper).



Dieter Scholz, Ravinka Seresinhe, Ingo Staack,gdrawson

3.2 Theory for Shaft Power Off-Takes

A fuel mass flowm, , provides the energy per unit of time to sustaiaftspower off-

takesP.
m. » = SFG, [P ()

SFG is the power specific fuel consumption in kg/(W3gt engines produce thrubtto
propel an aircraft. It is custom to calculate tbelfflow of a jet enginem. based on the
thrust delivered

m. = SFCO 3

SFCis the thrust specific fuel consumption in kg/(Nsyometimes also nam&FG . Off-
takes cause a changeSkCcalledASFC Therefore the fuel mass flow due to off-takes can
also be expressed as

M. , = ASFCLT (4)
with (2)
ASFCIT = SFG, [P ()

ASFC . _ SFG.
SFC SFC

(6)

Aim is to find a generic value describing shaft powff-takes varying only little with other

parameters. It was observed that

» ASFCdue to shaft power off-takes is roughly propordioim theSFCof the engine,

* ASFCis rather proportional tB/T than toP; i.e. the same shaft power taken from a large
engine does not consume as much fuel as takendremmall engine.

For these reasons it makes sense to defamafh power factoks in this way:

ﬁ: = kP di (7)
SFC T
SFG,
k,=>* 8
P SFC ®

ke has units of N/W and is determined from engineutdtion tools (see Chapter 5) with

_ ASFC/SFC
PIT .
It is the aim of this paper to provide generic diuns with which to calculate the shaft power

factor ke. Data and equations are given in Chapter 4 an@lVith known k- the fuel
consumption — the fuel mass flow — can be calcdlatam

k. (©)

My p = k, (SFCLP (10)
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The efficiency of shaft power generatidrom a jet engine is calculated with help of the
heating value of jet fuel (JET A-H = 42.510° Nm/kg

_ P _ 1 _ 1
e MepH ke [(BFCIH  0002016[#25

The efficiency for shaft power off-takes wikh = 0.002 N/W (Table 2)SFC= 16 mg/(Ns)
(Chapter 3.1) is with 74 % a much higher value tteatrany other thermal process!

Shaft power Rs known from data going along with the accesstayice powered by
the accessory gear box. This can be a generatgdraulic pump or whatever is connected.
In the equations above =P, . This is the required input power into the acogsslevices.
Usually only the nominal output pow®%, is know and the required input power has to be
calculated fromP;, = Py / Neev . With ngey being the efficiency of the device as given in
Table 1. [22] gives an efficiency of 0.7 for an IDiG] a value of 0.75.

=74% (11)

Table 1 — Efficiencies of devices connected (diyextindirectly) to an accessory gearbox

[16]
No Device Efficiency, fge, [-]
1 generator and Variable Frequen®¥J generator 0.83
2 axial piston pump 0.87
3 electronic conversion unit 0.93
4 gear 0.95
5 Variable Speed Constant Frequen¢$CF) generator, 0.77
consisting of 1 and 3 '
6 Integrated Drive GeneratdDG), consisting of 1, two units 2, and 4 0.72

4 PREVIOUS WORK

Little data is published on fuel consumption dueshaft power off-takes from the engine.
Data from published and unpublished previous wertoilected and presented in Table 2.

4.1 Data on Shaft Power Off-Takes

SAE with [19] (page 12) proposes with respect toafishpower off-takes
SFG = 0.5 Ib/(hph) = 0.304 kg/(k\\h) and SFC= 1.5 Ib/(Ib h). With (8) this converts to
ke = 0,00199 N/W.

The turboprop engine EPI TP400-D6 for the A400M s&aid to have
SFG = 0.167 kg/(kWh) for shaft power extraction [2]. For propulsidmst engine has a
SFG = 0.213 kg/(kWih) [13]. According to this data the engine is mefigcient in producing
shaft power than propulsive power. This fact confiresults from (11).
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Table 2 — Summary of literature data for fuel canption due to shaft power off-takes from
the engine in cruise flight

Shaft power Engine Shaft power
o Specific Fuel Specific Fuel factor
Author / organization / : .
engine Source  Consumption Consumption
SFCp SFC kp
[kg/(KW h)] [kg/(N's)] [N/W]
SAE [19] 0.304 4.280° 0.00199
CF6-80C2 [2] [12] 0.125 1.610° 0.00212
EPI TP400-D6 [2] [13] 0.167 1.020° 0.00434
ScHoLz 4 [15] =0.00188
YOUNG? [22]
Trent 775' [21] 0,00204
CF6-80C2-AZ [21] 0,00177
CFM-56-5C-2 [21] 0,00182
RB211-22 [10] 0,00182
RB211-535E4 [22] 0,00177
Trent 772 [22] 0,00147
AHLEFELDER > ® [1] new evaluation:
3 shafts, mixed nozzle 0.00296
3 shafts, unmixed nozzle 0,00213
2 shafts, mixed nozzle 0,00226
2 shafts, unmixed nozzle 0,00308

DOLLMAYER 3

(6]

LP shaft: 0.00256
HP shaft: 0.00320

LAWSON [9]
BR 715-38 0.00175
Adour 0.00175
Average 0.199 0.00226

o s~ w N

data from engine decks, average of differentalés and Mach numbers
data generated with TURBOMATCH (Chapter 5)

data generated with GasTurb [7]

data generated at maximum cruise thrust

data generated at normal cruise thrust

4.2 Engine Characteristics under Shaft Power Off-Takes

Shaft power extractigmo matter if taken from the HP shaft or the LRAfskill reduce the
speed (rpm) of this shaft. This reduces the mams iih that section of the engine and the
thrust of the engines is reduced. Constant theglation applied to the engine (achieved
today by the Full Authority Digital Engine ContrdtADEC [3]) will primarily result in an
increase of fuel flow, increasing the Turbine Eftemperature, TET. Higher pressure in the
combustion chamber and higher turbine load togetlithra reduced shaft speed will enlarge
the angle of attack at the compressor blades aacbwuilith slightly lift the pressure rise

achieved at each stage. In this way, shaft powidakés also result in closer operation to the
surge line. With higher pressure ratio and an emeein the speed of the turbine and the
compressor and their mass flow a new equilibriuretigs at the original thrust level.
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5 ENGINE SIMULATION WITH SHAFT POWER OFF-TAKES

The effect of shaft power off-takes on the engiperating point cannot be generalized
because of the complexity of a gas turbine. Thatlon of the operating point within a wide
operating range of an aircraft propulsion systertnéodesign point of the engine and each of
its components need to be considered. During sitounlaand model based engine
performance investigations (at a certain opergtimigt), the limiting factors like TET, spool
velocities and stall/surge margins have to be oeskrFor this paper the simulation based
investigations are done with TURBOMATCH.

5.1 Introduction to TURBOMATCH

The TURBOMATCH Scheme has been developed at Ctdnflaiversity to analyze design
point and off-design point calculations for gadtoes. The different stages of the engine are
simulated by means of pre-programmed routines nedeto as “bricks” which are operated
with the use of “code words”. The different stages calculated individually and then the
overall performance is calculated and presentethénform of thrust, SFC and other key
engine parameters. The program has pre-loaded esswrmaps and turbine maps that can
be chosen according to the requirement.

5.2 Validation of the Baseline Engine in TURBOMATCH

Engine specifications are [5]:

» Engine Designation: RB211-524-D4

» Application: Boeing 747-200, Boeing 747-300
» By-Pass Ratio, BPR: 5

* Overall Pressure Ratio, OAPR: 29.5 (hominal seeal leonditions)

*  Maximum take-off thrust ratinglo : 51980 Ibf
e Maximum continuous thrust rating,: 47230 Ibf
e Specific Fuel Consumption, SFC: 0.392 Ib/Ibf/h

The simulation model could be validated as showhable 3. The simulation model shows a
deviation from published data in the design pofriess than 5 % .

Table 3 — Design point simulation results

Published Simulation Deviation Simulation conditions
value result
Maximum Take- 231207 241302 4.4% The engine was simulated under the
off thrust rating following conditions:
Tro [N] 1. International standard atmospheric

Thrust i 1.1110% 1.0610% 4,79 conditions at sea level
rust specirmc : . 10 2. All optional bleed air closed

fuel consumption 3. Aircraft accessory drives unloaded,
at max. take-off hence no shaft power extraction
thrust ratiq 4. 100 % intake recovery

T [kg/(Ns)]
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5.3 Simulating Shaft Power Off-Takes with TURBOMATCH to vyield kp

As discussed previously the engine performancemlized by extracting shaft power. For
the case of the RB211-524-D4 engine analyzed WIRBOMATCH, the shaft power was
extractedfrom the Low Pressure (B) shaft. Many variables were used to create an
engine performance database with shaft power kégdo analyze the trends. The research
focused on three altitudés 0 m, 5000 m, and 10000 m. The Mach numdewas varied
from 0 to 0.8 with an interval of 0.1 and the powéfrtake P was varied between 0 kW and
1600 kW in 10 steps. The net thrust was variedhénsimulation by using the Turbine Entry
Temperature (TET) as a handler from 1100 K to 16@@th an interval of 100 K.

To study the penalties caused by the power offdattee SFC at each power off-take
needed to be compared to the SFC at the same ioondit without any power extraction.
The problem is however, that as power is extradtedst is reduced. A true and fair
comparison can only be done with the same levehfst. Also in real aircraft operation
engine control (FADEC) would ensure thrust to bastant no matter what the power off-
takes are. Engine control would allow burning mérel to increase the TET in order to
maintain the original thrust level.

Now instead of asking the simulation program totamrthe thrust (like a FADEC) for
each power off-take under investigation rathema fino off-take grid” of thrust levels was
created beforehand with TURBOMATCH giving the sfieciuel consumption for no off-
take conditions (Figure 3) This grid was created for each of the 3 diffetitudes and the
9 different Mach numbers studied in the researchn.dach of these 27 points 64 different
TETs were used between 1000 K and 1600 K to gemé#ratfine grid of 64 thrust levels.

(& WBw) 23S

Figure 3 —Thrust specific fuel consumption SFthefRB211-524-D4 engine plotted against
net thrust and Mach number (data shown here i4@®00 m)

By using the appropriate point in the grid (as aléitude and Mach number), each of the 10
power off-take conditions with 6 different thrugtvels (generated from 6 different TETs
called TET;) was matched to an equivalent thrust level in“the off-take grid” (with thrust
from thatTET, < TET; yielding the best thrust fit). No matter how fisech a “no off-take
grid” is created there will always be a small déwmain the thrust matching. This deviation is
calculated fromT(P,TET) — T(P=0, TETy)]/ T(P =0, TET,). Except for very few cases the
deviation in this thrust matching process wastkeaa 7 %.

No equation is given to represent Figure 6 fer 8+C of the RB211-524-D4. Exact data was
only necessary for the evaluation of the fuel comstion due to shaft power. If the reader
needs an SFC value — as for use in (10) — heasresf to (1).
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Now the relative change in specific fuel consummiaon each case was calculated with
ASFUSFC =[SFQP,TET) -SFQP=0, TETy)] / SFQP,=0,TET,) comparing SFC with
and without power extracted at approximately thmesahrust. In Figure ASFOSFCwas
plotted against Mach number and values of relgimeer off-taked?/T (which is the power
extracted, divided by the thrusf the engine_at this conditipnlt can be observed that
ASFJSFCchanges linearly witR/T. Since the slope §SSFQSFC = {P/T) is a constant the
description can be simplified by just plotting tlikope calledk as defined in (7) and (9)
(Figure 5). Howeverks is not a constant throughout the flight enveldpigure 4 already
shows thake decreases with Mach number. Figure 5 shows th&tdécrease is nonlinear.
Figure 5 furthermore shows an increasé&gofith altitude.

B -04

I <0.325
1 <0225
Bl <0.125

MS[OS SWRP

Figure 4 — Relative change in thrust specific femhsumption of the RB211-524-D4 engine
plotted against relative power off-takes (P/T) diight Mach number (data is for a flight
altitude of 5000 m)

Figure 6 shows a little more detail and reveals khas about constant B/T is sufficiently
large. ke taken as the average slope in Figure 6 is a goedage value fok.. For the
evaluation with TURBOMATCH this also means, datdbased on an average thrust level as
obtained with a TET between 1100 K and 1600 KhAt10000 m andM = 0.8 the average
thrust for which the evaluation is done is 18.7 % take-off thrust. In other words

T/Tro = 0.187. So the evaluation is done at a typioaiserthrust levelk, from Figure 5 can
be represented by

ke = 0.0057+ 460 DO‘S%h -0.0106M - 4.44[10‘13i2 h? + 1850107 —
m

—h[M +0.0049M 2
m

12)

Since all turbo fan engines show similar behaveme(Figure 5 in the CD version of this
paper) and the dependency on Mach number anddatitauses larger changeskpthan a
change of engines (operating at the same Mach nuamikaltitude), (12) may be used as an
approximation for all turbo fan enginas long as no other more specific data is availabl

The values ofke for M =0.8 andh=10000 m is 0.00225 N/W. This compares
favorable with the averade from Table 2 which is 0.00226 N/W!
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B > 0.006

Bl <0.0053
[ <0.0043
[ <0.0033
[ <0.0023
B <0.0013
Bl <0.0003

Sh

Figure 5 — Shaft power factop bf the RB211-524-D4 engine plotted against fliglach
number and altitude. Actual thrust T is udedthis evaluation.

0,25 |
y = 0,002248x

R? = 0,912609
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0 20 40 60 80 100
PIT [WIN]

Figure 6 — Shaft power factoe bf the RB211-524-D4 engine obtained as the slbleeo
functionASFQSFC=f(P/T) with 0.002248 N/W. Actual thrust T is udedthis evaluation.
Mach number: 0.8 and altitude: 10000 m

6 SUMMARY AND CONCLUSIONS

Fuel consumption due to shaft power off-takes @ndiculated with
M p = kp [BFCLP .

Equations for the shaft power factky were derived from a data set generated with the
engine simulation package TURBOMATCH of Cranfielditersity. ke was found to be in
the order of 0.00225 N/W for a typical cruise flighhis yields an amazingly high efficiency
for the power generatioby shaft power extraction froma turbo fan engine of more than
70 %.

More research is also necessary on bleed air késtaOnly if bleed air off-takes are
understood as well as shaft power off-takes itissfble to make a true comparison between
the conventional aircraft and the more electricraif.

10
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