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Abstract

The focus of this paper is on methods for field
performance calculation of powered-lift internally
blown flaps (IBF) turbofan aircraft and
conventional turboprop aircraft. These methods
are the basis for the sizing of extreme short take-
off and landing (ESTOL) aircraft, and, hence, the
basis for a comparison the overall mission
performance. In an application example, turbofan
aircraft with IBF and conventional turboprop
aircraft are sized for field length requirements
between 600 m and 1000 m. Their mission
performance is compared to a conventional take-
off and landing turbofan aircraft for a typical
regional aircraft design mission.

1 Introduction
The ACARE agenda defines challenging goals for

emissions and noise reductions as well as for the1,000 nm.

increase of transport capacity and reduction of
delays [1]. Previous publications have discussed
the potential of extreme short take-off and landing
(ESTOL) regional jets to increase airport capacity
[2], [3]. Unconventional approach trajectories that
require  low-speed operation have been
investigated experimentally and theoretically at
NASA and the German Aerospace Center (DLR)
for airport noise reduction [4-8]. Studies on
economic implications of ESTOL aircraft for
capacity increase and delay reduction have
discussed potentials for successful ESTOL aircraft
introduction [9], [10].

In previous studies the authors have shown
that turbofan aircraft with powered lift can only
achieve ESTOL performance with a higher fuel
burn compared to a conventional take-off and
landing (CTOL) aircraft [11], [12]. Capacity
increase through such aircraft is therefore

conflicting with the goal of reducing emissions.

Especially under consideration of the increasing
importance of environmental requirements,
conventional turboprop aircraft could be a more
efficient alternative to achieve ESTOL

performance: Existing conventional turboprop
aircraft with mechanical high-lift devices have

shorter field length performance than turbofan
aircraft. Thus, the question arises, if sizing for
ESTOL performance could be achieved without
the use of powered-lift devices and with a lower
fuel burn penalty than powered-lift aircraft.

Therefore the focus of this study is the
comparison of conventional turboprop aircraft
with mechanical high-lift devices with powered-
it turbofan aircraft (IBF is selected
representatively for powered lift). The design
mission investigated is a typical regional aircraft
mission with 68 passengers and a design range of
The field length requirements
investigated range from 600 m to 1000 m.

The methods for the determination of the
performance related to take-off and landing are
integrated into a parametric aircraft model. With
this model, CTOL reference aircraft are
designed first. Based on these reference aircraft,
aircraft with IBF and conventional turboprop
aircraft are sized for different ESTOL
requirements. Finally, their design mission fuel
burn is compared to the CTOL reference
aircratt.

2 Aircraft System Modeling

The performance requirements related to take-
off and landing are the design drivers for
ESTOL aircraft. Their determination is the
focus of this chapter. Simple empirical methods
for conventional turbofan aircraft are available
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in numbers of handbooks. For turboprop aircraft
in the investigated class an empiric approach
has been developed by Scholz andaNi3].
These empiric approaches do not apply to IBF
aircraft due to the interaction of thrust and lift
and, hence, cannot be used for a consistent
comparison. The methods developed by the
author for CTOL turbofan aircraft and turbofan
aircraft blown flaps (incl. IBF) [14] are used. A
summary of these methods is given in this
chapter. The focus is on the application of these
methods to conventional turboprop aircraft. By
the use of the same methods for all aircraft types
investigated, a consistent comparison is assured.
These methods are used to adapt the parametri
aircraft model of the commercial aircraft
conceptual design tool Pacelab APD [15] for
this specific application. The APD methods
used are mainly methods of Torenbeek [16] and
are only briefly addressed here.

2.1 Low-Speed Engine Performance

2.1.1 Turboprop

The low-speed turboprop engine performance
model has to provide the thrust lapse during
take-off, i.e. the engine thrust as a function of
the Mach number. For turboprop engines the
shaft power increases with increasing speed due
to the increased dynamic pressure at the inlet.
However, turboprop engines are generally flat
rated to a certain maximum take-off power.

Therefore, constant take-off powd?, with
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Fig. 1 Take-off net-thrust lapse

The propeller efficiency calculated from the
efficiency map at Mach=0.1 is assumed for the
static condition.

Fig. 1 shows the resulting thrust lapse for
the turboprop and turbofan (cf. section 2.1.2)
reference aircraft normalized by the SLST. For
the turboprop engine, the thrust at Mach=0.1 is
higher than the SLST, which results from the
definition of the SLST in equation (2) and the
usage of the same propeller efficiency.
Important to note is that the thrust lapse for the
turboprop engine given in Fig. 1 is plotted
normalized byT, only for comparison reasons
with the turbofan engine. A scaling of the
thrust-lapse withTy would not represent the
physical quality of a turboprop engine, as thrust
scales linearly withPy (cf. equation (1)).To
scales withP®® only (cf. equation (2)).

2.1.2 Turbofan

increasing speed is assumed. The thrust lapse iSThe low-speed engine model for the turbofan

then calculated for different speeds with:

_o
T=P

1)

Thereby, a generic ideal propeller efficiency map
based on reference [17] (cf. app. Fig. 11) is used
to calculate the propeller efficiency. This
generic map is calibrated with a k-factor of 0.9 to
provide more realistic values with a reference
efficiency ofy=0.78 in cruise condition.

For zero airspeed, equation (1) is not defined.
Here, the sea level static thrust (SLSIh) is
calculated with (cf. e.g. [18]):

T, =Q70 [P, J/ZHDDA)i

(2)

aircraft is based on a generic high bypass ratio
separate flow turbofan engine modeled with the
gas turbine simulation tool GasTurb [19] and
documented in reference [14]. A bypass ratio of
5.0 is selected there for IBF to provide a
sufficient fan pressure ratio of 2.0. A fan
pressure ratio of around 2.0 is required to
provide an exhaust Mach number of near 1.0 at
the IBF ([20]). Parametric off-design studies
with the reference engine are performed using
the standard component maps of GasTurb to
determine the low-speed engine characteristics.
For the conventional turbofan aircraft the
studies provide the net thrust as a function of the
Mach number for sea level (cf. Fig. 1). As
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expected, the turboprop engine has the higher
thrust decrease with increasing Mach number.

For the IBF engine model, air offtake has to
be considered. Fig. 2 shows a sketch of the
offtake method considered for the IBF system.
The entire bypass of the engine is taken off the
engine and transmitted to the IBFs.

res

Fig. 2. Sketch of air offtake for IBF system (basedn
engine sketch of reference [19])

Required for the calculation of the aerodynamic
characteristics of the IBF system is the jet
momentumn, [v, of the bypass offtake. For an

ideal offtake without pressure losses, the bypass
jet momentum is equivalent to the bypass gross
thrust. The core thrusTy acts conventionally

in forward direction. Additionally, the ram drag
(RD) has to be determined.
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Fig. 3 Low-speed characteristics of turbofan engine
with bypass offtake
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Fig. 3 shows the bypass jet momentum and the
residual gross thrust normalized b, for
different Mach numbers. Thereby, transmission
duct pressure losses of 6% are assuhi2de to

the duct pressure losses, the sum of the core and 10 ©

bypass contribution at static condition is lessitha

1.0. Included also in Fig. 3 is the relative ram

drag. The characteristics for the turbofan engine
given in Fig. 1 and Fig. 3 are scaled with

! Different duct pressure losses were simulated rsiee
[14]) to conduct sensitivity studies for this pakger.

2.2 Low-Speed Aerodynamics

2.2.1 Mechanical High-Lift Devices

The low-speed aerodynamic performance for
the turboprop and turbofan aircraft with
mechanical high-lift devices (single slotted
fowler flaps) is calculated according to
Torenbeek appendix G [16]. Drag increments
due to flap extension and landing gear are added
to the clean drag polar (section 2.6) and the
maximum lift coefficientsC ax are calculated.
Drag increment andC, .« are calculated as a
function of flap angle, relative flap chord,
spanwise flap extension and fuselage diameter.

2.2.2 Internally Blown Flaps
The low-speed aerodynamic performance of
powered-lift aircraft cannot be modeled with
standard methods due to the interaction of
engine thrust and low speed aerodynamic
performance. The aerodynamic coefficients for
powered-lift aircraft are a function of the jet
momentum coefficient, which is the ratio of the
engine jet momentum to the dynamic pressure
and the reference area:
C,, - [VJ
Prers
2

3)

For the investigated IBF system, the relevant jet
momentum (bypass jet momentum) is calculated
with the characteristics given in Fig. 3.

a3 a3

5 ¥ .-)?;Q 5 &

4 1
5|2 Z/(f i 3 s >§ +256
O .

Ll LE e |lal
;} / T 2 ——1.84
-0 06— ’ 0
10 20 3062 -1 O 105 0 -05 -1
al] Co* [ Cm
Fig. 4. Low-speed polar of IBF wind-tunnel model,

&;=15°, (profile drag corrected)

Wind-tunnel experimental data of a NASA 3-D
experiment [21] are used as a basis for the
calculation of the low-speed aerodynamic
performance of the IBF aircraft. Fig. 4 shows
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the aerodynamic polars of the wind-tunnel 2.3 Take-Off Field Length
model with the flaps in take-off configuration.
One can see the dependency of lift coefficient,
drag coefficient and pitching moment
coefficient ofC,. Consequently (cf. eq. (1)), the
aerodynamic coefficients are a function of the
engine jet momentum, (e.g. lift coefficient is
increasing with increasing jet momentum), of
the airspeed, or, of the reference area (e. ca for
given jet momentum the lift coefficient is
decreasing with increasing airspeed or reference
area). Drag coefficient can reach negative
values as it includes the bypass jet momentum.
These characteristics are important for the
calculation of take-off and landing field length,
as this means that the aerodynamic coefficients
are changing during take-off and landing.

Lift, pitching moment, induced drag
(including the forward contribution of the jet
momentum) are calculated directly from the wind-
tunnel polar. The profile drag is calculated
according to section 2.2.1 to assure comparability
of the IBF model and the model for the aircraft
with mechanical high-lift devices.

For take-off field length calculation, the take-off
speed has to be calculated first. For the
turboprop aircraft and the conventional turbofan
aircraft take-off speed is calculated in a standard
way from the maximum lift coefficient for the
respective flap setting (cf. section 2.2.1). For
powered-lift aircraft the maximum lift
coefficient is a function of the speed itself,
which requires an iteration of the take-off speed.
Engine failure causes a reduction of lift. The
resulting implications related the determination
of the take-off speed for powered-lift aircraft are
documented in references [12] and [14].

For the calculation of the take-off field
length empirical methods do not apply to
powered-lift aircraft. Therefore, more detailed
methods have been developed and documented
in reference [14]. They consider the three cases
according to FAR-25, from which the longest is
the balanced field length (BFL):

1) Take-off with all engines operative

(AEO): Acceleration with AEO, rotation,
and climb to 35 ft plus a 15 % margin.

2.2.3 Drag Due to Engine Failure 2) Take-off with one engine inoperative
Drag due to engine failure is important for the (OEI): Acceleration with AEO to decision
calculation of the take-off field length, as it speedv;, acceleration toso with OEl,
affects the lift-to-drag ratio during the one rotation, and climb to 35 ft.

engine inoperative (OEIl) take-off climb 3) Acceleration with AEO tov;, 2 seconds
segment and during missed approach with OEI. reaction time, and deceleration to full stop.

The relevant contributions according to The ground roll distance is calculated
Torenbeek, app. G are the additional drag due to numerically (cf. reference [14]):

wind-milling engi_ne,.propeller. _drag, and drag ) m (VA

dt_Je to as_:ymmetrl_c flight condition. Drag due to AX_TreS-RD-Dwm qUBIC, - u{my (G-q(5C,) (4)
wind-milling engine and propeller drag are

considered according to Torenbeek, app. G. The The denominator represents the actual forces in
minimum drag due to asymmetric flight X-direction, which during ground roll have to be
condition according to Torenbeek is found for a calculated for zero angle of attackes andRD
small sideslip angle. However, flight without are calculated from the low-speed engine model
sideslip causes only very little drag increment (section 2.1)Cp*, C, from the low-speed polar
and simplifies the calculation of this additional (cf. section 2.2). Friction coefficient is assumed
drag: In this case the contribution of the vertical to bex=0.03 during ground roll. Depending on
tail is most important (Torenbeek, app. G). For the operating condition, AEO or OEl, the wind-
the aircraft with powered lift it is considered milling dragDum of the engine and drag due to
that the inoperative engine reduces the lift on asymmetric flight condition (cf. section 2.2.3)
the respective half-wing causing a rolling are considered. The respective number of the
moment that has to be trimmed by the ailerons. operating engines is used for the calculation of
Drag increment due to aileron deflection is the relevant thrust components.

modeled according to Roskam [22], p. 82.
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The application of equation (4) to
conventional turbofan and turboprop aircraft has
the following implications: The residual gross
thrust T,es IS equivalent to the total gross thrust.
The term TesRD) is equivalent to the engine net
thrustT andCp* includes the aerodynamic drag
only. Equation (4) then transforms into the
numerical form of the analytical handbook
formula (e.g. [23]) for ground roll calculation.

The distance required to climb to 35ft
clearance height (with AEO as well as OEI) and
the related climb angle are calculated from the
ratio of total force in x-direction to the lift. Eh
total force in x-direction is calculated according
to the denominator in equation (4) (toat take-
off) excluding the friction coefficient.

The breaking distance in case of aborted
take-off is calculated with:

2
X, = 0S¥ 5)
a

Typical average deceleratiord are between
0.35g and 0.45g for turboprops and between
0.4g and 0.6g for jet aircraft [16]. For
consistency reasons, a deceleration of 0.41g is
used @=4 m/s?) for all aircraft, for aborted
take-off as well as for the deceleration segment
for landing field length calculation.

Fig. 5 shows the BFL calculated with the
above methods for turboprop aircraft over the

take-off parameter according to Loftin’s
definition [24]:
MTOW/S){MTOW/P,
TOPProp - ( )[ﬂ 0) (6)
ag
Turbo-Prop
2,000
CTOL A/C
data
_ 1o00 -P_0=6000
E -
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Fig. 5 Turboprop take-off performance

The dimensions of the turboprop reference
aircraft (chapter 3) are used as a baseline. Wing-
loadings between 175 kg/m2 - 600 kg/m2 and
power loadings between 130 W/kg — 486 W/kg
are applied for MTOW=23,000 kg. The flap
setting is 15°, the spanwise flap extension is
75%, and the relative flap chord is 25 %. The
resulting C max IS between 2.5 and 2.65,
depending on the wing loadihgThe results
show good agreement with existing turboprops.
The variation of the results lies in the order of
magnitude of the variation of the aircraft data.

Fig. 6 shows the BFL of 2-engine and 4-
engine CTOL turbofan aircraft compared to 4-
engine IBF aircraft over the take-off parameter
for turbofan aircratft:

MTOW/S)OMTOW/T,
TOPI’urbofan = ( )[ﬂ O) (7)
o
Turbofan and IBF
2,000
CTOL A/C dat
1,750 A —
¢ CTOL, 4eng
— 1,500
3 = CTOL, 2eng
- 1,250
e s IBF, T/W=0.4
1,000
750 —o— IBF, T/W=0.45
500 +——IBF, T/W=0.5
150 200 250 300 350
TOPTurbofan [|b/ft2]

Fig. 6. Turbofan and IBF take-off performance

Similar flap design parameters are assumed for
all turboprop and turbofan aircraft. Therefore,
the definitions for the take-off parameters do not
consider the take-off lift coefficient (as e.g.
Loftin’s definition does for turbofan aircraft).

For the turbofan aircraft, wing-loadings
between 350 kg/m? and 600 kg/m? and thrust-to-
weight ratios between 0.25 and 0.5 are applied
for a MTOW of 24,000 kg. The maximum lift
coefficient is between 2.28 and 2.35, depending
on the wing loading. The 4-engine CTOL
aircraft have shorter BFL for a given TOP
compared to the 2-engine CTOL aircraft which

2 For a constant relative spanwise flap extensispeet
ratio, taper ratio, and fuselage diamegf., increases
with increasing wing area due to the increasingtine
flapped area.



results from the better climb performance with
OEI. The results for the 2-engine aircraft show
good agreement with the CTOL A/C data that
includes the 2-engine turbofan aircraft given in
Tab. 7 of the appendix. The IBF aircraft have
shorter BFL compared to the CTOL 4-engine
aircraft only for thrust-to-weight ratios of more
than around 0.4. Although the take-off speeds of
the IBF aircraft are lower than for the CTOL
aircraft, the BFL can be longer due to smaller
climb angles with OEIl. The smaller climb
angles with OEI result from:

duct pressure losses (here 6 %)

loss in forward thrust due to the
downward deflection of the bypass jet
higher lift coefficients that result in
higher induced drag

For this example, the lower take-off speed
dominates the smaller climb angles with OEI
only for thrust-to-weight ratios greater than 0.4.

2.4 Landing Field Length

For approach speedvabp) calculation, similar
problems as for take-off speed calculation occur
for the powered-lift aircraft due to the
interdependence of thrust and low-speed
aerodynamic performance. A combinatiornvesp
and thrust rating has to be found iteratively to
meet the required safety margin to stall and the
required approach angle. The low-speed engine
model and the low-speed wind-tunnel data with
the flaps in landing configuration are used for
calculation of vapp. For the algorithm
implemented for the iteration ofspp and thrust
rating the authors refer to reference [14]. The
newer FAR/EASA safety factor forpp (1.23vs7)

is applied in this paper. Missed approach (MA)
climb performance with AEO is calculated for
Vapp and C_app With maximum available thrust
and the flaps extended in final approach
configuration. MA climb performance with OEl is
calculated for the same flight condition with full
OEl thrust and the flaps extended in MA with OEI
configuration.

In empirical approaches, landing field length
(LFL) is often calculated as a function @fp?
(e.g. Loftin [24]). A more detailed approach is
implemented here. Unfactored landing distance is
the sum of different landing segments, i.e.
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approach distance from 50 ft, flare distance, and
free roll (calculated according to Jenkinson [25])
and deceleration distance from touch-down speed
to zero speed according to equation (5). An
average deceleration of 4m/s?z is used. This
method gives the possibility to study for example
different approach angles. JAR-OPS 1.151
requires a safety factor of 1.67 for required LFL
for turbofan aircraft and a safety factor of 1.48 f
turboprop aircraft. This favors turboprop aircraft
by around 17 % compared to turbofans with the
same landing performance by definition [13].

Fig. 7 shows the LFL calculated for a -3°
approach as a function of wing loading for the
turboprop, turbofan and IBFy%£-3° andy=-6°)
aircraft compared to data of existing turboprops
and turbofan. The maximum lift coefficient for the
turboprop aircraft is calculated according to
section 2.2 for a flap setting of 30° and lies
between 2.75 and 2.9, depending on the wing-
loading. The turbofan aircraft have maximum lift
coefficients between 2.55 and 2.9.

1,600 o TFAC
1,400 = TPAC
El,zoo —o— TF Model
='1,000 -
L —a— TP Model
— 800
600 —— |[BF
Model, y=-3°
400 -i-m--- |BF
150 250 350 450 550 Model,y=-6°
W, /S [N/m?]

Fig. 7 Landing field length over wing-loading for
investigated aircraft types

The aircraft data of the turboprop aircraft has a
high variation, especially for lower wing loadings.
Variations remain, even if the different flap
designs are considered in the statistics (cf. [13])
This indicates high differences of the designs with
respect to deceleration, and approach angles. The
calculated trend for the -3° approach fits wellhwit
the data given for the ATR-72-500 and
Bombardier Q-300 (cf. app. Fig. 13 for more
detailed comparison with A/C data as well as
trend for turboprops with=-6°). Important for the
scope of this paper is a consistent calculation of
the LFL with the same assumptions for all aircraft
types. This is assured here by the application of
the same methods, same flap characteristics (for
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the conventional aircraft), and consistent values and airspeed. For the purpose of this paper, these

for deceleration and approach angles.

For the turbofan aircraft, the results of the
implemented method are in the range of the
aircraft data (cf. app. Fig. 14 for more detailed
comparison with A/C data as well as trend for
turbofan aircraft with y=-6°). The lower
calculated LFL of the conventional turboprop
aircraft compared to the conventional turbofan
aircraft is in the range of the difference that
results from the different JAR requirements.
The IBF aircraft have significantly lower LFL
compared to the conventional turbofan aircraft,
especially for the higher wing loadings. For the
trend given in Fig. 7 (T/W=0.45%;=55°), the
maximum lift coefficient is between 5.2 (at
W /S=180 kg/m?2) and 5.68 (& /S=540 kg/m?)

resulting in approach speeds between 56 kts and

93 kts. With decreasing wing loading the
difference between the conventional turbofan
and the IBF aircraft decreases. The reasons are:
e decreasing jet momentum coefficient
with increasing wing area, and, hence,
decreasing max Of the IBF aircraft.
e increasing percentage of the approach
and flare distance that is in the first order
a function of the approach angle, which
is the same for all aircratft.
For a required field length of 1,000 m, the
required wing loading is 250 kg/m? for the
conventional turbofan and 470 kg/m2 for the
IBF turbofan, which is a significant difference.

2.5 High-Speed Engine Performance and
Engine Scaling

For the calculation of the mission performance
the available thrust during climb and cruise
condition as well as the specific fuel
consumption are required. Engine dimensions
are required for the calculation of the
aerodynamic performance.

2.5.1 Turboprop
The turboprop engine performance model for

high-speed (cruise and climb) is based on data

given for the PW-120 in McCormick [26].
Included there is the take-off powgy,  , actual

power B, and fuel flowFF,,,_,,, for climb as
well as for cruise rating as a function of altitude

data are scaled with the required sea level engine
shaft power for the respective rating.
The actual thrust is:

T:PQ
\Y,

(8)

Thereby, the propeller efficiency deck given in
the appendix is used and adapted with a k-factor
of 0.9 to provide more realistic values in cruise
(cf. section 2.1.1).

Fuel flow of the PW-120 is normalized by
the actual power of the PW-120 giving the
actual power-specific fuel consumption (PSFC)
for the different flight conditions. Thrust-
specific fuel consumption (TSFC) is calculated
from the power-specific fuel consumption:

TSFC= PSFC ©)
n
The engine nacelle scales according to Raymer
[27] p. 251 as a function of engine power. The
propeller diameter is kept constant, as the
fuselage dimensions are kept constant and
installation constraints have to be considered.

2.5.2 Turbofan

For the turbofan aircraft a generic turbofan engine
with a bypass ratio of 5.0 documented in reference
[14] is used. The data used here is the part load
characteristic for SFC for the design altitude of

35,000 ft and the available climb and cruise thrust
for different mach numbers. The engine deck is

scaled with mass flow assuming constant specific
thrust. Engine dimensions are calculated

according to Jenkinson [25] and Raymer [27].

2.6 High-Speed Aerodynamics

The trimmed high-speed drag polar (clean
configuration, no flaps, no gear) is calculated
component-based according to Torenbeek [16],
appendix F from the aircraft geometry. Thereby,
lift-dependent profile drag of the components

wing, fuselage, horizontal tail (HT), vertical tail

(VT) and engines are calculated from the wetted
areas. Wing wave drag is calculated as a

function of sweep, airfoil type and airfoll

relative thickness. Induced drag of wing, HT,
and fuselage are considered.
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2.7 Weights & Balance Parameter UnitWing| VT | HT
OEW is calculated from the structural component AR - 12 1.6 S
weights, propulsion system weight, operational TR ; 06| 06| 0.6
items weights, and equipment weight according to | #2s 12 ] 28 6

Torenbeek chapter 8. Landing gear weight is Tab. 1 Main lifting surface parameters of turboprop
calculated according to Raymer [27]. Dry engine reference aircraft

weight for the turbo-fan aircraft is calculatedaas Parameter UnitWing| VT | HT
function of To, Tsp, OPR and BPR according to AR - 8 1 5
Torenbeek [16], Eq.4-36. Dry engine weight for |TR - 03| 08| 0.3
the turbo-prop aircraft is calculated according to | p,s ° 20 40 28
Raymer [27], as a function of the take-off power.  Tab. 2 Main liting surface parameters of turbofan
The center of gravity (CG) is calculated reference aircraft

component based with methods of Torenbeek Trade studies are performed to determine the fuel
[16], chapter 8. The wing is positioned such that phyrn optimized designs with respect to wing-
the CG of the empty aircraft lies at 40 % of the |pading and thrust-to-weight ratio (turbofan)

mean aerodynamic chord. These component-respectively power-to-weight ratio (turboprop)
based methods account for the scaling effects thatconsidering a 300 ft/min climb constraint at top

occur due to the sizing of the main parameters of climp. The resulting turbofan aircraft has a
T/W (P/W for turboprops) andW/S for the  {hyyst-to-weight ratio of 0.29 and a wing-loading
required performance and due to scaling effects of 550 kg/m2. This design has a BFL of 1,867 m
over the entire mission. Weight penalties can be gng a LFL of 1,561 m for a -3° approach. The
introduced for the different components, for resyiting turboprop aircraft has a power-to-

example for penalties due to wing ducting or weight ratio of 183 W/kg and a wing-loading of

higher control surface weights. 375 kg/m2. The BFL is 1,325 m and the LFL
1,017 m for this design. A value of 0.95 is
2.8 Flight Performance assumed for both aircraft for the ratio of

maximum landing weight (MLW) to MTOW,
based on typical values of existing aircraft (cf.
Fig. 12). The main design parameters and the
resulting values for field length are in good
accordance with existing conventional aircraft.

The mission simulation module of Pacelab APD
[15] is used, which calculates numerically the
mission performance (e.g. mission time and fuel
burn) as well as point performance (e.g. climb
performance at TOC) based on the aircraft drag
polars, engine performance decks and weights.

3 Reference Aircraft SN E——

A
|

The design transport capacity is a payload of 68 =
passengers (6460 kg) over a design range of

1,000 nm. The fuel reserves are calculated based _
on a 200 nm alternate airport, 30 min loiter and a  F'9- 8 Top-views of turboprop (left) and turbofan
contingency of 5 % block fuel. The turbofan (right) reference aircraft

cruises at Mach 0.74 and 35,000 ft, the cruise ~ The conventional turboprop reference
condition for the turboprop is Mach 0.45 at aircraft (cf. Fig. 8 for top-view) is the basis for
25,000 ft. The main lifting surface parameters of the sizing of the turboprop aircraft for ESTOL
the reference aircraft (Tab. 1 and Tab. 2) are performance. The conventional  turbofan
based on typical values given in Roskam part one reference aircraft (cf. Fig. 8 for top-view) serves
[28]. Vertical tail (VT) volume coefficient is 0.09  as a baseline for the IBF aircraft. A four-engine
and horizontal tail (HT) coefficient 1.0 for both arrangement is selected, as engine failure is less
aircraft. The fuselage size is based on existing critical for 4-engine IBF aircraft compared to a
aircraft with the same passenger capacity. 2-engine arrangement.
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For the investigated design mission, the
turboprop has 3 % lower MTOW and 12 % less
block fuel burn. The differences are due to 38 %
lower SFC and 27 % higher lift-to-drag ratio.
Lift-to-drag ratio is higher due to the higher
aspect ratio and the flight condition near the
maximum lift-to-drag ratio. Block time is 46 %
longer for the turboprop aircraft.

4 Sizing for ESTOL Performance

The investigated aircraft that are sized for
ESTOL performance are

conventional turboprops based on the
reference turboprop aircraft and
powered-lift turbofan aircraft with IBF,
based on the reference turbofan aircraft.
The IBF aircraft is modeled by the integration
of the low-speed wind-tunnel polar and the low-
speed engine model for IBF into the turbofan
aircraft model.

The sizing for performance aims to find the
best combination of the main design parameters
(“‘design point’} that meets the required
performance. The following performance
requirements are considered:

BFL and LFL required

2" segment OEI climb rate required
according to FAR/EASA

MA climb rate required with OEI as well
as with all engines operating (AEO)
according to FAR/EASA

the final approach angle required has to
be maintained with OEI

Climb rate required (300 ft/min) at top
of climb (TOC)

For the determination of the design point, all
combinations of the design parameters within a
feasible design space are explored. For every
combination, the performance for the above
flight stages is calculated according to the
methods given in chapter 2 and compared to the
respective performance required. The resulting
constraints are plotted in the matching chart,
where the design point is selected.

Fig. 9 shows the matching chart of the IBF aircraft
with a field length requirement of 2000 m. For this

® The main design parameters are W/S and T/W for the
turbofan and W/S and P/W for the turboprop aircraft

application a take-off flap angle of 15° gives the
best trade-off between take-off speed and climb
performance. The flap angle for final approach is
55° and for MA with OEI 45° The decisive
constraints are the LFL required and the climb rate
required for MA with OEIL. The design point is
W/S500 kg/m2 andT/\E0.44. The thrust-to-
weight ratio required is significantly higher than

the thrust-to-weight ratio required for the
minimum climb rate at top of climb.
Matching Chart IBF
0.6 == BFL
Design —4—CLTO
0-5 Point o
o » o ,‘*
S04 e ——CL MA
|_
_
T i TOC
0.2 | APP path
350 400 450 500 550 600
WIS [kg/m?]

Fig. 9 Matching chart for aircraft with IBF sized for a
1000 m field length, -3° approach

All design points presented in the following were
selected based on a matching chart. Here, it is
discussed which of the constraints were the
deciding ones. Tab. 3 shows the design points for
the IBF aircraft with a -3° approach for different
field length requirements. The wing-loading is
always determined by the LFL required/W
required is always determined by the MA with
OEIl, while T/W required to meet the BFL
requirement is always lower. Consequently, the
BFL is even below the BFL required.

T/WI[-] | W/S[kg/m?]
1,000] 0.44 500
Field length | 950 0.44 443
[m] 900 0.44 385
850 0.44 327

Tab. 3 Design points for different field length
requirements, IBF aircraft with -3° approach

Tab. 4 shows the design points of the turboprop
aircraft with the -3° approach for different field
length requirements. For the 750 m and 800 m

* The determination of the optimum flap angles foalf
approach and missed approach with OEIl is a complex
task that is discussed in detail in reference [14]

9



requirement, the LFL determin&g/S while the
climb rate required at TOC determin@8N. The
BFL requirement is not a decisive constraint. For
the 900 m field length requirement the LFL and
BFL constraints determine the design point. For
the 1000 m field length requirement, the design

C. GOLOGAN, D. SCHMITT

600 m and 700 m field length requiremamSis
determined by the LFL requirement, while at the
same time the BFL requirement determifég/.
Including and above the 800 m field length
requirement, the design points represent the best
compromise along the BFL-constraint with

point selected represents the best compromiserespect to block fuel. The LFL requirement would

along the BFL-constraint with respect to mission
fuel burn. The LFL requirement would allow for a
higher wing loading (368 kg/m? for 1000 m LFL),
but this would increasB/W to achieve the BFL
required, and, hence, the mission fuel burn.

P/W[W/kg] | W/S[kg/m?]
rolq 1000 190 330
|e|§gth 900 186 298
] 800 196 230
750 215 200

Tab. 4 Design points for different field length
requirements, turboprop aircraft with -3° approach

Additionally, aircraft with a -6° approach angle

allow for higher wing loadings (e.g. 463 kg/m? for
the 1000 m field length requirement), but this
would increasd®/Wto achieve the BFL required,
and, hence, the block fuel.

P/W[W/kg] | W/S[kg/m?]
1000 190 330
Field | 900 212 330
length [ 800 223 310
[m] 700 229 280
600 205 215

Tab. 6 Design points for different field length
requirements, turboprop aircraft with -6° approach

were designed. The -6° approach reduces the5 Field Length vs. Fuel Burn

LFL to 859 m for the turboprop and 1414 m for
the turbofan reference aircratft.

Tab. 5 shows the resulting design points for
the IBF aircraft. T/W is determined by the MA
with OEI for all field length requirements. For
the field length requirements ranging from 650 m
to 800 mW/Sis determined by the LFL required,
BFL required is not decisive. For the field length
requirements of 900 m and 1,000 m, the
combinations ofT/W and W/S along the BFL
constraint that result in the minimum fuel burn
are selected. A higher value fov/S could be
selected, but would require high&W to meet
the BFL constraint, and, thus have a higher block
fuel.

TIWL] | WISkgim?]
1000]  0.43 550
| 900 | 0.43 485
[Fr;fi'd length =50 T 0.43 420
700 | 0.43 325
650 | 0.44 280

Tab. 5 Design points for different field length
requirements, IBF aircraft with -6° approach

Tab. 6 shows the design points for the ESTOL
turboprop aircraft with the -6° approach. Wing-
loading is higher for the same field length

Fig. 10 shows the design mission block fuel of the
ESTOL aircraft relative to the fuel burn of the
conventional reference turbofan aircraft for
different field length requirements. Included are
the trends for aircraft sized for a -3° approacth an
for a -6° approach. Considered is the sizing of the
HT to provide a 10 % longitudinal static stability
and the lift coefficient required for longitudinal
trim. The VT is sized to trim the aircraft lateyall

in the case of OEI. For the tail sizing approaeh th
author refers to reference [14].

Fuel burn penalty
1.6 & ==&--|IBF y=-3°
15 N ==&==/IBF y=-6°
=14 - + %= Turbopropy=-3°
g 1.3 A . \ | ==A=-Turbopropy=-6°
212 T
E ) \\ \i~- ‘\‘n
2 11 o =
3 1 > ~<=]_ N
0.9 “‘*'*T
0.8
600 700 800 900 1,000
Field Length [m]

Fig. 10 Block fuel vs. field lengtf

requirement compared to the -3° approach aircraft ° Field performance of reference aircraft:

due to the better landing performance. For the

Turboprop: BFL=1,325 m, LFL=1,017 m (859ym-6°)
Turbofan: BFL= 1,867 m, LFL=1,561 m (1414 p+-6°)
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For a 1000 m field length requirement, the IBF
aircraft have a fuel burn penalty of around
10 %, while the conventional turboprop has
around 10 % less fuel burn. The fuel burn
penalty increases reciprocally with decreasing
field length due to scaling effects. For field
lengths below 1000 m, the aircraft sized for
the -3° approach have significantly higher fuel
burn compared to the aircraft sized for the -6°

approach. Thereby, the difference increases with

decreasing field length. The IBF aircraft with

the -3° approach has a fuel burn penalty of 36 %

for a field length requirement of 850 m, while

the turboprop achieves around 770 m with a
similar fuel burn penalty. With a 20 % fuel burn

penalty, the -6° aircraft achieve significantly

lower field length (around 780 m for IBF and

around 600 m for the turboprop) compared with
the reference aircraft.

At the same fuel burn as the reference aircratft,
the turboprop with the -6° approach achieves a

field length of around 700m, while the

conventional turbofan has a BFL of 1,867 m and a

LFL of 1414 m, which is a significant difference.
The IBF aircraft with the -6° approach suffers
from a fuel burn penalty of around 33 % to
achieve the 700 m field length requirement.
Important to note is that the values for the IBF
aircraft represent a lower boundary for the fuel

burn as potential weight and drag penalties due to

IBF installation are not considered here.

The reason for the high differences between

the aircraft designed for=-3° andy=-6° is the

significant contribution of the approach segment
to the total LFL. The approach segment can
only be reduced by reduced approach angle an

not by reduced approach speed (respectively

wing loading). Consequently, if very short field

length is required, a steeper approach angle is a

very efficient method for LFL reduction.

The lower design Mach number of the
turboprop is the main reason for the better fuel
burn characteristic compared to the IBF aircratft.
Due to the lower design Mach number the
turboprop has lower optimum wing-loadings for
cruise condition. The lower wing-loadings
improve the field performance, yielding in
synergistic effects for ESTOL application.
Consequently, ESTOL performance can be
achieved with conventional mechanical flaps by

increasing engine power and wing area with lower
fuel burn penalties than for the powered-lift
aircraft with IBF. However, the drawback of the
turboprop aircraft (besides well known
disadvantages like higher cabin noise, lower
riding qualities etc.) is the longer block time righe
46 %) due to the lower cruise Mach number.

Conclusion and Outlook

Methods for the calculation and consistent
comparison of field performance of

turboprop and turbofan aircraft with

mechanical high-lift devices

turbofan aircraft with internally blown

flaps (IBF)
have been developed, documented and compared
to existing aircraft data. Conventional take-off
and landing reference aircraft with turboprop and
turbofan engines have been designed. Based on
these aircraft, turboprop aircraft with mechanical
high-lift devices and IBF turbofan aircraft have
been sized for extreme short take-off and landing
(ESTOL) requirements between 600m and
1000 m. Thereby final approach angles of -3°
and -6° have been considered.

The mission simulation results show that the
aircraft with the -6° approach can achieve
significantly shorter field lengths compared to
the -3° approach aircraft for the same mission
fuel burn. With a -6° approach, the turboprop
aircraft have significantly reduced field length
requirements at the same design mission fuel
burn as the conventional reference turbofan
aircraft. At the same time, the IBF aircraft has

gsignificantly higher fuel burn for the same field

performance compared to the turboprop aircraft.
the investigated design mission the
turboprop aircraft are a more fuel-efficient way
to achieve ESTOL performance compared to the
turbofan aircraft with IBF. Another advantage is
the lower complexity due to conventional
technologies (mechanical high-lift devices),
while the disadvantage (from the mission
performance point of view) is longer block time.
In the future, these studies can be extended
by the investigation of different design Mach
numbers for the turboprop aircraft to show a
trade-off between fuel burn, field length, and
block time.
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Nomenclature

a Average deceleration
AR Aspect ratio

A Propeller area

BPR Bypass ratio

Co Drag coefficient

Cp* Equivalent drag coefficient (includes
engine jet momentum

C. Lift coefficient

CLapr Lift coefficient

Cn Pitching moment coefficient

C. Jet momentum coefficient

Dwn  Wind-milling drag

Mro Take-off mass

m, Mass flow of IBF jet exhaust

OPR Overall pressure ratio

P Actual power

Po Sea level static power

PSFC Power-specific fuel consumption
RD Ram drag

S Reference area

T Actual net thrust

Tre: Residual thrust

To Sea level static thrust

TOP  Take-off parameter

TR Taper ratio

TSFC Thrust-specific fuel consumption
TSP  Specific thrust

Av Speed increment

v Airspeed

Vapr  Approach speed

Vi Decision speed for aborted take-off
Vi Velocity of jet exhaust

Xg Breaking distance

a Angle of attack

Y Final approach angle

O Flap extension angle

n Propeller efficiency

7o Propeller static efficiency

u Runway friction coefficient

p Air density

o Density ratio relative to sea level
Q25 Quarter-cord sweep

C. GOLOGAN, D. SCHMITT

Abbreviations

BLF Balanced field length

CLTO 2nd segment climb rate with OEI

OEl

CL MA Climb rate during missed approach

CL MA Climb rate during missed approach

OEl with OEI

IBF Internally blown flaps

LFL Landing field length

P/W Ratio of sea level static power to
MTOW

T/W Ratio of SLST to MTOW

TF Turbofan

TP Turboprop

TOC Top of climb

W/S Wing loading (based on MTOW)

WU/S Wing loading (based on MLW)
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Appendix

Propeller Efficiency Map

0.8
_06
0.4
0.2
oH 300
0 100 Vz[%os] 300 400

Fig. 11 Generic propeller efficiency map based on
reference [17]

Turbofan Turboprop
Bombardier CRJ 200 ATR-42-500
Bombardier CRJ 700, ATR-72-500

Bombardier CRJ 900] Bombardier Q-200-400

Embraer ERJ 145 Saab 340 and 2000

Embraer E170 (AR) | Antonov AN-140

Embraer E170 (LR) Embraer 120

Embraer E175 (LR) Fokker F-50
Avro RJ-70 IL-114-100
Fokker F-70 Dornier Do-328

Tab. 7 Aircraft included in statistics; Data colle¢ed
from manufacturers’ websites and reference [29]
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Fig. 12 Statistical data for determination of MLW-

fraction
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Fig. 13 LFL-method for turboprop compared to
aircraft data
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Fig. 14 LFL-method for turbofan compared to aircraft

data
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