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INSTALLATION PENALTY OF AERO-ENGINES ON NARROW BODY
AIRCRAFT

Thomas E. Boogaart1, Maurice F.M. Hoogreef1 & Arvind Gangoli Rao1

1Faculty of Aerospace Engineering, Delft University of Technology

Abstract

Decades of improvements of engine efficiency on internal engine components through better materials, design
methods and novel fabrication techniques have resulted in fuel consumption reductions. Another major factor
for improving engine fuel consumption has been the increase of bypass ratio. However, this has a significant
impact on engine dimensions and weight, and, consequently, the installation of the engine on the airframe.
Evaluation of engine installation penalties is not a new topic; literature provides various studies on aerodynamic
effects. These primarily studied the effects of drag increase and the impact on drag of engine location and
nacelle shape. This article investigates the performance impact of installation penalties from an increase
in bypass ratio on narrow body aircraft, specifically the fuel consumption, weight and stability. Additionally,
an analysis is made comparing aircraft retrofit and redesign for increased bypass ratio engines. It can be
concluded from retrofit analyses that engine size is more significant than its location. Changes in aerodynamic
center, CLα

, and CMAC cause stability/controllability criteria to shift to the left. Heavier engines at the same
spanwise location cause a more forward CG location, which may become limiting. With the engine increasing
in size (thus increasing the drag and increasing the weight), the overall increase in fuel burn is 5.9%. However,
the decrease in fuel burn due when the SFC and engine effects are considered together, the fuel burn drops by
50%. The reduction in fuel burn thereby negating the increase in engine weight, drag, and integration issues.
From BPR 10 onwards, the decreasing trend in tail size stagnates and actually reverses, indicating that larger
tail sizes might be required for even larger BPR engines.

Keywords: engine installation penalties, aircraft design, aero-engine integration

Nomenclature

Latin Symbols
CD = Drag coefficient (∼)
CL = Lift coefficient (∼)
CM = Moment coefficient (∼)
S = Wing planform area (m2)
Sh = Horizontal tail planform area (m2)
W = Weight (N)

Acronyms
BPR = Bypass ratio
CG = Center of Gravity

CRM = Common Research Model
MTOM = Maximum Take-off Mass
NASA = National Aeronautics and

= Space Administration
OEM = Operative Empty Mass
SFC = Specific Fuel Consumption
TLAR = Top Level Aircraft Requirement
WB = Wing-body configuration
WBNP = Wing-body-nacelle-pylon

= configuration

1. Introduction
Emissions of greenhouse gasses by aviation have stimulated the governing bodies in the aviation
sector to set ambitious goals to reduce CO2 and NOx emissions. Hence, making reduction of envi-
ronmental impact one of the key focus areas of modern day aviation as, for example, illustrated by
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the goals identified by the Air Transport Action Group1 or the European Commission in its Flightpath
2050 [1] vision on aviation.
The best way to reduce the emissions is by burning less fossil fuels. Airlines themselves also have an
incentive to reduce the fuel burn as the operation costs are directly correlated to the fuel burn. Hence
it should not come as a surprise that in the last 70 years engine technology has made significant
leaps. The, nowadays traditional, concept of tube and wing aircraft, where podded engines are
typically wing-mounted has been widely adopted. These configurations allow easy accessibility for
maintenance and noise shielding for the passengers. Early gas turbine powered civil aircraft, such
as the Boeing 707, look very similar to the latest Boeing 737 MAX or Airbus A350. Over the years,
engines have increased in diameter, primarily due to the increase in bypass ratio of the engine. An
increase of bypass ratio results in a higher efficiency for thrust generation, with as a consequence
that the diameter of the engine has to be increased. For example, the first generation 737 entered
service in 1967, the latest 737 MAX in 2017 and both feature in principle the same airframe except
for a newer, much larger diameter engine. The latter, because the rest of the airframe did not change,
had to be relocated slightly. However, sufficient ground clearance is a problem and to solve this, the
engine was moved forward and up. Consequently, impacting the pitching moment characteristics,
due to the different location and much larger diameter (the nacelle becoming a more pronounced lift
component as well).
An ideal aero-engine would have no weight, no drag and no exhaust flow while providing the required
thrust through the centre of gravity of the aircraft. Unfortunately this is not possible. The engine does
have a weight, an exhaust flow, and causes drag which all have an effect on the airframe performance.
The following chapter describes the integration effects and the consequences on the aircraft design.
An aircraft engine can be split into three main components: the gas generator, nacelle and pylon.
Each component has a different effect on the aircraft and subsequently the aircraft performance.
Figure 1 indicates the installation effect of the aforementioned components. The drag effects are
indicated in red.
Previous research on engine installation penalties addresses the effect of engine location with respect
to installation drag penalty [8, 11], where it was concluded that the optimal engine position yields
a nearly constant installation drag coefficient for the lift range considered. Therefore, the authors
concluded that the design goal should be to minimise the installation drag penalty for a given lift
coefficient. Drag penalties were further detailed into the different components, such as pressure drag
caused by the nacelle. Reducing the pressure drag for a gas turbine is very difficult as it is inherent
to a body with thickness and curvature. The nacelle can be “streamlined”, thus reducing the wake
size. The smaller wake reduces the pressure drag as well [10]. A better goal should be to avoid a
rapid increase in pressure drag due to flow separation over the nacelle or in the inlet.
Another contribution of nacelle drag is related to spillage drag. Engine spillage drag is a different
way of describing the profile drag of the nacelle. It is however associated with a drag increase due to
off-design flight conditions. Spillage drag is defined by Covert as: the drag increase resulting from the
difference between the inlet mass flow ratio at the operating conditions and the operating reference
condition [5]. Aero engines operate at multiple, very different, flight- and operating conditions. Optimal
would be the smallest possible inlet area for which no flow separation occurs in the inlet at take off
thrust. Robinson [17] investigated the effect of engine geometry on spillage drag. The study was
limited to a CFD analysis. The spillage drag was roughly 10% of the total drag calculated. The
spillage drag was also dependent on the exhaust geometry used.
The nacelle, pylon and main wing are located closely together, causing a high likelyhood of local
supervelocities, which may potentially lead to shockwaves (which should be avoided at all costs).
Possible ways to reduce the chance of shocks are: increasing the distance between components or
reducing local curvature. In the Boeing 777 engine study, the writers investigated the possibility of
low velocity pressure side of the main wing to reduce local shock formation [3]. Alternatively, the
nacelle shape can be modified to reduce supervelocities and reduce the chances of shockwaves.
The addition of the nacelle and pylon mounted to the main wing or fuselage means multiple bodies

1Air transport action group, Facts & Figures, May 2016, https://www.atag.org/facts-figures.html, visited
on 7 June 2018
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Figure 1 – Schematic of various installation effects, their dependencies and the consequences on
the aircraft geometry

in close proximity. Interference between two bodies can be used as an advantage on lift generating
bodies, e.g. multi-element flaps. For the pylon and nacelle it often results in an increase in drag and
loss in lift [11, 21]. By moving the engine, the channels between the nacelle and wing can be altered
to mitigate the interference effects. Hoheisel showed that with the engine installation there is a loss
in lift on more than 60% of the span [11]. In general, when moving the engines more forward, the
interference is reduced [3]. Engines moved more forward and keeping the same ground clearance,
will result in a larger gully (the distance between the wing and nacelle) and reduced interference
between nacelle and main wing. The loss of lift due to engines being present for low angles of attack
means new trim conditions and possible higher trim drag compared to the aircraft without engines.
According [18] increasing the vertical distance to the wing does not have a significant influence.
A special case of interference flows is caused by the exhaust flow. With under wing engines the
jet flow moves over the pressure side of the wing, especially in case of far forward engines. The
high velocity jet flow reduces the pressure on the bottom side of the wing and reduces the lift locally.
Measures must be taken to ensure enough lift can be generated when the engines are installed [3].
Hoheisel showed that higher bypass ratio engines lead to smaller jet flow velocities due to better and
more mixing of the exhaust gasses [11]. Although the effects of the jet flow are small, higher bypass
engines are often located closer to the lower surface of the wing and as mentioned before this can
have negative effects on the interference drag [15].
Engines located above and further behind the centre of gravity, the engines will have a stabilising
effect [20]. If the engines are moved further back, the c.g. will move back as well. With the c.g. closer
to the aerodynamic centre (a.c.), where the main lift vector acts, the required force by the tail will be
reduced. With the engines moved back, the chance of higher interference drag becomes imminent.
Another way to move back the c.g. is by moving the engines further outboard in case of a swept
wing. However engines moved further outboard will yield directional stability problems in case of
one-engine-out conditions [9]. For the Boeing 737 MAX the increased size of the LEAP 1B engine
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caused stability problems. The larger bypass ratio meant a larger diameter of the nacelle and added
weight. It also meant that in order to maintain the required ground clearance, the engines had to be
moved forward to mount them higher. As a result, the aircraft had a nose up pitching moment for mid
Mach numbers and high angles of attack [14].
Increasing the engine size will have an effect on the drag, weight and the aerodynamic performance
(e.g. stability) of the aircraft. If space between the wing and the ground is limited, resulting in insuf-
ficient ground clearance, a redesign of the landing gear may be required, or a redesigned tailplane
when engine thrust is increased. Quantifying, or at least getting a better understanding of the instal-
lation penalties, can provide new insights into the trade-off between an engine retrofit and a more
drastic aircraft redesign. This may offer a basis for future aircraft and aero-engine design. If the
installation penalties of a more efficient engine on an existing tube and wing airframe become too
large, a new aircraft concept should be investigated. If retrofitting has no significant effect on the
aircraft performance, it is still a worthwhile solution for current aircraft.

1.1 Paper objective
Trying to quantify all the installation penalties is quite a strenuous task, hence the objective of this ar-
ticle will be to investigate the impact of increased engine bypass ratio on aircraft designs, specifically
on aircraft fuel consumption, weight and stability. The aim will be to identify the installation penalty of
turbofan engines for engine retrofit on an existing airframe in terms of stability and controls, and the
effects on fuel burn and required tail area for aircraft redesign, for single aisle narrow body aircraft.

1.2 Paper structure
The article will be structured in three main parts: (1) The method and validation, Section 2.& Sec-
tion 3., discussing the approach for retrofit analysis, aircraft sizing and validation of the aerodynamic
solver. (2) Two sections on the results, Section 4., of the different studies on engine location, bypass
ratio effects and effects of engine retrofits on existing aircraft, and Section 5.on the overall effect of
integrating larger engines inside an aircraft design loop to perform a full aircraft resizing (taking into
account the effects on size, mass and fuel consumption). The last part of the paper, (3), Section 6.

provides the main conclusion to the research objectives.

2. Method
Two scenarios are illustrated in this article; (1) an engine retrofit scenario where a high by-pass ratio
engines is fitted onto an existing airframe and (2) an aircraft re-sizing scenario where a complete
aircraft design cycle is evaluated incorporating the high by-pass ratio engine. The following two
subsections provide an overview of the approach that is used for each of the two scenarios.

2.1 Engine retrofit
Figure 2 schematically illustrates the approach of engine retrofit analysis. The engine retrofit analysis
uses a baseline aircraft geometry (based on the Airbus A320-200) to compute the aircraft weight
and center of gravity positions, using a Torenbeek [20] class-2 weight estimation. This information
is combined with engine data from an engine database for various bypass ratios. The database
consists of engines of different dimensions ranging from the CFM56 (found on the A320-200) to the
CFM LEAP-1A, found on the A320NEO. The database is based on information from the ICAO aircraft
engine emissions databank2.
The aerodynamic analysis focuses on the evaluation of the retrofit scenarios by changing the di-
mensions and locations of the nacelle on an existing airframe. For the aerodynamic analysis, a
vorticity-based potential flow solver is used to calculate the aerodynamic center location of the com-
bined bodies. In viscous mode, the solution at the surface is used as a boundary condition for the
viscous analysis. A validation of the solver is presented in 3..
Once the aerodynamic center is determined, the weight and balance of the aircraft, combined with
aircraft geometry are added to perform a stability analysis. The latter is based on the so-called
“scissor plot method” as detailed in the book by Torenbeek [20]. This relates longitudinal control and

2https://www.easa.europa.eu/domains/environment/icao-aircraft-engine-emissions-databank
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Figure 2 – Schematic of the engine retrofit analysis

stability requirements to the sizing of the stabilizing surfaces. The sizing methodology, often also
referred to as a X-plot, uses the following stability and control constraints:

• Stick-fixed neutral points

• Control capacity required at stall

• Control capacity required at take-off rotation

• Control capacity required at landing flare-out

Using these constraints, the required horizontal tail area can be determined and this can be used to
update the aircraft geometry and perform a (trim) drag analysis.

2.2 Aircraft (Re-)Sizing
Aircraft (re-)sizing is performed using the Aircraft Design Initiator (or in short the Initiator ). It is
a software tool developed in-house in Matlab. The software contains a design convergence loop
over several disciplinary analyses, including handbook methods, empirical data and physics based
methods. This software is capable of sizing both conventional and unconventional configurations
(such as blended wing body aircraft and box-wing aircraft).
The Initiator was initially conceived as part of the European project Aerodesign (FP7) and has sup-
ported other European projects such as RECREATE (Horizon 2020) and Smart Fixed Wing Aircraft
(Clean Sky). Currently, it is being used in NOVAIR (Large Passenger Aircraft framework) and CHYLA
(thematic topic) under Clean Sky 2. The Initiator can be used to assess the impact of small and large
changes to the aircraft on so-called key performance indicators.
The aircraft sizing process is explained in more detail in the article by Elmendorp et al. [7] and recent
validation studies on various aircraft can be found in [12, 13, 23]. A flow chart of the sizing process
is shown in Figure 3. The initiator performs a design convergence over a number of disciplinary
analyses and sizing methods. The design convergence consists of three main convergence loops: a
Class 2 loop, a Mission Analysis loop and a Class 2.5 loop.
The class 2 loop involves the basics of conceptual aircraft design, coupling a statistical weight es-
timation (Class 1 approach) to a constraint diagram analysis (wing-thrust loading diagram) in order
to decide on the design point based on a set of top-level aircraft requirements (TLAR). This design
point forms the starting point for a geometry estimation, primarily lifting surfaces and fuselage to fit
the desired payload. This provides the input to a Class 2 weight estimation for which the method by
Torenbeek [20] is used. An aerodynamic analysis (including drag estimation) concludes this loop.
The second loop performs a more detailed mission analysis, time-stepping through the mission profile
and the horizontal stability estimation to size the tail surfaces required for stability and control accord-
ing to the so-called scissor-plot method ([20], as used in the retrofit scenario as well. The Class 2.5
loop includes two semi-analytical weight estimation methods, a finite-element method based wing
weight estimation [6] and a fuselage weight estimation [22] which is based on the method by Ardema
et al. [2].

5
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Figure 3 – Flow chart of the aicraft sizing process in the Aircraft Design Initiator

3. Validation of aerodynamic model
A validation study on the NASA common research model (CRM) from the 6th drag prediction work-
shop [19] has been performed. This is used to compare both wing body and wing body nacelle
configuration with the vorticity solver that will be used to assess the impact of different size nacelles
on the aerodynamics performance. This validation can be split into two main components; lift and
drag prediction and pitching moment prediction. Validation with the FlightStream3 surface vorticity
solver was performed according to the same conditions as the experiment described by [16]. Solver
settings are specified in Table 1 and uses the geometry of the scaled windtunnel model of CRM.

Table 1 – FlightStream settings used in the validation study.

Variable: Value:

FlightStream version 2020.2
Lift/drag model Pressure/Vorticity
Viscous drag model Momentum integral
Moments model Linear
Boundary layer type Transitional
Flow separation On
Compressibility correction On

3https://www.researchinflight.com/ - FlightStream 2020.2
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3.1 CRM lift vs. drag prediction
The validation study results for lift and drag are presented in Figures 4 and 5 for the wing-body and
wing-body-nacelle-pylon configurations, respectively. For the wing-body configuration in Figure 4, it
can be observed that the lift-drag prediction is quite accurate except for the transition point and esti-
mation of maximum lift coefficient. The transition from laminar to turbulent is a source of error when
the results are compared to the experimental data. It becomes worse for the WBNP configuration.
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Figure 4 – Drag polar for CRM wing-body configuration with FlightStream results at Mach 0.7, Re 5
million, for the scaled model.

For the wing-body-nacelle-pylon configuration, the results in Figure 5 show the ability of the solver to
capture the trends. However, both graphs show the limitations of a vorticity solver when calculating
the drag coefficient. The viscous drag estimation is not sufficient to capture the correct values. For
the WB configuration at lower lift coefficients the absolute values are of the same order of magnitude.
At negative lift coefficients there is a large difference. Additionally, the slope of the FlightStream curve
is different for the whole range compared to the experimental data.
The large drag increase after the separation is lacking. This is best visible for the WBNP case
in Figure 5. For the WBNP configuration the drag is lower for all values of CL, whereas the WB
configuration showed a better estimation for the absolute values. The slope of the curve for the
WBNP is closer to the experimental data.

3.2 CRM pitching moment prediction
The pitching moment calculated in FlightStream is shown in Figure 6. The absolute values for the
pitching moment coefficient are different for the whole range of angles of attack. There is a trend
that is captured for the WBNP configuration, since the slopes of both the FlightStream results and
the experimental results are comparable. However, especially for small or negative angles of attack,
there’s a large difference between the magnitude of the results. Partially, this may be caused by the
selected moment reference point.

3.3 Conclusions on CRM validation studies
Validation results on the NASA CRM have shown the capability to capture trends of lift, drag and
pitching moment well, though typically with an underestimation of the magnitude of the latter two. For
wing body combinations, result magnitudes are more accurate than when the nacelle is also included
and match reasonable well (to the level that can be expected of such a solver). When flow separation
starts, the difference increases. The pylon will be excluded as the meshing is delicate and the results
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Figure 5 – Drag polar or CRM wing-body + nacelle and pylon configuration with FlightStream results
at Mach 0.7, Re 5 million, for the scaled model.
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Figure 6 – Pitching moment for CRM configurations with FlightStream results at Mach 0.7, Re 5
million, for the scaled model.

are sensitive to changes in the mesh. A validation of the exclusions has shown that the impact of the
pylon is minimal compared to the rest of the results. Comparing the drag polar from FlightStream for
both configurations shows minimal differences, indicating that actually the software may not be able
to properly capture the interference drag caused by the pylon (and nacelle) with the wing. Hence,
omitting these is likely not going to impact the trends that are visible (which are properly captured)
and it will also make sure that meshing problems of the pylon will not impact the results negatively.

4. Case study results for engine retrofit
Three cases are studied for the retrofit scenario, studying different locations and dimensions of the
engines, as illustrated in Figure 7, top to bottom. These include: (1) keeping the engine location
constant but changing the engine size (Case 1), (2) constant spanwise engine location and (3) moving
vertical and spanwise location. Hence, the following sets of constraints are defined:
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Figure 7 – Illustration of the case studies performed for the retrofit scenario. Top to bottom: case 1 -
change engine size, case 2 - constant spanwise location and change vertical location & case 3 -

change vertical and spanwise location

Case 1:

1. Keep engine location the same, but change engine size only

Case 2:

1. Keep gully distance the same.

2. Keep spanwise location the same.

3. Move larger engine down to a minimum ground clearance (The LEAP1-A engine is used as a
guidance).

4. Move engine forward and up.

Case 3:

1. Keep the aircraft centre of gravity the same by correcting for engine weight.

2. Keep gully distance the same.

3. Move larger engine down to minimum ground clearance (The LEAP1-A engine is used as a
guidance).

4. Move engine outboard and forward maintaining the gully distance.
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4.1 Effect of engine location
Prior to investigating the different cases, an analysis is made of the relative effect of engine location
on the aerodynamic center location. This analysis is shown in Figure 8 and Figure 9 for cruise and
landing conditions, respectively. In both figures the relative change with respect to the baseline engine
position is shown for the CFM56 and LEAP-1A engines. Negative values mean that the aerodynamic
center moves forward with respect to the original position along mean aerodynamic chord.

backward up up forward up
2.90% 2.72% 1.64%

backward 4.26% -0.37% forward
8.02% 4.86% 2.53%

backward down down forward down

(a) Cruise condition CFM56

backward up up forward up
7.63% -2.48% -6.20%-

backward 1.70% -4.10% forward
2.26% -2.21% -7.27%

backward down down forward down

(b) Cruise condition LEAP-1A

Figure 8 – Comparison of the a.c. location for the A320 airframe with CFM56 and Leap-1A type
engine. Evaluated at different locations (percentile change w.r.t reference value), at cruise condition.

backward up up forward up
2.63% 3.09% 2.46%

backward 2.25% -2.44% forward
5.01% 2.90% 0.06%

backward down down forward down

(a) Landing condition CFM56

backward up up forward up
0.12% 2.97% 5.23%

backward 3.15% -0.39% forward
2.28% -2.23% -6.83%

backward down down forward down

(b) Landing condition LEAP-1A

Figure 9 – Comparison of the a.c. location for the A320 airframe with CFM56 and Leap-1A type
engine. Evaluated at different locations (percentile change w.r.t reference value), at landing

condition.

It can be seen that moving the engine has a much more significant effect for the larger bypass
ratio engine. In fact, where the directions of aerodynamic center shift are similar (though different
magnitude) for the CFM56, they can be opposite and of significant difference in magnitude for the
LEAP-1A. This indicates that in fact, the engine size may be more significant than its location. Though
it must be noted that the effect on CG due the engine shift is not taken into account here. Additionally,
it can be concluded that interference effects between the nacelle and wing have a significant effect
that cannot be predicted when evaluating both individually.

4.2 Effect of bypass ratio
This subsection shows the effect of engine bypass ratio, by studying the different stability/controllability
X-plots for the most extreme conditions of BPR 4 and 14. These effects are studied for all three cases
where engine position and size can be varied according to the description earlier in this section.

Case 1:
The effect of increasing BPR for Case 1 (only changing engine dimension, not its location) is shown
in Figure 10. The most obvious effect is the change in CG excursion, which has shifted forward
together with both controllability lines. The larger engine is heavier, causing a more forward CG
location. Inspecting the stability lines also reveals a shift to the left. The graph indicates that the tail
area could be reduced (similar to the baseline condition, yet the reference tail surface is impacted by
the A320’s family design, i.e. it being sized for the A318). However, there is a restriction in the sense
that the wing should also be moved forward due to the limiting forward CG position.

10
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Figure 10 – Stability/controllability X-plot for change of BPR 4 to 14 for Case 1 (constant engine
location)

Case 2:
Similar to the analysis for constant engine location, the analysis for constant spanwise location (see
Figure 11) shows a forward shift of the graphs due to the forward shift of the CG. The forward CG
limit is close to the limiting criteria and the CPR14 engine would in fact require a larger tail when the
wing is not moved to meet the CG excursion limits. The change in aerodynamic center also causes
a shift to the lift of all criteria.
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Figure 11 – Stability/controllability X-plot for change of BPR 4 to 14 for Case 2 (constant spanwise
engine location)
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Case 3:
Figure 12 illustrates the effect of variable engine location, showing the reduced margin and almost
constant CG excursion. Consequently, the shift to the left is less, though still affected by the change in
aerodynamic center location. This confirms the effect of engine size on aerodynamic center location
(as concluded in sub-Section 4.1), as this effect is also dominant in all other cases. This can have an
effect on the resulting required horizontal tail size as will be discussed in the next section.
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Figure 12 – Stability/controllability X-plot for change of BPR 4 to 14 for Case 3 (constant engine CG,
variable location)

4.3 Combined results on horizontal tail size for retrofit
Figure 13 illustrates the combined results on the required horizontal tail size, also including the cal-
culated tail size of the reference aircraft.
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Figure 13 – Horizontal tail size for three engine location scenarios compared to the calculated A320
(engine based on A320 engine size) for a retrofit scenario
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Where CG margins for all engine location cases show consistency, tail size does not. Case 1 requires
the tail to increase by a maximum of 4.5% between BPR 6 and 14. For case 2 this is 18% between
BPR 8 and 14. This can be explained from the individual stability plots, where forward CG location
is limiting. Changes in aerodynamic center, CLα

, and CMAC cause the criteria to shift to the left.
Compared to the baseline, the tail can be smaller. However, this is also affected by the family design
of the A320. Similar reasoning can explain why for case 3 the tail size decreases. From Figure 12 it
can be seen that the CG location is relatively stable while the criteria shift left. Hence, magnifying the
effect of aerodynamic parameters. From BPR 10 onwards, the decreasing trend in tail size stagnates
and actually reverses, indicating that a larger tail may be required for even larger BPR.

5. Results of aircraft resizing
The different engines with the different bypass ratio’s and SFC as a inputs in the Initiator to perform
a full aircraft design cycle. The engine dimensions corresponding to the various BPR were fixed in
the input file. Other input parameters are based on an A320 type aircraft with constant payload and
mission requirements. The top level requirements are provided in Table 2.

Table 2 – Top level requirements for the Airbus A320-200 used in the resizing analyses

Parameter Value Unit

Passengers 156 -
Maximum payload mass 20536 kg
Harmonic range 3917 km
Cruise Mach 0.78 -
Cruise altitude 11280 m
Take-off distance 1938 m
Landing distance 1480 m

The spanwise engine location was kept similar to location in the reference aircraft. The vertical
location is kept constant as well, meaning the center line of the engine remains at the same place.
Effectively, reducing the distance between engine and wing, as well as the ground clearance if the
landing gear is not modified. Results of the aircraft resizing are shown in Figure 14, where the aircraft
is completely resized in the Initiator for two different scenarios; (1) changing both SFC and engine
size and weight on an airframe and (2) changing engine size and weight but keeping SFC constant.
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Figure 14 – Aircraft fuel burn for the different bypass ratio’s, after a full aircraft redesign
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The effect of the changing engine is minimal compared to the effect of the SFC. With the engine in-
creasing in size (thus increasing the drag and increasing the weight), the overall increase in fuel burn
is 5.9%. However, the decrease in fuel burn due when the SFC and engine effects are considered
together, the fuel burn drops by 50%. In fact, the fuel burn curve directly follows the relation between
SFC and BPR that is used.
When comparing the lifting surface of the aircraft, as presented in Figure 15, it can be seen that after
BPR 10 there is little variation in the different surface areas. The decreasing fuel mass thanks to
higher bypass ration is reducing MTOM and OEM, which is not affected significantly by the higher
engine mass. After BPR 12, the horizontal tail area starts increasing again slightly, in line with the
conclusions from the retrofit analysis.
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Figure 15 – Aircraft main wing and empennage surface areas after redesign

The reason why fuel burn decreases while OEM and wing surface area stay relatively constant, can
be further explained when looking at wetted area. Aircraft wetted area is plotted against BPR in
Figure 16.
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Figure 16 – Wetted area for different bypass ratios after redesign
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This figure in fact shows an increase in wetted area. Since the wing and empennage do not increase
in area, the reason is purely the larger nacelle due to the larger BPR, which will start to negatively
affect the drag. The reduction in slope of fuel burn is likely caused by the increased drag due to
the increased wetted area. The SFC of the engine itself still becomes better, even for larger BPR.
The increased drag causes a decrease in performance gain. However, there is still a performance
gain, even at larger BPR. For larger BPR, the location and the engine (nacelle) must be optimised for
ground clearance. The reason for not further increasing the BPR lies in practical limitations such as
mounting the engine under the wing of a low wing aircraft. The fan size also has limitations based on
the fan tip velocity. This depends also on the fan shaft speed and other factors.

6. Conclusions
A variety of retrofit studies was performed, assessing the effects of engine location, BPR and combi-
nations of these on aircraft stability/controllability. It can be concluded that engine size is more sig-
nificant than its location. Changes in aerodynamic center, CLα

, and CMAC cause stability/controllability
criteria to shift to the left. Depending on the way a larger engine is fitted, an effect will be visible in CG
excursion. With heavier engines at the same spanwise location, causing a more forward CG location
that may become limiting for a retrofit. Whereas the CG margins for all the engine location cases
showed some consistency, the tail size is less consistent. From BPR 10 onwards, the decreasing
trend in tail size stagnates and actually reverses, indicating that larger tail sizes might be required for
even larger BPR engines.
The effect of the changing engine dimension is minimal compared to the effect of the SFC when
assessing an aircraft redesign around the new engine. Using the Initiator toolbox it was found that
lower fuel burn, due to SFC improvements, always resulted in a lighter aircraft for a given mission.
With the engine increasing in size (thus increasing the drag and increasing the weight), the overall
increase in fuel burn is 5.9%. However, the decrease in fuel burn due when the SFC and engine
effects are considered together, the fuel burn drops by 50%. The reduction in fuel burn negates the
increase in engine weight, drag, and integration issues. The calculated maximum increase in tail
size was found to be 18%. Compared to the baseline aircraft tail size, it is only a 2% increase at
maximum. This result is slightly obscured due to the fact that for the reference aircraft, an Airbus
A320 is considered, whose tail plane is in fact designed for the entire family of aircraft.
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