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Abstract: The Horizon Europe and UKRI-funded MINIMAL project (no. 101056863) aims
to develop climate-friendly Composite Cycle Engine (CCE) designs. This study assesses
aerodynamic drag increments from new engine installations and their impact on aircraft
performance through the development and the utilization of an analytical tool designed to
conduct trade studies for estimating the interference drag and drag increment resulting
from engine installations. This specialized analytical tool evaluates interference drag due to
variations in engine position and size across three reference aircraft (short-range, medium-
range, and long-range). Tool results are validated with NASA and ONERA benchmarks,
demonstrating good accuracy in predicting aerodynamic impacts. Findings show a 10-15%
drag increase from engine installation, offering a reliable approach to optimizing engine
integration, ultimately supporting enhanced aircraft efficiency and sustainability.

Keywords: airframe-engine installation; interference drag; propulsion system integration;
aircraft performance; MINIMAL

1. Introduction

The integration of next-generation engines, including advanced concepts such as
Composite Cycle Engines [1,2], is set to revolutionize the field of aviation by 2035+. These
engines promise to significantly enhance fuel efficiency and reduce emissions [3,4], aligning
with the industry’s long-term sustainability goals. However, these technological advance-
ments bring forth new challenges in aircraft design, particularly concerning aerodynamic
efficiency and structural integration. As engine sizes increase with higher bypass ratios
and complex configurations [5-7], their placement within the airframe must be carefully
reconsidered. The nacelle, which houses the engine, becomes a focal point for aerodynamic
interference, adding drag that can degrade the overall aircraft performance if not prop-
erly managed. Available publications from ONERA and NASA [8,9] indicate that high
BPR engine integration can have a double-digit impact on total aircraft drag, highlighting
the importance of addressing this issue. In this context, understanding the nacelle drag
increment—specifically the increase in drag attributed to engine integration—is essential to
optimizing the aerodynamic profile of future aircraft.

Nacelle drag comprises several components, such as profile isolated nacelle drag
and interference drag. Interference drag represents a substantial portion when the nacelle
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interacts with other aircraft structures, such as wings. Nacelle integration on modern
aircraft can result in a double-digit percentage increase in total drag, underscoring the
importance of accurately modeling and predicting this effect [8,9]. Previous research, such
as the methodologies presented by Raymer and Roskam [10,11], has provided a foundation
for understanding interference factors through empirical methods. These semi-empirical
approaches offer valuable insights by incorporating statistical correlations and design
experience. However, these methods are limited in their applicability to modern nacelle
configurations, which involve new geometrical and aerodynamic parameters unique to
advanced engine technologies.

The current study aims to develop a modeling tool that addresses these limitations,
enabling a more refined assessment of nacelle-interference drag. This tool is designed to
conduct parametric analyses, considering variations in nacelle size (diameter and length)
and placement (longitudinal and vertical positions) relative to the wing [12,13]. Unlike
previous models that apply a generalized approach, the proposed tool combines several
existing semi-empirical methods customized for a broader range of design configurations.
By analyzing interference factors at different positions, the tool provides detailed insight
into how specific configurations affect drag. This facilitates targeted design adjustments to
minimize drag increment, thereby improving fuel efficiency and advancing towards more
sustainable aviation.

In summary, the study addresses a critical gap in nacelle drag prediction by developing
a flexible, parametric tool that quantifies the aerodynamic impact of nacelle integration
under various design conditions. The results offer valuable insights for engineers seeking
to integrate large, high-bypass engines effectively, with the goal of enhancing aircraft
performance through reduced interference drag.

2. Tools and Methods

The methodology for this study is structured to provide an assessment of nacelle drag
increment due to new engine installations on future aircraft. The methodology is divided
into four sections: an overview of the nacelle drag breakdown. This is then followed by
the presentation of existing methodologies for the nacelle interference drag calculation,
underlying their limitations. Moving forward, the proposed tool is presented including
the inputs and key parameters, such as nacelle placement and size, which are essential
for parametric drag analysis. Finally, a description of the design space and case studies,
describing the configurations analyzed.

2.1. Nacelle Drag Breakdown

Focusing on the nacelle, the drag coefficient (Cp, nacelle) is separated into two
key components [10]:

CDo, nacelle = CDO, Isolated nacelle CDINT (1)

where Cpy, Isolated nacelle Fepresents the isolated profile drag of the nacelle, accounting for
the drag based solely on its shape and dimensions and CpynT denotes the interference drag,
which is caused by the aerodynamic interaction between the nacelle and other components,
particularly the wing. Both of them are scaled with the wing reference area Si.

By isolating these components, the aerodynamic impact of nacelle installation can
effectively be assessed. These parameters provide insight into how the nacelle’s design and
position influences total drag, offering a basis for optimizing nacelle integration to reduce
aerodynamic penalties.
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Through this breakdown of drag components, this study aims to capture the specific
contributions of nacelle installation on total aircraft drag, allowing for a more detailed
understanding of how new engine technologies affect aircraft performance.

2.2. Existing Methodologies

Interference factors are typically calculated using statistical correlations and semi-
empirical relationships. Standard aircraft design literature [10] provides some rules of
thumb. Raymer method suggests an interference factor of 1.5 for a nacelle mounted directly
on the fuselage or wing, while one mounted less than about one diameter away might be
closer to 1.3. Finally, a nacelle mounted farther away might be closer to 1.

The interpolated method [8] based on the Raymer standard method presents a linear
evaluation of the interference factor (Qy) based on the vertical position of the nacelle
(Figure 1), as presented below.

Qn = max(1.0, 1.5 — 0.25 X Znac/Dmax) )

Zyac >0

Figure 1. Definition of the Znac parameter.

These individual simplified methods for the installation drag assessment do not
provide the accuracy needed for advanced engine designs as they are limited in their
inputs, with interference drag affected solely by the z/D parameter. This restricts their
ability to capture the full range of aerodynamic interactions, which is essential for accurately
evaluating nacelle integration in modern configurations.

2.3. Proposed Tool

The analytical tool developed for this study calculates interference drag by assessing
the aerodynamic interaction between the nacelle and the wing, integrating theoretical and
semi-empirical models [14,15], allowing for parametric studies on interference drag. The
interference drag results from the physical separation and relative placement of the nacelle
and wing contributing significantly to the total drag experienced by the aircraft. This factor
becomes increasingly critical as engine sizes grow and higher bypass ratio (BPR) engines are
implemented in modern and next-generation aircraft. Proper assessment and management
of interference drag are thus essential for achieving optimal aerodynamic performance.

The key tool inputs are divided into three categories: position, size, and aircraft velocity.
These inputs provide a comprehensive basis for evaluating how nacelle integration affects
drag. Position parameters include the longitudinal (chordwise) and vertical positions of
the nacelle, as illustrated in Figure 2. The longitudinal position influences interference drag
by adjusting the nacelle’s placement forward or backward, affecting the wake interaction
with the wing. The vertical position, on the other hand, determines the nacelle’s distance
from the wing. Adjustments in vertical placement affect the intensity of interference drag
by changing the flow characteristics and pressure distribution around the nacelle and
wing. Nacelle size, specifically diameter (Dmax) and length, is also a critical parameter, as
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variations in these dimensions significantly influence form and interference drag, especially
for larger, next-generation engines. Additionally, the tool incorporates cruise Mach number,
which affects drag behavior based on speed, ensuring that predictions reflect realistic
operating conditions and Mach design (Mpgsign)- The calculation of Mpgsigy is carried
out using the Delta method, an empirical drag estimation technique [16] which covers
a wide range of aircraft and airfoil types, allowing for Mach numbers up to 2. Mpgsign
calculation depends on Cy, pgs and wing geometry characteristics like aspect ratio (AR),
sweep angle (A), and thickness ratio(t/c). This approach allows the tool to generate accurate
and context-sensitive predictions for various flight conditions, ensuring that interference
drag calculations are aligned with practical design requirements.
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Figure 2. Nacelle and wing interference parameters, including the vertical distance (z) between
the nacelle and wing, the maximum nacelle diameter (Dmax), the axial position (x), and the wing
chord length (c).

2.4. Design Space and Case Studies

This study evaluates nacelle drag increment across various configurations, focusing
on potential future aircraft equipped with advanced engine technologies. Within the
MINIMAL project, three reference aircraft platforms were identified for assessment, namely,
short-range, medium-range, and long-range platforms. For this study, emphasis is placed
on the medium-range A321XLR-class EIS2035+, representing a medium-range aircraft
with extended capabilities to reach 4200 NM at its design payload in accordance with the
MINIMAL aircraft scenario.

This study’s design space includes multiple nacelle configurations to analyze the drag
increment across different sizing and positioning scenarios. Specifically, three modifications
are examined: a 10% increase in nacelle diameter; a 10% increase in nacelle length; and a
combined increase of 10% in both diameter and length (Table 1). This study’s design space
was developed based on aircraft models provided by partners in MINIMAL's consortium,
where each aircraft configuration was redesigned to ensure flyability, incorporating minor
adjustments to the wing and nacelle dimensions and positions. The longitudinal positioning
(x/c) is set to zero for every configuration. The baseline platform represents an aircraft
set to enter service in 2035+, where the trend is to position the nacelle’s aft-most point
level with the wing’s leading edge. By examining these configurations, the study evaluates
how specific changes in nacelle characteristics influence overall drag, contributing valuable
insights for optimizing engine placement.

Table 1. Nacelle geometry characteristics for each configuration in the design space.

Configuration Nacelle Diameter [m] Nacelle Length [m] Nacelle Vertical Distance z [m]
Baseline 291 4.61 1.68
+10% Diameter 3.20 4.61 1.71
+10% Length 291 5.07 1.59
+10% Diameter and Length 3.20 5.07 1.71
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3. Results

Initial analyses were conducted using the Raymer standard method, which assesses
interference drag based on vertical positioning (z/D) alone. This approach provided only
two distinct interference drag values for various nacelle locations and sizes (Figure 3a), in-
dicating significant limitations in sensitivities for diverse engine placement scenarios. This
restriction was evident when examining different nacelle configurations, where Raymer’s
method failed to account for subtle variations in drag changes due to complex nacelle place-
ments. The interpolation method built on Raymer’s methodology showed a linear decrease
in interference drag as the nacelle’s distance from the wing increased; however, this method
also remained dependent solely on vertical positioning (z/D), as shown in the Figure 3b,
limiting its application for comprehensive design assessments. Figures illustrating these
trends highlight that while existing methods provide a baseline understanding, they do not
capture the full range of aerodynamic interactions necessary for modern engine design.

Copnr «10* Coinr «10%

0.4 05 06 07 08 0 0.1 0.2 03 0.4 0:5 0.6 0.7 0.8
x/c x/c

(@) (b)

Figure 3. Contour plots illustrating the interference drag coefficient (Cpnt) as a function of nacelle
longitudinal position (x/c) and vertical position (z/Dmax) for two different methods: (a) Raymer’s
standard method; (b) Raymer’s interpolated method.

Using the proposed model, the interference drag component Cpint was calculated
across various configurations on the medium-range EIS2035+ baseline aircraft. The interfer-
ence drag was assessed as a function of vertical (z/D) and longitudinal (x/c) positioning,
as shown in Figure 4. While the model includes predictions for longitudinal positions (x/c)
up to 0.8, values beyond x/c = 0.4 are not particularly relevant for MINIMAL platforms.
These extended results are primarily included to demonstrate the flexibility and capability
of the analytical method. The results demonstrate that interference drag varies significantly
with nacelle placement, with higher drag values observed for configurations where the
nacelle is positioned closer to the wing in both vertical and longitudinal directions. Notably,
placing the nacelle lower or further forward has a more pronounced influence on drag.
However, the optimal placement involves a trade-off between nacelle interference drag and
the structural mass of the pylon and wing. From an aerodynamic perspective, the nacelle
should ideally be placed farther from the wing to minimize interference drag. Conversely,
from a structural standpoint, positioning the nacelle closer to the wing is advantageous
for reducing pylon and wing structural mass. This analysis provides valuable insights for
balancing these competing considerations to achieve an optimal configuration.

The detailed breakdown of the nacelle installation drag across different configurations
is presented in Table 2. Using an in-house aerodynamic module based on a combination of
semi-empirical methodologies [10,11], the form drag of the isolated nacelle is calculated,
and by adding the interference drag from the proposed tool, the total nacelle drag occurs.
For the baseline configuration, the isolated nacelle drag coefficient was found to be 0.0026,
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while the interference drag coefficient was 0.0011, resulting in a total nacelle drag coefficient
of 0.0037. A 10% increase in nacelle diameter led to an increase in interference drag to
0.0014, yielding a total drag coefficient of 0.0042. When the nacelle length was increased
by 10%, the total drag rose to 0.0040. The most significant drag coefficient, 0.0045, was
observed when both diameter and length were increased by 10%. These findings illustrate
that both nacelle size and positioning are critical factors influencing total drag and should
be considered in early-stage design evaluations.

Copr

0.85 -

09}

095}

Figure 4. Contour plot illustrating the interference drag coefficient (CpnT) as a function of nacelle
longitudinal position (x/c) and vertical position (z/Dmax) as calculated by the proposed tool.

Table 2. Detailed breakdown of the nacelle installation drag across different configurations.

Configuration xlc z/D CDo, isolated nacelle CpInT CDo, nacelle
Baseline 0 0.57 0.0026 0.0011 0.0037
+10% Diameter 0 0.53 0.0028 0.0014 0.0042
Medium Range EIS2035+
+10% Length 0 0.54 0.0029 0.0011 0.0040
+10% Diam and Len 0 0.53 0.0031 0.0014 0.0045

The role of interference drag in overall nacelle installation drag is further detailed
in Figure 5, a bar chart displaying the proportion of interference drag across various
configurations. The baseline configuration showed that interference drag accounted for 29%
of the installation drag, while the remaining 71% was isolated nacelle drag. A 10% increase
in nacelle diameter raised the contribution of interference drag to 34%, demonstrating its
heightened sensitivity to changes in nacelle size. Conversely, a 10% increase in nacelle
length led to a slight reduction in the interference drag contribution to 27%. When both
diameter and length were increased, the interference drag accounted for 31% of the total
drag. These observations emphasize that interference drag plays a significant role in
the overall aerodynamic performance of the aircraft, particularly when larger nacelles
are involved. The results suggest that careful consideration of both nacelle sizing and
placement can lead to optimized aerodynamic designs, minimizing drag penalties.

The comparison of interference factor values calculated using the Raymer standard and
interpolated methods versus the proposed method are presented in the Table 3. The results
show that using the proposed approach lead to a more detailed prediction of interference
drag based on nacelle dimensions and positioning. Furthermore, the simplified methods
tend to overestimate interference drag since they were derived based on older aircraft
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which featured longer nacelles with smaller diameters positioned much closer to the wing
in both longitudinal and vertical directions.

‘ Coa isciated nacelle Conr ‘
Baseline 71% 29%
g +10% Diameter 66% 34%
=
©
=
=]
=2
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o +10% Length 73% 27%
|
+10% Diam & Len 69% 31%
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Figure 5. Contribution of interference drag to the total installation drag across the design space.

Table 3. Interference factor as calculated by three different methods.

Configuration xlc z/D Raymer Method Raymer Interpolated Method  Proposed Method
Baseline 0 0.57 15 1.48 1.42
+10% Diameter 0 0.53 15 1.49 15
Medium Range EIS2035+
+10% Length 0 0.54 15 1.48 1.38
+10% Diam and Len 0 0.53 15 1.49 145

Validation of the proposed tool was conducted by comparing the results with bench-
mark data from ONERA and NASA, which included results from wind tunnel tests and
computational fluid dynamics (CFD) analyses. Table 4 presents the Cp without the nacelle
and the Cp increment due to engine installation, illustrating that the proposed model’s
predictions align closely with established data. For example, at a cruise Mach number of
0.78, the baseline nacelle configuration showed a total drag increment of approximately
10.1%, consistent with benchmark findings. The tool’s accuracy extended to configurations
with increased diameter and length, where predicted drag increments were 11.2%, 10.8%,
and 12.1% for diameter, length, and combined increases, respectively. These comparisons
validate the proposed model as an effective approach for estimating nacelle drag impacts,
offering more detailed and reliable predictions than traditional methods.

Table 4. Comparison of nacelle installation drag increments (ACp) across various configurations.

Configuration Cruise Point CD, w/o nacelle CD, Nacelle installation increment ACp [%]
0.021 0.0022 10
ONERA NOVA Ma = 0.82 0021 00028 13
ATF 0.035 0.0056 16
NASA SF1 Ma = 0.77 0.035 0.0054 15
SF2 0.035 0.0042 12
Baseline 0.037 0.0038 10.1
. +10% Diameter 0.037 0.0042 11.2
Medium Range EIS2035+ 10, 1 ength Ma =0.78 0.037 0.0041 10.8

+10% Diam and Len 0.037 0.0045 12.1
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4. Conclusions

The proposed analytical tool successfully bridges the gap between simplified methods
and detailed, reliable drag prediction by incorporating key parameters such as vertical
and longitudinal positioning. This tool provides a more accurate assessment of nacelle
drag impacts, offering an effective solution for optimizing nacelle placement during the
design phase. The results align closely with benchmark data from CFD analyses and
previous empirical studies by ONERA and NASA, confirming the reliability of the proposed
approach for nacelle drag prediction.

The study’s findings underscore that nacelle integration plays a significant role in over-
all aircraft drag, with installation drag potentially increasing by up to 12% for larger engine
designs, which is particularly interesting for future aircraft concepts. The comprehensive
analysis using the developed tool confirmed that interference drag is highly influenced by
nacelle placement and size, making it a crucial factor in total drag estimation. Parametric
studies demonstrate that the interference factor, dependent on both nacelle positioning and
sizing, significantly impacts total drag.

The results show that interference drag contributes substantially to total nacelle instal-
lation drag. For the baseline aircraft, interference drag accounts for approximately 29% of
the total drag of the nacelle, and this proportion can increase up to 34% when the nacelle
diameter is enlarged by 10%. Such findings highlight the pivotal role that interference drag
plays in overall aerodynamic performance, particularly as nacelle dimensions increase.
This study contributes valuable insights for the future design of aircraft with larger, next-
generation engines, promoting strategies to mitigate drag and enhance fuel efficiency. The
findings underline the importance of holistic nacelle placement evaluation, supporting
advancements in aerodynamic performance and sustainable aviation.

The next steps of the current research will be focused on expanding the design space
of the proposed methodology by exploring nacelle outlet longitudinal placements forward
of the wing’s leading edge. This expanded analysis aims to capture additional aerodynamic
effects and further refine nacelle integration strategies. Additionally, conducting detailed
CFD simulations will be prioritized to validate and enhance the accuracy of the data gener-
ated by the proposed tool. These simulations will provide deeper insights into complex flow
interactions and contribute to further optimizing nacelle placement, ultimately supporting
the development of more efficient and environmentally sustainable aircraft designs.
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