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Abstract

The aviation industry is under increasing pressure to enhance sustainability by improving
energy efficiency and reducing climate impact. A promising approach is to reduce aero-
dynamic drag using laminar flow technologies, particularly Natural Laminar Flow (NLF)
and Hybrid Laminar Flow Control (HLFC). Previous research has primarily focused on
aerodynamic performance, often considering only one technology at a time, using simpli-
fied HLFC system design models, and targeting long-range aircraft. This study adopts a
more holistic approach by conducting a conceptual design of a short-medium range (SMR)
aircraft equipped with both NLF and HLFC. The technologies are applied to the wing and
empennage, with detailed HLFC system modelling integrated into the conceptual design
process using established methods. A failure analysis is also performed to assess the perfor-
mance impact of potential malfunctions. Results indicate that combining NLF and HLFC
can reduce fuel consumption by 5.9% on the design mission compared to a fully turbulent
reference aircraft. Moreover, selectively applying the technologies to specific components
enhances fuel savings while reducing system complexity. These findings demonstrate
the potential of laminar flow technologies to improve fuel efficiency in SMR aircraft and
highlight the importance of integrated aerodynamic and systems-level evaluation.

Keywords: hybrid laminar flow control; natural laminar flow; conceptual design

1. Introduction
The primary objective of the aviation industry today is to reduce its global climate

impact. Reducing fuel consumption not only decreases operational costs, but also improves
the sector’s economic sustainability and resilience by reducing its sensitivity to future
increases in fuel prices. The need for greater energy efficiency highlights the potential of
innovative technologies to deliver these benefits in the next generation of passenger aircraft.
Two such technologies are natural laminar flow (NLF) and hybrid laminar flow control
(HLFC), both of which belong to the category of laminar flow technologies.

This paper contributes to the ongoing assessment of laminar technologies by present-
ing a conceptual design for a short-medium range (SMR) aircraft equipped with NLF and
HLFC. The sizing process accounts for the effects of both technologies. For the HLFC
system, this will be achieved by employing an approach analogous to that introduced
by Risse [1]. Specifically, HLFC system design and evaluation will be integrated into the
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preliminary aircraft sizing process using the methodology proposed by Pe et al. [2]. The
aircraft will also be designed for an SMR mission with a fixed set of top-level aircraft re-
quirements (TLARs) based on an existing aircraft that is currently operating in this market
sector. The design process will leverage the advantages of NLF and HLFC by considering
their combined application at aircraft and component levels. The components for which
these technologies will be applied include the wing, vertical tail plane (VTP), and horizontal
tail plane (HTP).

What fuel savings can be expected from the application of laminar flow technologies to a
short-to-medium range aircraft with a fixed set of top-level requirements when considering
a realistic laminar flow system design in the aircraft sizing process?

2. Methodology
The aircraft concepts presented in this paper are developed using integrated concep-

tual aircraft design and analysis tools, all of which were developed in-house by the DLR [3].
A flowchart that represents the workflow utilized in this study is provided in Figure 1.
This flowchart shows the main tools used and their integration into a conceptual aircraft
sizing process. The subsequent chapters provide an overview of the function and general
operating principle of each tool employed in the workflow.

Figure 1. Aircraft design process for laminar tailored aircraft.

2.1. Aircraft Sizing

The central component of the workflow is the conceptual aircraft sizing tool Ope-
nAD [3], which integrates a variety of conventional aircraft sizing methods into a robust,
iterative process. This low-fidelity tool uses well-known aircraft design literature based on
empirical and semi-empirical methods that have been validated for a wide range of aircraft
sizes. OpenAD offers extensive capabilities for designing aircraft concepts using various
configurations and layouts, as well as different types of propulsion architecture, including
turboprop and turbofan engines. In the current workflow, OpenAD performs preliminary
aircraft sizing and generates the resulting aircraft definition, including aerodynamic polars
and engine performance data.

2.2. Aircraft Performance Analysis

Mission calculations are performed using an analytical tool that enables two-
dimensional simulation and an assessment of an aircraft’s mission. The objective is to
determine the fuel consumption for each flight phase, including the reserve mission. The
tool also optimises fuel consumption by selecting the optimal initial cruise altitude and
performing an optimal stepwise increase in cruise altitude. The main result of the tool
is the estimation of fuel required for the various flight phases, as well as the values of
the major flight performance parameters. A second analysis tool is used to evaluate the
aircraft’s low-speed performance. It estimates parameters, including take-off and landing
field lengths, under different operating conditions. One particularly important result of

https://doi.org/10.3390/engproc2026133005

https://doi.org/10.3390/engproc2026133005


Eng. Proc. 2026, 133, 5 3 of 9

the tool is the balanced field length (BFL), which is used to determine the maximum thrust
requirement for engine sizing.

2.3. Laminar Flow Technology Integration

In order to calculate the zero-lift drag, a component buildup method as described
by Raymer [4] is used. This method involves calculating the component’s friction drag
using a weighted sum of the turbulent and laminar values of the equivalent flat-plate
friction coefficients. The weights correspond to the fraction of the component’s wetted area
exposed to the turbulent or laminar flow, relative to its total wetted area:

C f =
Slam
Swet

· C f ,lam +
Sturb
Swet

· C f ,turb = nLam · C f ,lam + (1 − nLam) · C f ,turb (1)

Equation (1) also introduces a new parameter called nLam, defined as:

nLam =
Slam
Swet

(2)

The nLam parameter expresses the extent to which laminar technologies can provide
laminar flow for different configurations and flight conditions. Therefore, it is essential to
obtain an accurate estimation of the nLam value for the given component and assumed
transition point location in order to obtain an accurate aerodynamic polar and, consequently,
an accurate estimation of the fuel saving potential.

To estimate the transition location in the context of NLF, a methodology proposed by
Wilson [5] is employed. This method assumes that the transition from laminar to turbulent
flow at any given location is caused by one of two factors (see Figure 2a). The first potential
cause is reaching the transition Reynolds number. The second factor limiting the extent
of laminar flow over a given component is the location of pressure recovery. To prevent
transition due to an unfavourable pressure gradient, NLF aerofoils are designed to maintain
a favourable pressure gradient over most of their chord.

NLF HLFC

Laminar Flow - HLFC
Laminar Flow - NLF

Turbulent Flow

Benefit of HLFC

Reynolds number lim
it (N

LF only)
Pressure recovery lim

it (6
0% of chord)

(a)

NLF Turbulent Engine Wake

Turbulent Wedges

Laminar Flow

3 HLFC Segments

(b)

Figure 2. Laminar flow integrated on the wing. (a) Transition model utilized for NLF; (b) NLF and
HLFC subsystem configuration on the wing.

For components equipped with HLFC systems, it is assumed that the flow transition
will be postponed until the pressure recovery location. This location is assumed to be
60% of the chord length for all components and across all flight conditions. An additional
consideration for all HLFC suction segments is the presence of turbulent wedges. These
are regions of turbulent flow that originate at the leading edge due to a physical gap in the
spanwise edges of each suction panel. Figure 2b illustrates the integration of both NLF and
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HLFC on a wing with three HLFC segments, as well as the formation of turbulent wedges
between the segments.

To design and analyse HLFC systems for different components, a purpose-built tool
is incorporated into the workflow. This tool estimates the mass and power off-takes of an
HLFC system using the methodology developed by Pe et al. [2]. In order to obtain a more
precise estimation of the power off-takes, the amount of suction is interpolated from the
findings of previous research [6]. Additionally, the HLFC sizing tool’s functionality has been
expanded to include calculating the nLam parameter for NLF and HLFC configurations of
wing and empennage, as outlined above.

It is also assumed that both the NLF and the HLFC will provide laminar flow exclu-
sively during the cruise phase, while maintaining the default turbulent nLam values for
the other phases of the mission. This conservative approach is based on the recognition
that additional factors may become relevant in other mission phases, which could signifi-
cantly reduce the achievable extent of laminar flow. However, an accurate assessment of
these factors would require a more detailed analysis. Such effects include the deflection of
high-lift devices, ice formation or early transition due to flight through clouds.

3. Reference and Baseline Aircraft
As the SMR aircraft category currently produces more than half of total CO2 emis-

sions [7], technological advancements would significantly impact the industry’s ability to
achieve its climate goals. The Airbus A321neo has been identified as a representative of this
category and was redesigned based on publicly available literature [8]. The TLARs have
also been extracted and can be found in Table 1. Derived from the A321neo, the research
baseline with an entry into service (EIS) date of 2035, called the DLR-F25, was developed
by Woehler et al. [9] and serves as the starting point for all laminar aircraft concepts. The
performance of the new aircraft concepts is then evaluated in comparison with the DLR-F25.
Note that the laminar aircraft concepts developed in this study are also based on the TLARs
of the reference aircraft presented in Table 1 and remain fixed throughout the conceptual
design process.

Table 1. TLARs for Airbus A321neo [9].

Parameter Value Unit

Design Range 2500 NM
Evaluation Range 800 NM
Design PAX (single class) 239 -
Design Payload 25 t
Cruise Mach number 0.78 -
Max. operating Mach number 0.82 -
Max. operating altitude 40,000 ft
TOFL (ISA +0K SL) 2200 m
Wing span gate limit 36 m

4. Results and Discussion
To create the laminar aircraft concept, the different types of laminar flow technology

are gradually introduced to the wing, HTP, and VTP, and then compared with each other.
Next, a comparative analysis between the baseline aircraft and the final configuration with
integrated laminar flow technologies is provided. This section concludes by conducting a
failure analysis where the impact of various failure scenarios on the aircraft’s performance
is assessed.
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4.1. Integration of Laminar Flow Technologies on Individual Components

The impact of NLF and HLFC on the wing and empennage is analysed on a component
level. Figure 3a indicates that both the wing and the VTP are benefiting most from HLFC
compared to NLF. However, for the HTP, NLF outperforms HLFC. This results from the
relatively low sweep and high aspect ratio of the HTP, which enables NLF to achieve a
value of nLam close to that delivered by HLFC, without the additional penalties of system
mass and power off-takes. Therefore, HLFC is utilised on the wing and the VTP, while NLF
is used on the HTP and is referred to as the “mixed” configuration.

Figure 3b compares the mixed configuration with the purely HLFC and NLF con-
figurations and shows an additional block fuel saving of 0.3%. While the magnitude of
the additional fuel savings is not particularly large when compared to the pure HLFC
option, the mixed configuration offers the additional benefit of eliminating an entire HLFC
subsystem and the associated design, production, and maintenance costs.

(a) Component-wise comparison (b) Aircraft-level comparison

Figure 3. Block fuel reduction potential.

4.2. Combined Application of HLFC and NLF on the Wing

In the development of the laminar aircraft concept, the potential for combining HLFC
and NLF technologies on the wing is being explored. Beyond a certain spanwise location,
the extent of laminar flow is constrained by the pressure recovery limit at 60% of the chord.
Given that the pressure recovery was assumed to occur at the same chord percentage for
both NLF and HLFC, it has been concluded that beyond this spanwise location, HLFC does
not offer any additional laminar benefits compared to NLF. Additional fuel savings could
be achieved if this region were laminarised through NLF instead of HLFC, which would
require additional system power and mass. The objective of this analysis is, therefore, to
identify the optimal spanwise location where laminarisation through HLFC should end
and NLF should start, and to quantify the resulting benefit in block fuel savings when
compared to configurations equipped with a wing featuring only one of the technologies
at a time. Furthermore, two HLFC system configurations are evaluated in this analysis,
with the objective of investigating the potential for further increasing the fuel savings and
reducing the complexity of the suction system.

Figure 4 presents the block fuel savings obtained for different proportions of HLFC
and NLF on both the design and evaluation missions. The leftmost point of each curve
represents the scenario in which the wing was laminarised purely by NLF, while the point at
the right end of each curve represents the pure HLFC scenario. Two sets of curves for each
mission are shown, representing the two- and three-segment HLFC system configurations.
A local maximum in the block fuel savings is reached when the start of NLF is placed at
60% of the span. Beyond this point, extending the HLFC segments leads to an increase
in block fuel for both configurations. This indicates that when HLFC is extended beyond
60% of the span, the increase in laminarity is insufficient to justify the additional mass
and power penalties. Additionally, it can be observed that the 3-segment configuration
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consistently demonstrates lower benefits than the 2-segment configuration. The 2-segment
configuration also offers a notable reduction in the complexity of the system but with the
disadvantage that a segment failure would have caused a significant loss of laminar flow.

Figure 4. Block fuel savings obtained for different hybrid wing configurations.

4.3. Final Laminar Aircraft Concept

The final laminar aircraft concept is developed by applying the most suitable laminar-
flow technologies and compared to the baseline aircraft. Specifically, NLF is applied to the
HTP, HLFC to the VTP, and a combination of both technologies to the wing. The hybrid
wing incorporates an HLFC system with two suction segments extending to 60% of the
span, while the remaining span is laminarised using NLF. Table 2 provides a comparison of
key parameters between the final laminar aircraft and the baseline aircraft, which serves as
the starting point in this process. Table 2 shows that the total block fuel savings achieved
are 5.9% on the design mission. These savings result from the observed 9.2% increase in
lift-over-drag ratio, driven by a reduction in drag by 8.5%, due to the decrease in friction
drag achieved through the application of laminar flow technologies. Furthermore, the
operating empty mass increases by 0.4%, primarily due to the additional mass of the HLFC
subsystems, which is also reflected in the increased systems mass. Additionally, the thrust-
specific fuel consumption increases by 1.6% as a result of the additional power off-takes for
the HLFC system.

Table 2. Updated comparison of the key characteristics of the laminar aircraft concept to the DLR-F25.

Key Sizing Parameters Unit DLR-F25 Laminar
Aircraft Delta%

W/S = MTOM/Sref kg/m2 658.18 653.77 −0.7%
T/W = SLST/MTOM - 0.286 0.286 +0.0%

Max. Take-Off Mass t 85.2 84.7 −0.6%
Operating Empty Mass t 45.9 46.1 +0.4%
Block Fuel (Design Mission) t 12.0 11.3 −5.9%
Block Fuel (Evaluation Mission) t 4.1 4.0 −3.4%
Systems mass t 4.9 5.2 +5.8%

Wing Aspect Ratio - 15.6 15.6 −0.1%
Wing Ref. Area m2 129.4 129.5 +0.1%

Eq. static thrust (Sea-level/ISA) kN 119.5 118.8 −0.6%
TSFC cruise average (Design Mission) g/s/kN 14.3 14.5 +1.5%
Power off-takes at cruise kW 50.0 89.4 +78.8%

cD cruise (Design Mission) DC 299.1 273.7 −8.5%
L/D cruise average (Design Mission) - 19.9 21.7 +9.2%
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4.4. Failure Analysis

Following the convergence of the final laminar aircraft design, a failure analysis
is conducted to assess the impact on block fuel consumption resulting from potential
component failures of the laminar-flow technologies. This analysis provides critical insight
into developing mitigation strategies, fuelling policies, and evaluating economic feasibility.
In this analysis, the aircraft design is considered to be fixed and is not resized.

Table 3 presents the calculated differences in block fuel for different scenarios, ranked
by magnitude and expressed relative to the fully functional laminar aircraft and the tur-
bulent baseline. For each failure scenario, the take-off fuel required to complete the full
mission is calculated on the assumption that the failure would be detected before departure,
allowing the fuel load to be adjusted accordingly. All scenarios were assumed to affect the
entire cruise phase. As mentioned earlier, the laminar technologies (or their failure) did not
affect the aircraft’s performance in the other mission segments.

Table 3. Calculated block fuel increase for different failure scenarios.

Index Scenario ∆BF Laminar ∆BF Baseline

1 Fully turbulent aircraft with off-takes +4.1% +0.7%
2 Fully turbulent aircraft without off-takes +3.8% +0.4%
3 Complete HLFC failure with off-takes +2.6% −0.8%
4 Complete HLFC failure without off-takes +2.3% −1.1%
5 Wing HLFC failure with off-takes +1.9% −1.5%
6 Wing HLFC failure without off-takes +1.7% −1.8%
7 Contamination of all NLF surfaces +1.5% −2.0%
8 Wing NLF surface contamination +0.7% −2.7%
9 HTP NLF surface contamination +0.7% −2.7%
10 VTP HLFC failure with off-takes +0.7% −2.7%
11 VTP HLFC failure without off-takes +0.6% −2.8%

Based on these findings, the following conclusions can be drawn:

• In the worst-case and extremely unlikely scenario of a combined failure of all HLFC
systems with power off-takes still present, along with contamination of all NLF
surfaces, the required block fuel would increase by 4.1% (scenario 1).

• The laminar aircraft concept outperforms the turbulent baseline aircraft in terms of
block fuel required in all considered failure scenarios, except for the highly improbable
operation in a fully turbulent regime (Scenarios 1 and 2).

• Turning off a failed HLFC subsystem is not critical. Even in the extremely improbable
event of a failure of all HLFC subsystems, the fuel increase is reduced by only 0.3%
when all compressors are turned off (Scenarios 3 and 4).

• The largest expected increase in block fuel due to the failure of a single HLFC sub-
system is 1.9%, occurring in the case of the highly improbable failure of the full wing
subsystem with power off-takes still present (Scenario 5).

• The maximum expected increase in block fuel resulting from the possible contamina-
tion of all NLF surfaces is 1.5% (Scenario 7).

• The most probable increase in block fuel resulting from the failure of any laminar
technology on a single component is approximately 0.7% (Scenarios 8–11).

5. Conclusions
The present investigation quantified the realistic block-fuel saving potential that an

SMR aircraft can obtain by integrating NLF and HLFC with an assumed EIS in 2035. Using
the same set of TLARs as a turbulent baseline aircraft, the analysis revealed potential savings
of 5.9% on the design mission and 3.4% on the shorter evaluation mission, demonstrating
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that laminar flow technologies can deliver substantial fuel-efficiency gains even for SMR
platforms. By selecting the most appropriate laminar flow technology for each component,
the study showed that a leaner HLFC deployment is possible, which reduces system
complexity and yields a modest increase in fuel efficiency. Moreover, a synergistic pairing
of NLF and HLFC on the wing produces further savings and simplifies the overall system.
The failure-analysis results indicate that a partial loss of laminarity would raise block fuel
by only 0.7% for the most probable scenario. The most severe failure of a single HLFC
subsystem would add 1.7%, and contamination of all NLF surfaces would increase fuel
consumption by 1.5%, providing a useful baseline for fuel-planning strategies.

The primary limitations stem from the lack of high-fidelity aerodynamic simulations
and the reliance on HLFC data from previous studies, which prevent precise prediction of
transition behaviour and the relationship between the amount of suction applied and the
resulting transition location on components equipped with HLFC. Future work should also
explore passive HLFC concepts that eliminate power off-take penalties, conduct detailed
aerodynamic studies to validate NLF application in the wingtip region, and extend the
methodology to other configurations, such as forward-swept or truss-braced wings that
are especially suitable for laminar flow technologies.
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