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Abstract

The preliminary aerodynamic design of aircraft with integrated hybrid laminar flow technology essentially consists of a
reliable and robust transition prediction and the estimation of laminar drag polars under given wing geometry and flow
conditions. Using an in-house developed process chain for laminar flow analysis, the effects of the Reynolds number
on various instability mechanisms and the corresponding transition location are derived within this study. With constant
design parameters (Mach number, lift coefficient, and suction distribution), the destabilization of the boundary layer can
be fundamentally attributed to the Reynolds number as a decisive factor. Similar to the theory of a flat plate, a critical
Reynolds number is defined, exceeding which leads to an abrupt shift of the transition location. In addition, the influence of
varying wing geometry parameters on this critical threshold is investigated. Based on the presented findings, a necessity
for extending the existing process chain is derived in order to adequately reflect the influence of the Reynolds number. The
advantages of the adapted method are shown in a comparative application example using an Airbus A350-900 preliminary
design. By taking the influence of the Reynolds number into account, a considerable increase in prediction accuracy of
laminar drag components is achieved. Furthermore, it is briefly discussed that varying the suction distribution can lead to
a complete avoidance of above mentioned transition shifts and thus to a significant reduction of laminar drag components.
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1. Introduction

The global aviation industry is not only affected by a con-
stantly growing passenger volume, but also by the desire
for greater economic efficiency while simultaneously mini-
mizing emissions. Further progress with regard to fuel effi-
ciency of future aircraft is possible by optimizing the aerody-
namic layout. One promising technique is the hybrid laminar
flow control (HLFC), as it can reduce viscous drag. Since
this drag component adds up to more than 50 % of the over-
all aircraft drag in cruise [1], HLFC has the potential to sig-
nificantly reduce fuel consumption [2], [3]. As the HLFC
technology is still in research stage, the informative value
of the actual efficiency gain must be as high as possible
already for conceptual aircraft design. Therefore, under-
standing the influence of a fundamental key variable such
as the Reynolds number is crucial for optimizing aerody-
namic methods in early design phases.

Problem and Approach

At the Institute of Aerospace Systems at RWTH Aachen
University a so-called "quasi-three-dimensional" (2.5D) ap-
proach was developed for the in-house "Multidisciplinary in-
tegrated conceptual aircraft design and optimization envi-
ronment" (MICADO) [4] to predict laminar drag components
on wing segments. Even though this process chain consid-
ers a possible influence of the Reynolds number via various

assumptions, the question arises to which extent the de-
sired degree of prediction accuracy is fulfilled. Therefore,
this work is divided into the following two parts:

1. Investigation of the influence of the Reynolds number
on various flow instabilities (section 3);

2. Derivation of steps to improve prediction accuracy of
existing 2.5D approach (section 4).

Whereas the first part mainly focuses on basic studies using
the 2.5D approach, the second part outlines the benefits
of the adapted approach in the overall conceptual aircraft
design. The latter is done by comparing the current and
the adapted method in an application example using the
entire MICADO process chain. The necessary basics for
both parts will be presented in the next section.

2. Fundamentals

The well-known Reynolds number (Re) is defined as the
ratio of inertia forces to friction forces within a fluid:

(1) Re = inertia forces
friction forces = ρ∞ ·u∞ · c

η∞
.

Consequently, the Reynolds number of a wing flow is in-
fluenced by the air density (ρ∞), the airspeed (u∞), the
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chord length (c), and the dynamic viscosity (η∞). Thus, the
Reynolds number is usually varied during flight with every
change in Mach number (Ma) and altitude (alt). In addition
it is obviously varied along the wing span due to varying
chord length. This will be taken into account in section 3. In
aviation, the inertia forces are much larger than the friction
forces [5]. However, the influence of the latter is noticeable
in the boundary layer of a flow and cannot be neglected.
For a flat plate, for example, a critical Reynolds number is
defined in order to mark a threshold for the transition from a
favorable laminar flow to a turbulent flow [6]. For the three-
dimensional case, the boundary layer is not only influenced
by 2D instabilities, but also by 3D instabilities. Both can
cause premature transition and have therefore to be con-
sidered.

2.1. Instability mechanisms

On a backward-swept wing, velocity profiles occur not only
in direction of flow, but also perpendicular to it. With regard
to laminar flow, these velocity profiles induce the following
three critical instability mechanisms:

• Tollmien-Schlichting instability (TSI)

• cross-flow instability (CFI)

• attachment-line transition (ALT)

Since the two-dimensional Tollmien-Schlichting (TS) waves
are destabilized by a positive pressure gradient, they usu-
ally occur behind the maximum airfoil thickness. Thus, one
established technique to suppress TSI is the favorable de-
sign of the airfoil; this technique is called "natural lami-
nar flow" (NLF). In addition, these instabilities are predomi-
nant with respect to transition for wings with a leading-edge
sweep of ϕLE ≤ 10◦ [2], [7]. In contrast, three-dimensional
cross-flow (CF) waves are amplified in regions with a strong
negative pressure gradient. This is especially the case for
regions behind the leading-edge of higher swept wings [8].
A promising technique to suppress CFI is to apply suction
which decreases the flow velocity and thus stabilizes the
flow. This technique is an example for "laminar flow control"
(LFC). However, as a result of the contrary amplification be-
havior, simultaneous control of both TSI and CFI is only pos-
sible by combining the techniques described above. This
combination of suction behind the wing leading-edge and
airfoil shaping in the mid-chord region is called "hybrid lam-
inar flow control". The last instability mechanism (ALT) can
cause premature transition already at the attachment line,
but it will not be considered within this study. For further
information, the reader is referred to Reed [9].

2.2. Quasi-three-dimensional approach

To be able to investigate both TSI and CFI, a "quasi-three-
dimensional" approach was developed. This approach cou-
ples the 2D flow solver MSES [10] with the stability analysis
program suite STABTOOL [11], [12] in order to determine
drag coefficients and the transition position via an iterative
process using geometric and fluid-mechanical transforma-
tion methods. These transformation methods mainly use
characteristic sweep angles of the wing as input data. Since

the transition position is of special interest for the studies in
section 3, a short, but not exhaustive overview of the under-
lying method is given. Detailed information can be found in
Risse [13].
As a starting point, MSES calculates the 2D flow around an
airfoil using a preset transition location as input. This re-
sults in a pressure distribution as well as lift- and drag coef-
ficients. The 2D pressure distribution is then transformed
to 3D using Lock‘s method [14]. Next, the resulting 3D
pressure distribution is further prepared for internal usage
by the STABTOOL program suite. After an analysis of the
boundary layer, a linear stability analysis is performed us-
ing the eN-method to calculate amplification rates of insta-
bility waves and the resulting envelopes of all curves, re-
spectively. At every chordwise station these are integrated
to so-called N-factors for both TS- and CF-waves, i.e. NTS
and NCF values are calculated. The transition point is finally
calculated using the so-called 2N-factor strategy. This ap-
proach is illustrated in Fig. 1.
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Fig. 1: Transition prediction using 2N-factor approach [13]

In principle, the transition point is assumed at the point
where a computed curve of pairs of NTS and NCF intersects
with a critical curve obtained from experiments. Whenever
no intersection is found, the transition position is set to the
point of laminar separation. At the end of each iteration, the
transition point is fed back into the flow solver MSES as an
updated input variable. The final, converged outputs of a
single execution of this method are viscous as well as wave
drag coefficients of a 2D airfoil with respect to the transi-
tion point. For further information, the reader is referred to
Arnal [15] and Schrauf [12].
Since the calculation of drag polars requires numerous vari-
ations of both Mach number and lift coefficient, a huge num-
ber of evaluation steps within the preliminary aircraft design
process is inevitable. To reduce calculation time, the pro-
cess chain is extended by a database which mainly con-
tains tables with laminar and turbulent aerodynamic data
as a function of Mach number and lift coefficient. Initializ-
ing this database starts by selecting one key point for each
given airfoil geometry along the span. More precisely, these
geometric key points are the inner and outer stations of ev-
ery given wing section. Then, for each geometric station, a
predefined amount of Mach number and lift coefficient com-
binations is calculated with the 2.5D approach. The result-
ing data sets are written into a database. This database can
be accessed within the aerodynamic MICADO module by
querying it for various relative span lengths. For each query,
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the local viscous and wave drag coefficients are returned
from the database. If a requested section lies between two
geometric stations, the data is interpolated. The drag is
then weighted by the belonging section areas. For a de-
tailed description of the process chain, its various modules,
and the further processing of the local drag coefficients, the
reader is referred to Risse [13]. Nonetheless, as mentioned
in section 1, the influence of the Reynolds number is so far
only considered by the following assumptions:

• A variation of the flight altitude is not considered sepa-
rately, since the drag does not undergo any significant
changes at a constant transition position.

• A variation of the chord length is considered by means
of a correction model using the theory of a flat plate.

The first assumption implies that there are always the same
drag polars used in the aerodynamic calculation, regard-
less of the actual flight altitude. The second assumption is
taken into account by calculating the partially laminar fric-
tion drag for each database query within the aerodynamic
MICADO module. The underlying equations are for a full
laminar flow Cd,fr,lam = 1.328 · Re−0.5

c and for a full turbulent
flow Cd,fr,turb = 0.074 · Re−0.2

c , respectively [8], [16]. These,
in turn, are used to correct the viscous drag coefficients
stored in the database via the following equation:

(2) Cd,vis,corr = Cd,vis,DB ·
Cd,fr

(
Rec,local, (x/c)tr,DB

)
Cd,fr

(
Rec,DB , (x/c)tr,DB

)
Consequently, the viscous drag coefficient Cd,vis,DB stored
in the database is corrected to the local chord length. How-
ever, it becomes clear that the same transition location is
assumed in each case. In order to check whether these as-
sumptions potentially lead to inaccurate predictions of lami-
nar drag components, basic studies regarding the Reynolds
number are conducted in the next section.

3. Influence of the Reynolds number on the tran-
sition position

The main objective of the following studies is to analyze the
influence of the Reynolds number on the two major insta-
bility mechanisms (TSI and CFI) and on the transition posi-
tion. To avoid mixing influences, a simplified reference wing
is selected (see Fig. 2).
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Fig. 2: Geometry of reference wing

As illustrated in Fig. 2, the reference wing is an unta-
pered, swept wing with a half span of b = 15 m and a mean

aerodynamic chord of MAC = 6 m. By applying a sweep
of ϕ = 35◦, not only TSI, but also CFI will be considered
without corrupting influences caused by a taper ratio. With
regard to laminar flow, a typical HLFC airfoil with a maxi-
mum thickness of (t/c) = 0.101 is chosen (see upper part
of Fig. 3).
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Fig. 3: Geometry of airfoil with chosen suction distribution

In addition, a constant suction distribution is selected along
the wing span (see lower part of Fig. 3); this distribution
is essentially based on a distribution used, for example, by
Boeing for research purposes [17].
Since the Mach number, as the only one of the three input
parameters mentioned in section 2, has a significant influ-
ence on the 3D pressure distribution, it will not be varied.
This is the only way to ensure that the observed effects on
the transition line can be traced back to the Reynolds num-
ber. Instead, it is set to Ma = 0.85 to take transonic effects
into account. Also, the lift coefficient and altitude are set to
Cl = 0.6 and FL 350, respectively.

3.1. Influence of the Reynolds number itself

Starting with the Reynolds number itself, this parameter is
altered manually in the 2.5D approach while keeping all
other parameters constant. Internally, this implies a vari-
ation of the flow density and with this of the kinematic vis-
cosity. The variation interval covers Reynolds numbers from
Re = 2 · 106 to Re = 1 · 108 (step size: 2 · 106); this is a typ-
ical range for Reynolds numbers in civil aviation [18]. In
Fig. 4 several selected N-factor envelopes show the effect
of an increasing Reynolds number on both TS- and CF-
amplification rates.
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Fig. 4: N-factor envelopes for increasing Reynolds numbers

As can be seen in Fig. 4, the local gradients of the en-
velopes rise with increasing Reynolds numbers. This is due
to a stronger amplification (and thus destabilization) of the
respective instability waves and leads to higher N-factors.
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The constant destabilization of both TS- and CF-waves re-
sults ultimately in the transition line and corresponding vis-
cous drag coefficients plotted as functions of the Reynolds
number in Fig. 5.
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Fig. 5: Behavior transition position and viscous drag coeffi-
cient with increasing Reynolds number

Interestingly, two jumps of different strength can be ob-
served in the transition line. For the lower Reynolds num-
bers, no intersection of N-factor pairs with the critical curve
is found (and thus laminar separation is set as transition
point). At Re ≈ 1.0 · 107 a first jump occurs due to pro-
gressively growing TS-waves. With increasing Reynolds
number, the transition location moves forward which is
not only due to growing TS-waves, but also due to grow-
ing CF-waves. In between the different abrupt shifts of
the transition line, the corresponding viscous drag coeffi-
cients decrease with increasing Reynolds number which is
in good agreement with the theory of a flat plate [8]. At
Re ≈ 3.9 · 107 a second, more critical jump of the transi-
tion occurs. Since this abrupt shift results in a significantly
increased viscous drag coefficient, Fig. 6 is used for a de-
tailed analysis.

0
NCF

N
T

S

11

10

9

8

7

6

5

4

3

2

1

0
1 2 3 4 5 6 7 8 9 10 11

10%

15%

20%

5%

⇒

⇒

⇒

Re = 4.0·107

Re = 3.8·107

critical curve

Fig. 6: Correlated N-factor curves for Reynolds numbers
around the critical transition jump

Here, two correlated N-factor curves for Reynolds num-
bers around the critical transition jump (TrJp) from Fig. 5
are shown. The bold dots represent N-factor pairs at their
corresponding relative chord lengths. Recalling section 2,
the transition position is defined as the point where the cor-
related curve intersects with a curve derived from experi-
ments; in this work, critical N-factor values of NTS,crit = 9.5

and NCF,crit = 7.5 are used. It can be observed that an in-
creasing Reynolds number leads to a shift of the correlated
curve to the right side. Since the abscissa represents the
NCF-factors, this shift is mainly due to growing CF-waves
as illustrated in the right part of Fig. 4. For Re = 3.8 · 107,
the correlated curve narrowly misses an intersection at the
right edge and starts to rise due to growing TS-waves for
increasing relative chord length. This eventually leads to an
intersection (and thus transition) at around (x/c) ≈ 0.2. For
Re = 4.0 · 107, however, the correlated curve is shifted so far
to the right that the critical curve is immediately exceeded at
the right corner. This results in the observed, critical jump
of the transition to the leading-edge of the wing.
To conclude, varying the Reynolds number itself leads to a
progressive amplification of both TS- and CF-waves. This
results in abrupt jumps of the transition position which can
influence the viscous drag coefficient of a flow significantly.

3.2. Influence of altitude and chord length

Next, the influence of the flight altitude and the chord length
is analyzed by varying these parameters both individually
and simultaneously. The altitude is varied from FL 250 to
FL 400 with a step size of 1000 ft; the chord length from the
wing in Fig. 2 is varied from 2 m to 14 m with a step size
of 0.5 m.
The amplification rates of the instability mechanisms show
the same behavior as in section 3.1, i.e. the respective
instability waves are progressively growing with increasing
Reynolds number. More intriguing are the resulting transi-
tion curves, which are presented in Fig. 7.
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Fig. 7: Influence of different Reynolds number parameters
on the transition position

Here, the relative transition position and the Reynolds num-
ber are plotted as a function of the flight altitude (upper part)
and as a function of the chord length (lower part), respec-
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tively. As can be clearly seen, both plots also contain criti-
cal shifts of the transition position if the parameter is varied
individually. In addition, these shifts occur roughly at the
same Reynolds numbers. To narrow this possible threshold
down, both parameters (altitude and chord length) are var-
ied simultaneously. For detailed analysis, the variation step
size is set to ∆alt = 1000 ft and ∆c = 0.05 m. The focus is
on the Reynolds number range around the abrupt shift to
the wing leading-edge classified as critical in the previous
studies (3.8 · 107 ≤ Re ≤ 4.2 · 107). The results are listed
in Tab. 1; the parameter ReTrJp represents the threshold
from which the transition jumps to the leading-edge.

Tab. 1: Results of simultaneously varied Reynolds number
parameters

FL chord length [m] ReTrJp

250 4.25 3.988 · 107

260 4.40 3.996 · 107

270 4.55 3.997 · 107

280 4.70 3.994 · 107

290 4.85 3.985 · 107

300 5.00 3.971 · 107

310 5.20 3.991 · 107

320 5.35 3.967 · 107

330 5.55 3.975 · 107

340 5.75 3.976 · 107

350 5.95 3.972 · 107

360 6.15 3.962 · 107

370 6.45 3.964 · 107

380 6.75 3.954 · 107

390 7.15 3.964 · 107

400 7.50 3.991 · 107

In Tab. 1 the values of the third column (ReTrJp) oscillate
slightly; however, these deviations are not significant and
can be traced back to numerical inaccuracies within the
MSES-STABTOOL process chain. Therefore it becomes
clear that even with simultaneous variation of the flight al-
titude and the chord length a constant parameter ReTrJp can
be observed.
In summary, the choice of the varied Reynolds number
parameter is irrelevant, since any transition jump—under
otherwise constant environmental conditions—can be at-
tributed to exceeding a critical limit of the Reynolds num-
ber. Consequently, a critical Reynolds number Recrit,TrJp is
defined for the further course of this work. This parameter
is generally based on the known critical Reynolds number
of the laminar-turbulent transition on a flat plate; in this con-
text, however, exceeding Recrit,TrJp causes a critical transi-
tion jump on a 3D wing.

3.3. Influence of geometrical parameters on the
critical Reynolds number

During the iterative aircraft design and optimization, various
wing geometries are examined before the final geometry is
determined. As a major constraint, the STABTOOL input
data has been kept constant in the previous studies. This
was done by using a reference wing without different ge-
ometrical sections, i.e. no different sweep angles and air-

foils in spanwise direction. Furthermore, the Mach number
and the lift coefficient have been kept constant. Nonethe-
less, for state-of-the-art wing geometries of commercial air-
craft, these assumptions are not realistic. For example, a
kinked wing comes with different sweep angles along the
span. Obviously, due to the geometric and fluid-mechanical
transformation methods, the pressure distribution and thus
the STABTOOL input data are strongly dependent on geo-
metric parameters. Therefore, when analyzing a more re-
alistic wing geometry, different Recrit,TrJp must inevitably be
expected. To briefly illustrate this, another airfoil geome-
try, which mainly differs in the radius of the leading-edge,
is examined. In order to solely consider the influence on
Recrit,TrJp, but at the same time to enable a consistent com-
parison with the previous results, the reference wing pre-
sented at the beginning of section 3 is used as a starting
point. Similar to the previous approach, the 2.5D method is
used for analysis, whereby the local chord length is selected
as the parameter for varying the Reynolds number; this is
due to the proportional correlation (cf. Eq. (1)). The new
sample airfoil (II) as well as the resulting transition curve
are presented in the upper and lower part of Fig. 8.
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Fig. 8: Influence of different airfoil on transition jumps

Fig. 8 shows that airfoil (II) leads to a completely different
threshold value for the critical transition shift. In numbers,
the previous threshold of Recrit,TrJp ≈ 4.0 · 107 is reduced by
about 50 %. This confirms the assumption from above, i.e.
different threshold values Recrit,TrJp must be expected for a
wing with several geometrically different sections.
To summarize, the assumption of a constant transition lo-
cation in Eq. (2) eventually leads to significant inaccura-
cies in the prediction of laminar drag components. This
is because the current database method does not explic-
itly consider the geometrically characteristic threshold val-
ues Recrit,TrJp. Thus, in the next section, it will be exam-
ined whether the effects of exceeding such a threshold are
greater than those taken into account by the assumptions
and substitute models within the current 2.5D approach.
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4. Adapted database method and comparative
application

To address possible weak points of the current database
method, an adapted method will be discussed next. In an
application example both the current and the adapted meth-
ods will then be compared with each other.

4.1. Adapted database method

The initial idea of using a database will not be changed,
as this approach brings several advantages in conceptual
aircraft design, e.g. reduced calculation time and the pos-
sibility to manually adjust numerical uncertainties. Instead,
the current method will be adapted in order to increase pre-
diction accuracy by taking aerodynamic effects more pre-
cisely into account. To avoid increasing the dimensions of
the database, it is assumed that the wing geometry is given.
The adaption involves a total of 4 process steps which are
presented in Fig. 9.

MSES-STABTOOL

with Hcr,i (i∈[1,n])
I

MSES-STABTOOL
(aerodynamic key points)III

II
Identification of 
aerodynamic 
key points for Hcr,i

i = n
no

IV

i +
 1

η-variation

HLFC database

yes

Fig. 9: Process overview of adapted database method

In the first step, the known wing geometry is analyzed with
the MSES-STABTOOL process chain. This is done for the
initial flight altitude and the design point (Mades,Cl,des). The
latter is chosen on the assumption that the aircraft is usu-
ally operated at the design point. A variation step size of
η = 0.05 is selected in order to make a first rough esti-
mate of the transition and drag curve across the wing. If
geometric parameters change along the span, these rela-
tive span positions are also included in the variation inter-
val. This ensures that any influence (geometric and aero-
dynamic) is mapped. The final choice of aerodynamic key
points (step II) will be discussed in detail in section 4.2.
In the third process step, the predefined amount of Mach
number and lift coefficient combinations (see section 2.2) is
calculated for every final aerodynamic key point.
To further increase prediction accuracy, the whole process
chain can be repeated for varying cruise altitudes in an op-
tional fourth step. Finally, all calculated data sets are written
into the database.

4.2. Preparation of comparative analysis

The overall objective of the following study is to demonstrate
the benefit of the adapted database method. For this pur-
pose a reference aircraft was designed in MICADO which is
based on an Airbus A350-900. The 3D view and the kinked
wing geometry are illustrated in Fig. 10; the respective wing
parameters are listed in the box in the left corner.

η airfoil φLE φTE t/c

c

a
b
b

a
b

b

c

0.100 37.30 1.83 0.140
0.325
0.627
0.900

35.00
35.00
35.00

21.37
22.83
22.83

0.101
0.101
0.084

Fig. 10: 3D view and wing geometry of reference aircraft
from MICADO

Additionally, the parameters of the design mission as well
as the associated mass components are listed in Tab. 2.

Tab. 2: Design parameters of reference aircraft

Parameter Unit Value
Design range NM 8100
Altitudecr ft 35000
Macr - 0.85
PAX - 325
Operating empty mass (OEM) t 147.8
Payload t 30.9
Blockfuel (BF) t 94.1
Maximum take-off mass (MTOM) t 280.8

As usual, the range is reduced for the study mission; all
following studies use a mission with a range of 4000 NM.
Before comparing the two methods, the database has to be
created. The preparatory steps, which include in particular
the selection of key points, are described below for both
methods.
In section 2.2 it was already mentioned that the current
database method requires a geometric key point to be se-
lected for each airfoil. The data in Fig. 10 indicates that
there are two key point candidates for airfoil "b" for the mid-
dle wing section (ηcand,1 = 0.325 and ηcand,2 = 0.627); this
is because the inner and outer stations of this section con-
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tain the same airfoil. Since the current method intends to
only create one data set for each airfoil, the geometry sta-
tion is used at which a larger change in the sweep occurs
with respect to the prior section. Thus, three geometric key
points at the relative span positions η1 = 0.1, η2 = 0.325
and η3 = 0.9 are selected. However, no realistic lift-to-drag
ratios are predicted for the first geometric key point. This is
due to the fact that the influence of CF-waves, as they in-
creasingly occur in the root area, is not yet correctly mapped
within the 2.5D approach [19]. The false prediction of too
high drag coefficients in the root area is in the following
avoided by using an alternative procedure from Risse [13].
This approach uses a simplified reference wing to calcu-
late the root airfoil at its relative span position; the resulting
data set as well as the data sets from the other geometric
key points η2 = 0.325 and η3 = 0.9 are also added to the
database.
The adapted method follows the process steps from Fig. 9.
The resulting drag coefficient curves from the first step are
presented in Fig. 11.
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Fig. 11: Results from process steps I and II

The second process step is to analyze the profile drag
Cd,prof (= Cd,visc + Cd,wav) coefficient curve for significant
changes in order to define aerodynamic key points (dots
in Fig. 11). This is advantageous, since on the one hand
non-critical transition jumps are not further considered and
on the other hand the effects of a changing geometry are
taken into account. It can be observed that eventually not
all key point candidates (crosses in Fig. 11) will be cho-
sen as final aerodynamic key points. This is again due to
the over-prediction of the influence of CF-waves. Here, the
data set for the simplified reference wing will also be used
for the root section. This leads in total to 7 aerodynamic key
points (including the root station from the simplified refer-
ence wing).
To demonstrate the effect of the different database meth-
ods, the converged reference aircraft is analyzed without
further MICADO iterations. Thus, the pure influence of dif-
ferent aerodynamic data sets can be investigated without
a possible snowball effect of the MTOM. The focus is on
the elaboration of the aerodynamic differences with a final
statement regarding the effect on the necessary blockfuel.
The results are presented in the next section.

4.3. Results of comparative analysis

In Fig. 12 the laminar areas for (L/D)opt are shown for both
the current and the adapted database method.
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Fig. 12: Wing geometry with laminar areas

Since the calculation up to the kink is based on an interpo-
lation with a data set determined on the simplified reference
wing, the transition and drag curve in this section are iden-
tical for both methods. Furthermore, the flow is assumed to
be fully turbulent after the last key point, because of highly
amplified 3D flows at the wing tip. However, there are sig-
nificant differences between these sections:
For the current method the flow is predicted to be turbu-
lent over the entire chord length up to η = 0.627. This is
due to the fully turbulent flow at the geometric key point at
η = 0.325, and the fact that only one data set is stored in
the database for airfoil "b". Thus, for this section it is always
the same data set used. The laminar area then grows lin-
early to the last geometric key point, since the data sets for
the two airfoils "b" and "c" are interpolated.
In contrast, the adapted method predicts a transition jump
which leads to a significantly larger laminar area; this is
mainly due to the additional aerodynamic key points around
the kink region. After weighting by the reference wing area,
the total wing coefficients are given in Tab. 3. In order to
better compare the aerodynamic accuracy of the two meth-
ods, the results are shown for a constant lift coefficient of
CL = 0.4.

Tab. 3: Result overview for CL = 0.4 (FL 350)

Coefficient DB method Deviations
current adapted ∆ [dc] ∆ [%]

CL 0.4 0.4 - -
CD,visc 0.01090 0.01045 −4.5 −4.13
CD,wav 0.00137 0.00135 −0.2 −1.46
CD,ind 0.00674 0.00674 - -
CD,total 0.01901 0.01854 −4.7 −2.47

As expected, due to the constant lift coefficient, the induced
drag shows no deviations. However, Tab. 3 shows that the
application of the adapted method leads to a reduction of
almost 5 drag counts (dc) or 2.47 % with respect to the to-
tal drag coefficient at a constant lift coefficient. This can be
directly traced back to the larger laminar area and its influ-
ence on the friction drag. Since this data only mirrors one
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mission point, the predicted blockfuel demand for the whole
study mission over 4000 NM is illustrated in Fig. 13.
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-2.3 %

Fig. 13: Predicted BF demand for FL 350

Overall, using the adapted method leads to a reduction of
the necessary BF by approx. 1000 kg or 2.3 %, respectively.
Against the background that the HLFC technology is sup-
posed to have a savings potential of 10 % – 20 % [2], this is
a significant increase in prediction accuracy. Consequently,
the potential of HLFC technology is depicted more precisely
by taking aerodynamic key points into account.
The current DB method does not take any aerodynamic in-
fluences of an altitude variation in cruise flight into account.
Thus, the aerodynamic calculation is performed once; these
results are then used for mission analysis at varying alti-
tudes. In contrast, the adapted database methodology op-
tionally includes the consideration of different flight altitudes
(see Fig. 9). Therefore the systematic comparison is not
only carried out for FL 350, but also for two further altitudes
(FL 300 and FL 400) in order to determine a possible inac-
curacy of the current procedure.
Since the Reynolds number decreases with altitude, the
spanwise position of the transition jump is shifted; this is be-
cause the critical threshold Recrit,TrJp is only exceeded with
greater chord length. In short, this leads to the identification
of different aerodynamic key points. For FL 300 and FL 400
there are in total 7 and 5 aerodynamic key points. Fig. 14
shows to what extent the BF demand varies when taking
these aerodynamic key points and the data sets created for
the respective altitude into account.

FL 300 FL 400

45.0
45.3 -0.7 %

44.7

43.1

-3.5 %

current DB method
BF, [t]
adapted DB method
BF, [t]

Fig. 14: Predicted BF demand for FL 300 and FL 400

It can be observed that the application of the adapted
method (and thus the consideration of different altitudes)
also leads to differences in the prediction of the necessary
BF. On the one hand, for FL 400, an additional reduction of

the BF demand of approx. 1500 kg or 3.5 % is achieved, as
the laminar area for FL 400 is larger than for FL 350 due to
the mentioned shift of the transition jump to a higher chord
length. On the other hand, the results for FL 300 differ by
only about 0.7 %, since the transition jump is shifted to a
smaller chord length, and thus the laminar area approxi-
mates the prediction of the current method for FL 350.
It can therefore be noted that the procedure proposed in the
process diagram in Fig. 9 covers more eventualities that
may occur with an altitude variation, and the most accurate
prediction can only be achieved if the optional altitude vari-
ation of the adapted DB method is considered.
Nonetheless, it must be stated that the more aerodynamic
key points and altitudes have to be considered, the longer it
takes to set up the database. In terms of required compu-
tation time on a standard desktop PC, the current method
takes approx. 13.5 hours for initialization, whereas the
adapted method takes about 31.5 hours (without optional
altitude variation). If the fourth step of the adapted method
is taken into account, the initialization time adds up to ap-
prox. 70 hours. Consequently, the main objective in prelimi-
nary aircraft design with integrated HLFC technology should
be to completely avoid any abrupt transition shifts along the
wing span. This would directly influence the required num-
ber of aerodynamic key points. Since the suction distribu-
tion is the most promising approach to achieve this, possible
starting points will be briefly discussed below.

4.4. Influence of the suction distribution

The work initially focused on basic studies to investigate the
influence of the Reynolds number in detail. For this rea-
son, the suction distribution in Fig. 3 has been kept con-
stant in the previous studies. However, the significant in-
fluence of a variation of the suction distribution’s strength
has already been shown [13]. For example, stronger suc-
tion at the leading-edge dampens cross-flow instabilities in
particular and delays (and in best case prevents) the result-
ing transition jump. In combination with the findings of this
work, this is equivalent to an increase of the critical thresh-
old Recrit,TrJp. Furthermore, a variation of the suction length
leads to a shift of the transition line [13]. However, the tran-
sition jump or the limit value Recrit,TrJp is not affected by this.
Since the transition line already shows sensitivities when
a single parameter such as the maximum suction strength
is varied, it appears reasonable to examine not only indi-
vidual parameters, but also completely different suction dis-
tributions in the preliminary aircraft design. In the MSES-
STABTOOL process chain, parameters of the suction dis-
tribution can be varied; however, this is limited to individ-
ual linear intervals. Nonetheless, there are already mathe-
matical models available in literature that use the Lagrange
multiplier method to assign an optimum suction to each N-
factor [20]. As a result, optimum suction is theoretically vari-
able both along the wing span and across the chord length
at any time of the flight mission. It is nevertheless ques-
tionable to what extent these models are applicable to re-
ality or practicable in application, especially with regard to
the necessary complexity of the suction system. For this
reason, coupling of the N-factors and the suction system
is dispensed with. In order to enable future studies for dif-
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ferent suction distributions, the process chain is extended
by an optional selection of different suction types. The im-
plemented variation possibilities of suction distributions are
exemplary illustrated in Fig. 15.
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Fig. 15: Visualization of different suction distributions

As can be observed, the distributions follow typical mathe-
matical equations. These can be varied in the same way as
the linear interval suction using characteristic parameters.
To illustrate the effects of the different suction types on the
transition line, process step 1 is repeated for FL 350. The
respective parameters are identical to those in Fig. 15; i.e.
for a consistent comparison, the maximum suction strength
is always the same. The results are presented in Fig. 16.
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Fig. 16: Influence of different suction distributions on transi-
tion position

It becomes clear that for the exponential suction distribution
the transition jump to the leading-edge already occurs at a
lower Reynolds number. This is due to a weaker damp-
ing of the CF-waves. Consequently, exponential suction
with selected parameters is unsuitable to avoid a transition
jump. Contrary, step wise as well as parabolic suction lead
to almost identical transition and drag curves compared to
the reference. It follows that an identical aerodynamic re-
sult is also possible through different suction distributions.
This leads to a starting point for future optimizations of
HLFC technology. It appears reasonable to supply the rel-
ative span positions with an optimal suction distribution, i.e.
with an optimal suction type and corresponding parameter
settings from an overall perspective. This extension basi-
cally follows the logic of the above-mentioned mathematical
model, although there is no constant variation of the suction
with regard to the necessary complexity of the HLFC sys-
tem. The coupling of the suction distribution with the relative
span position has already been investigated by Pe [21]. As

the spanwise position increases, suction is both weaker and
shorter. This can be a starting point for future studies within
MICADO.

5. Conclusion

In conceptual aircraft design, the usage of simplified meth-
ods to predict efficiency gains of new technologies is in-
evitable. Thus, it is crucial to understand the influence of
a fundamental key variable such as the Reynolds number
in order to optimize the 2.5D method for HLFC assessment
implemented in the preliminary aircraft design environment
MICADO. For this purpose, the influence of the Reynolds
number (and its parameters) on the transition position and
on various instability mechanisms was examined in detail.
At constant freestream conditions, the amplification of the
individual instabilities could be fundamentally attributed to
the Reynolds number as a decisive factor. Based on the
limit value of the laminar-turbulent transition for a flat plate,
a critical threshold of the Reynolds number (Recrit,TrJp) was
therefore defined for the flow over a wing. The exceed-
ing of this threshold leads to a jump in the transition. In
addition, the influence of relevant geometry parameters of
the wing on the previously defined critical threshold was
briefly discussed. It became clear that these have a signifi-
cant influence on the critical value and the transition jumps.
Based on the collected findings, the necessity of adapting
the aerodynamic process within MICADO was derived in or-
der to adequately reflect the influence of the Reynolds num-
ber. This adapted method allows simultaneous considera-
tion of both aerodynamic and geometric influences on lami-
nar drag components. Focusing on the profile drag for initial
identification of aerodynamic key points ensures that transi-
tion jumps are considered. The advantages of the adapted
database methodology were demonstrated through various
studies. Here, a significant improvement in the prediction
accuracy of laminar drag components has been shown in
comparison to the current database method. This is due
to the consideration of additional aerodynamic key points
for the initialization of the database. Furthermore, it was
shown that a variation in altitude is not negligible due to
its influence on the Reynolds number. Overall, the adapted
method results in an improved accuracy of the aerodynamic
analysis within MICADO. Finally, the possibilities for further
development of the adapted database method were dis-
cussed. Although relevant transition jumps are taken into
account by the adapted DB method, a complete avoidance
of these abrupt shifts is desirable. Especially the variation
of the suction parameters is a promising starting point. In
this context, not only the variation of the suction strength,
but also a variation of the basic form of the suction distri-
bution were discussed. In future studies, the usefulness of
coupling the suction distribution to the relative span position
should be investigated. However, these studies should al-
ways question the physical feasibility with regard to system
complexity, space requirements and the necessary power
withdrawals of the HLFC system.
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