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A B S T R A C T

The actuator-line method is here integrated with a data-driven approach for the investigation of aircraft-
induced trailing vortices as generated by landing and take-off configurations with varying levels of high-lift
device deflections. It is shown that through coupling the Actuator-Line-Method to a suitable Reduced-Order-
Model built upon spanwise aerodynamic force distributions obtained from high-fidelity CFD solution data.
The resulting wake from the geometry can be reproduced in a manner that no longer requires an explicit
representation of the aircraft geometry within the simulation environment. The result is a method that allows
for increased fidelity in the vortex farfield when studying the relevant wake dynamics and evolution during
take-off, climb, approach and landing. The accuracy of the proposed method is assessed via a direct comparison
to traditional high-fidelity nearfield derived results where it was observed that the induced downstream
velocity profile and resulting location of vortex structures displayed a satisfactory level of agreement. With
the creation of such a method, the effects of variations in aircraft high-lift deployment can be included within
the simulation of downstream vortex pairs in a manner that respects the computational limitations of current
hardware.
1. Introduction

Wake vortices are an unavoidable by-product of the lift gener-
ation process. The study of wake vortex phenomena and their in-
teractions are of significant interest to the aviation community in
ensuring the continued safe operation of aircraft through assigning
reliable and effective mandatory separation distances for aircraft fol-
lowing pattern takeoff/ arrival procedures [1]. The wake-informed
mandatory separation matrix has significantly reduced the incidence
rates of fatal wake encounters for aircraft operating under Instrument-
Flight-Rules. The often conservative weight-based classification matrix
has seldom received modification despite significant advancements
regarding Computational-Fluid-Dynamics (CFD), parallel computing,
and experimental data gathering techniques as applied to the wake-
vortex problem [2]. With continual growth in the commercial aviation
sector forecast, airports have been left rapidly approaching their max-
imum theoretical daily capacity limits as set out by such spacing
regulations [3,4]. To date, at several of the world’s busiest airports,
departure/ arrival slots have become the main limiting factor for the
continued expansion of daily flight operations [5]. For such airports,
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the potential benefits a minimal change in separation distance regu-
lations may bring with the creation of new takeoff/ departure slots is
considerable [1]. From the perspective of aircraft operators, expendi-
tures attributed to on-ground delays and missed departure/ arrival slots
would be substantially reduced. With delayed aircraft expending less
fuel in holding patterns on both the ground and in the air, a substantial
drop in collective exhaust emissions may also be within reach. At a
time where the aviation sector is facing greater scrutiny regarding the
transition to greener low-carbon strategies, the environmental benefits
of a reduction in aircraft separation standards cannot be understated.

For any alterations to the current aircraft separation standards to be
considered acceptable by both aviation authorities and commercial op-
erators, the accompanying theory that such arguments are based must
be given in the highest degree of confidence. At the time of writing,
case-by-case prediction of wake-vortex dynamics remains highly non-
trivial with the variability and stochastic behaviour of wake vortex
phenomena making real-time forecasting of downstream encounters
a significant challenge. Factors affecting the risk categorisation of an
aircraft-wake encounter are numerous with aircraft attitude, altitude,
weather and associated atmospheric effects each playing a key role in
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encounter severity. In cases of sufficient vortex strength, the imposed
roll moments induced by a wake-vortex encounter may become greater
than the available control authority of the aircraft [6]. Considering
aircraft operating at low altitudes where the window for recovery is

inimal and fully dependent on aircrew reaction times, the danger
osed by wake interactions is greatly increased for aircraft on final

approach or take-off. The ability to simulate the wake dynamics of
aircraft configured for such operations remains highly limited due to
the complex nature of the downstream flow field. Numerous vortex
pairs originating from both the wingtip of the main element in addition
to the deployed high-lift devices require fine computational grids that
become increasingly computationally intensive as the domain reaches
dimensions that accurately capture approach/ take-off corridors.

Circumventing the challenge of high-fidelity simulation, several no-
table fast-prediction solutions making combined use of field deployed
sensors and theory have been successfully validated from real-word tri-
als. Examples of which include NASA’s Aircraft-VOrtex-Spacing-System
(AVOSS) [7] and the Wake-Vortex-Prediction-Monitoring-System
WSVBS) [4,8] deployed at Dallas Ft. Worth and Frankfurt/ Munich
irports for field-trials respectively. Both systems performing well high-
ighted the ability of fast-prediction based methods to systematically
educe separation standards on demand. Industry wide acceptance
f such strategies has yet to be fully realised with the majority of
egional-authorities opting to remain with classical matrix-based ap-
roaches [9]. Key to influencing such a decision is the simplicity and
fficacy of standard tabular matrices for the separation distance assign-

ment requiring next to no additional equipment or training for staff
to utilise effectively. The favouring of simple matrix-based methods
suggests that for any solution to be globally adopted it must remain
general enough for broad application to the existing tabular standards
rather than on a case by case basis as provided by fast-prediction
approaches. To satisfy such a requirement improvements must be made

ith respect to both our understanding of wake vortex dynamics and
ur capabilities in simulating realistic scenarios regarding high-lift

configured aircraft that accurately reflect the conditions in which wake
vortices occur in close proximity to the ground.

With increasing levels of air traffic, it has become clear that a
etailed risk assessment must take full account of not just the danger

wake vortices pose to aircraft but also to individuals residing in the
vicinity of active airfields. The descent of vortex systems over consid-
erable distances, facilitated by the mutual induction of their respective
velocity fields poses a credible risk to structures and individuals within
the vicinity of active flight corridors. Documented cases of mechanical
damage as arising from the exposure of structures to the large swirl
elocities and low pressures associated with trailing vortices remains

confined to sections of tiled roofing [10,11].
Given the ever increasing capabilities of modern computing, CFD

imulation appears poised to play a leading role in the future of wake
vortex research. Accurate simulation of downstream aircraft wake envi-
ronments encompassing all phases from vortex roll-up to farfield decay
in a manner that reflects real-world conditions remains a significant
barrier to the use of CFD derived results in the wake risk assessment
process. A vast separation of length scales coupled with the need to
minimise the effects of numerical dissipation, particularly around the
vortex core, results in domains that continue to exceed the current
capabilities offered by modern computing resources. To circumvent
such issues, the specific phenomena of interest dictates the use of a local
simulation environment. Studies of the near and mid-field behaviour
frequently being performed using high-fidelity RANS [12] or hybrid
RANS/ LES methods [13] where the aircraft geometry is directly repre-
ented. For the study of vortex farfield dynamics the structures present
ithin the aircraft nearfield cannot be propagated sufficiently within
 single domain in a manner that remains computationally feasible.
nstead initial conditions are taken from idealised mathematical vortex
odels through relation to the aircraft properties [1,14–16]. Such

model based initialisation approaches remain valid for aircraft in a
2 
clean-wing configuration. When considering the complex flow field
generated by aircraft in a high-lift configuration the idealised models
do not account for the complex contra-rotating inner vortex pairs that
are shed by the flap geometries [17]. Contributions of the inner vortex
airs leading to an accelerated decay process frequently alter both the
trength and position of the final contra-rotating vortex wake hence
uggesting their presence cannot be neglected.

Notable emerging methodologies presented by Zhang et al. and
Stephan [18,19] have been developed enabling the full simulation
of trailing vortex systems from roll-up through to farfield decay to
be conducted within the same computational domain through various
means. Zhang et al. [18] in their work promoted the use of a so called
‘Lift-Drag’’ method where through the addition of source terms to the
overning fluid transport equations the effect of the aircraft geometry
ould be included within the simulation implicitly [18,20,21]. The

‘‘Lift-Drag’’ model presented by Zhang falling under the branch of
Actuator-Surface-Methods (ASMs) applied the local source term values
niformly upon a pre-defined surface embedded within the domain.
alues for which were computed based upon an assumed elliptical
panwise load distribution across the aircraft wing, valid for an aircraft
n a clean-configuration. For application to the study of wake dynamics
n cruise, the ‘‘Lift-Drag’’ method performed satisfactorily with well-

matched velocity distributions in the wake region as compared to
wind-tunnel data. For aircraft in a high-lift configuration where the
spanwise load distributions deviate significantly from elliptical profiles,
the analytical derivation of Lift and Drag quantities could no longer be
pplied.

Stephan in their work proposed the use of an alternative method-
ology for application to both clean and high-lift configured geome-
tries [19]. By sweeping the solution of a steady-state RANS nearfield
imulation throughout the computational domain on a per-timestep
asis, a time-accurate vortex wake could be generated allowing for

the variations in vortex age to be studied. By directly mapping the
elocity and pressure fields from the nearfield RANS data to that of

the LES study no details would be lost regarding the downstream flow
phenomena enabling the simulation of more complex high-lift trailing
ortex pairs. Via the process of sweeping the solution field throughout
he LES domain, the vortex would evolve temporally allowing for the
nclusion of time dependent behaviour neglected by other methods.
ue to the use of a precursor RANS simulation, the computational
ost of simulating various high-lift deflection cases would become
ncreasingly expensive due to the large volume of solutions required.

Through the current work a new approach is presented that allows
reservation of the key high-lift flow features on display within the
ake of the aircraft nearfield and allows propagation to the study of

farfield vortex behaviour within a single simulation environment. Using
the Actuator-Line-Methodology (ALM), as first proposed by Sørensen
and Shen [22] additional source terms are included within the gov-
erning fluid transport equations to allow for the effect of the wing
geometry to be included implicitly within the simulation environment.
Through the removal of the aircraft geometry, grid constraints associ-
ated with near surface effects are relaxed allowing for a redistribution
of grid points to the downstream phenomena of interest. The result
is a significantly simplified simulation domain with an increased grid
resolution about the vortex structures of interest allowing the use of
higher-fidelity solvers for a similar or reduced computational cost. To
allow for the simulation of various high-lift deflection cases, the ALM
is coupled with a Reduced-Order-Model (ROM) which once generated
from a set of high-fidelity nearfield CFD data with the aircraft geometry
present, may be evaluated on demand to initialise the actuator-line
method without the need for additional costly precursor simulations.
The ALM-ROM approach allowing for the higher-fidelity study of high-
lift wakes as they relate to approach and take-off scenarios is thus
poised to contribute to a greater understanding of wake vortex phenom-
ena in the near-ground region. The results of which forming the basis
of cohesive arguments regarding aircraft separation regulations and the
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wider impact of increasing levels of air traffic in terms of sustainability
particularly regarding those residing in the vicinity of airports.

The structure of the manuscript is as follows. Within Section 2
an overview of the Actuator-Line-Method is presented and the corre-
sponding coupled ALM-ROM approach for the simulation of high-lift
induced wake-vortex systems is introduced. Application of the ALM-
ROM approach to the study of an example high-lift geometry and its
elated wake vortex system is then presented within Section 3. Here the

Reduced-Order-Modelling approach is further detailed in combination
with methods for validating the accuracy of ROM generated data.
Section 4 presents the results of various simulations as they relate to
he generation and use of the ALM-ROM approach. Initially the results
f conventional simulation of the high-lift geometry are presented with
 discussion of the vortex dynamics immediately visible in the aircraft

nearfield environment which the ALM-ROM aimed to replicate. Results
f the ROM validation tests are subsequently presented and a discussion
iven regarding the accuracy of the Proper-Orthogonal-Decomposition
ethod for the ALM-ROM application case. The results of various
ctuator-Line simulations are then given pertaining to the validation of

he ALM-ROM implementation and later an application of the complete
ethod to the study of an aircraft on approach. A final discussion on

he applicability of the ALM-ROM method for the simulation of high-
ift aircraft wakes is then given with corresponding conclusions within
ection 5.

2. Actuator-Line source methodology

The actuator-line method is one of several approaches that seeks to
educe the complexity of simulating the trailing wake environment of
ifting bodies through the implicit inclusion of additional source terms
ithin the governing fluid transport equations that represent indirectly

he force exhibited from the lifting body on the fluid [22]. By implicitly
epresenting the aircraft geometry, the grid generation process becomes
ignificantly simplified allowing for the use of structured meshing
trategies combined with greater levels of refinement surrounding the
ake vortex phenomena as compared to standard CFD nearfield sim-
lations. Sufficiently refined grids are of particular importance for the
tudy of high-lift wake vortex phenomena where it becomes necessary
o maintain a high level of resolution over downstream distances ex-
eeding eight wingspans to accurately capture the long-wave instability
echanism that initiates vortex decay patterns [23].

The ALM within recent years has experienced moderate adoption
within the field of aeronautics, particularly for the study of rotorcraft
induced vortical structures [22,24] and higher-accuracy simulation
f distributed-propeller aircraft designs [25]. Actuator based methods
ave only recently been extended to the field of fixed-wing study in

using source terms to emulate the effects of lifting-surfaces for the
purposes of studying the downstream wake environment [20,21,26].

With reference to the governing equations of a compressible fluid
given by Eq. (1) [27]. Following exposure of a lifting surface to an
external flow field, forces are generated both perpendicular and normal
to the direction of fluid motion. From Newton’s third law, a fluid
element experiences an equal but opposite force applied from the body.
n the context of an Eulerian reference frame these forces can be
onsidered as source terms acting upon the nodes that comprise the

volumetric grid, given by Eqs. (2)–(4), below.

(𝑈 ) = 𝜕 𝑈
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)

= −𝐹 . ̄𝑣 (4)

where 𝝆 is the freestream density, �̄� is the freestream velocity, E is the
nergy per unit mass, �̄� is the applied force of the actuator line node,
̄̄ is the viscous stress tensor, 𝜿 is the thermal conductivity and T is the
emperature.

The source terms of the ALM require as input the components of
the aerodynamic force, 𝐹 as prescribed at discrete points along the
span of the wing geometry. For simple wing designs these values may
be obtained analytically through the evaluation of two-dimensional
airfoil theory. Regarding more complex multi-element designs such
as the aircraft considered presently, the authors propose a numerical
approach whereby high-fidelity nearfield CFD of the target geometry
is initially performed. Through the piecewise integration of the surface
pressure solution along the span of the geometry, given via Eq. (5), the
spanwise distribution of the vertical and horizontal components of the
erodynamic force may be obtained.

𝐹 = ∮ 𝑝𝑛 dA (5)

where �̄� is the force generated by the integral section, p is the pressure,
n is the normal unit vector, and A is the area of the integral section.

Throughout the current work, the surface pressure solution is ob-
tained from simulations performed within a body-fixed reference frame,
hence for the integration process of Eq. (5) the computed force corre-
sponds to the components of the aerodynamic force as applied in the
ody-fixed frame. For the spanwise force distributions presented within

the current work the non-dimensionalised spanwise position is used,
calculated using the semi-span of the example high-lift geometry.

By performing the integration process over discrete sections of the
ircraft span, the three-dimensional wing is reduced to a series of

discrete points that are taken to lie upon the local aerodynamic centre
of the section. The collection of these points and their computed compo-
ents of the aerodynamic force form the actuator-line as illustrated by

Fig. 1, denoted in red is the actuator-line with glyph arrows displaying
the computed components of the aerodynamic force which would be
pplied via Eqs. (2)–(4). For the purposes of illustration, the actuator-

line was generated using 20 integral sections. To ensure the spanwise
data accurately captured the local force distributions, 150 equidistant
integral sections were used in the present work.

For the study of geometries that feature varying levels of high-
lift deployments, the need to perform nearfield simulations in order
to generate spanwise force data as required to initialise the ALM
source terms becomes prohibitively expensive. To solve this, the ALM is
ere coupled with a Reduced-Order-Model (ROM) based upon Proper-

Orthogonal-Decomposition (POD). Once created, the ROM allows for
the on-demand generation of spanwise force data for flap deflection
angles that have not been simulated explicitly. The general ALM-ROM
process is detailed within Fig. 2. Following the description of the
eometry and its associated high-lift deflection angles, nearfield simula-
ions are performed for various points across the deployment envelope.

From the solutions of simulating the high-lift geometry explicitly, the
spanwise distribution of aerodynamic force components may be derived
via Eq. (5). Using the spanwise data as input, the ROM is thus generated

hich upon evaluation provides spanwise distribution data for the
esired high-lift deflection case without the need for further costly
earfield simulations of the aircraft. Following the validation of the
OM predictions, the spanwise force given by the model may be used to

nitialise the source terms of the actuator-line allowing for propagation
f the wake-vortex structures in a simulation environment where the
ircraft geometry is no longer represented explicitly.

Within the current work, the ALM-ROM process is presented as
it was applied to an example high-lift geometry exhibiting various
degrees of flap deployments. Initially four flap deflection angles are
considered and the corresponding nearfield simulations of the aircraft
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Fig. 1. Decomposition of high-lift geometry to actuator-line representation.
Fig. 2. Coupled ALM-ROM process chart.
are performed for the purposes of obtaining the spanwise data. From
this data the ROM is generated and its accuracy assessed via both
a Leave-One-Out analysis and a direct comparison to data obtained
from further simulations of the high-lift geometry. Further information
regarding the formulation of the ROM and the validation process
are detailed within Section 3.5. The overall ALM-ROM approach is
then validated by comparing the wake vortex structures as observed
within the results of simulations performed via conventional explicit
representations of the aircraft geometry to its equivalent actuator-
line counterpart. A final application case of the ALM-ROM approach
is later presented where the actuator-line is swept throughout the
computational domain on a per timestep basis representative of an
aircraft following a typical approach trajectory.

3. Numerical setup

3.1. High-lift geometry of study

The subject of study within the current application of the ALM-ROM
approach was the modified Energy-Efficient-Transport-Aspect-Ratio 12
(EETAR12) [28]. Initially scaled to a wingspan representative of a
medium-haul aircraft design, the EETAR12 was chosen due to its
availability within the OpenVSP geometry package coupled with the
published high-lift deployment configurations given by Olsen [29]. The
design incorporated double span slotted vane/ flap sections together
with leading edge slats. Table 1 lists the main geometric parameters
of the modified design. For the purpose of obtaining the spanwise
force distributions required to generate the ROM, simulations of the
EETAR12 were performed upon the semi-span of the aircraft with only
the wing geometry present.
4 
Table 1
Geometric parameters of the modified EETAR12 Aircraft.

Semi-Span 18.0 m
Sweep 26.0 deg
Dihedral 4.5 deg
Root chord 6.2 m
Tip chord 1.5 m
Mean aerodynamic chord 3.5 m

Prior to simulation several geometric simplifications were made to
the original design each contributing to improving the overall sur-
face topology and thus guaranteeing the quality of the final surface
grid. Modifications comprised of the substitution of slotted vane/ flap
sections with equivalent continuous geometries, blunting of aerofoil
trailing edges, and sharpening of the flap recesses within the main
wing.

For the generation of spanwise distributions that would form the
input dataset for the Reduced-Order-Model, four discrete high-lift de-
flection angles were considered, termed configurations presently. Num-
bered one to four, the configurations corresponded to EETAR12 ge-
ometries exhibiting the minimum up to the maximum possible flap
deflection angles respectively. For each configuration, the leading edge
slats remained in a fixed deployed state. For validation tests regard-
ing the ROM and the ALM-ROM coupled approach, simulations for
three further intermediate flap deployment states that lay between the
discrete configurations used in generating the ROM were performed.
Tables 2 and 3, include the high-lift deflection angles, 𝜃, for both
the four initial simulations used in generating the ROM and the three
intermediate test-points used in validation tests respectively.
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Table 2
EETAR12 high-lift deflection angles for discrete configurations within deployment
envelope.

Geometric Entity Flap setting 𝜃 (deg)

Inner flap

1 8.9
2 17.7
3 26.6
4 35.5

Outer flap

1 9.6
2 19.1
3 28.7
4 38.2

Inboard slat Fixed −34.7

Outboard slat Fixed −34.4

Table 3
EETAR12 high-lift deflection angles for intermediate configuration test points.

Geometric entity Test point 𝜃 (deg)

Inner flap
1 10.6
2 24.8
3 31.0

Outer flap
1 11.5
2 26.8
3 33.4

Inboard slat Fixed −34.7

Outboard slat Fixed −34.4

Table 4
Properties of the prism layer mesh.

First layer thickness 1e−6
Geometric progression ratio 1.268
Number of layers 42

3.2. Grid generation

Grid generation was performed using the open-source GMSH soft-
ware [30] for the explicit simulation of the EETAR12 geometry and for
he actuator-line simulations presented within Section 4.

3.2.1. EETAR12 nearfield
For the high-fidelity simulation of the EETAR12 nearfield. Across

he main wing and high-lift surfaces, a structured meshing approach
as employed where possible, ensuring high-quality prism-layers could

later be inserted. Due to instantaneous changes in chord length about
the flap regions, small transition segments were unavoidable within the
geometry as also noted by Olsen [29]. Problem regions were identified
nd repaired using manual meshing tools to approximate a structured
rid in areas for which a complete structured approach was not pos-
ible. A smooth transition of elements from the aircraft surface to
he surrounding volume was achieved through enforcement of various
izing constraints. Additional local refinement was performed around
he high-lift devices with emphasis placed upon ensuring the channel
egions created between the flap and main wing were well captured
y the grid. Following the generation of the inviscid grid, prism layers
ere inserted via an advancing normal procedure [31]. Initial values

for the prism insertion process were taken from the analytical solution
for a turbulent flat plate at equivalent freestream conditions. The
rism layer growth rate and first element thickness were altered in

an iterative manner until a final grid setup was reached that ensured
+ ≤ 1 across the surface. The final properties of the prism layer are
ummarised within Table 4.

Four rounds of solution based volumetric mesh adaptation was
erformed to improve the quality of the EETAR12 grids. Due to the

stochastic nature of the mesh adaptation process, grid convergence was
assessed via considering the derived spanwise distributions obtained
5 
Fig. 3. Convergence of vertical aerodynamic force component across mesh adaptation
stages, Flap configuration 3.

from intermediate adaptation stages. Fig. 3 provides a plot of the
erived spanwise distribution for flap configuration three for each of

the grid adaptation stages. The final EETAR12 grids consisted of ∼17 ×
106 nodes, subject to the particular high-lift configuration of interest.

Farfield boundary conditions were imposed on all circumferential
outer surfaces of the volume with a symmetry condition enforced at
the face representing the wing-fuselage junction. Across the surfaces
exposed to the flow, no-slip conditions were applied. The farfield
was positioned at a distance of fifteen chord lengths, minimising the
influence of pressure reflections upon the final solution.

3.2.2. ALM-ROM simulations
Regarding results obtained with the ALM-ROM approach two grids

were generated, a body-fixed case for steady-state ALM validation
simulations which represented the semi-span of the EETAR12 geometry
through the actuator-line and a ground-fixed grid for demonstration of
he capabilities of the ALM-ROM method for the study of an aircraft on
pproach where a full-span of the EETAR12 via the actuator-line was
imulated.

In using the ALM-ROM approach, the grid generation process was
significantly simplified with the removal of the EETAR12 geometry
from the domain. To ensure the ALM source terms were applied con-
sistently, the actuator-line was embedded within the computational
domain directly. A curvilinear structured approach was then adopted
focused upon the location of the actuator-line. For both ALM-ROM
simulations, in the spanwise direction where the actuator-line nodes
would be distributed a uniform spacing was applied consisting of 150
discrete points, consistent with the integral sections used in generating
the spanwise loading input data. Geometric biases were used to progres-
sively cluster cells within the vicinity of the actuator-line minimising
any possible numerical dissipation induced by the grid.

Best practices for the numerical simulation of wake vortices suggests
a minimum of three cells be present within the vortex core region
to minimise the effect of grid dissipation [21]. For high-lift wakes,
the downstream environment would be complicated by the addition of
several inner vortex pairs. To remain consistent, the assumed tip vortex
imensions were used to determine the appropriate grid spacing in the
panwise dimension. Estimation of tip vortex core radii is the subject
f uncertainty with experimental data suggesting a value of ≈1% of the
ircraft span [32]. Numerical studies of farfield vortex behaviour relax

this assumption to 2−8% to maintain grids that remain computationally
easonable. For the ALM cases presented within Section 4, a grid

resolution of 𝛥 = 0.066 m was used which assuming a vortex core
ALM
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radius of 1% span resulted in a grid which possessed ≈5 nodes within
he core regions.

The dimensions for the steady state ALM validation simulations
spanned a domain of 𝑙𝑥 = 51.5 m, 𝑙𝑦 = 76 m, 𝑙𝑧 = 40 m with 𝑛𝑥 =
309, 𝑛𝑦 = 360, 𝑛𝑧 = 200 comprising of ∼22 × 106 grid points. Farfield
boundary conditions were imposed on all faces with the exception of a
symmetry plane on the face representing the wing-fuselage junction.

For the unsteady ALM ground study, the domain dimensions com-
rised of 𝑙𝑥 = 216 m, 𝑙𝑦 = 72 m, 𝑙𝑧 = 50 m with 𝑛𝑥 = 615, 𝑛𝑦 = 189,
𝑧 = 181, totalling ∼28.9 × 106 grid points. To ensure the Kelvin–

Helmholtz theorem remained satisfied periodic boundaries were used
on all faces with the exception of the top and bottom surfaces. No-slip
conditions were enforced at the face representing the ground plane and
n accompanying slip condition was applied at the upper surface of the
omain.

3.3. Flow solver

All simulations were conducted using the open-source Stanford Uni-
versity Unstructured (SU2) CFD solver in varying configurations [27].
The choice of SU2 was motivated by its modular structure which
allowed for straightforward implementation of the ALM source terms
within each of the individual solver class structures.

EETAR12 nearfield simulations were performed solving the steady-
state Reynolds-Averaged-Navier–Stokes (RANS) equations together
with the Spalart–Almaras (SA) turbulence model for the semi-span
wing geometry. The SA turbulence model was chosen for its inher-
ently lower-cost, being a one-equation model, in addition to its well-
ocumented performance for aircraft applications [33]. Convective

fluxes were obtained using the Jameson-Schmit-Turkel (JST) scheme.
Use of the JST scheme compared to less dissipative alternatives was
driven by its relative robustness in dealing with complex geometries,
particularly regarding the flap alcove and leading edge slat regions.
reestream conditions for the nearfield EETAR12 simulations are pro-
ided within Table 5. From the conditions listed and using the MAC of
he EETAR12 geometry, the Reynolds and Mach number for the flow
as 16.2 × 106 and 0.2 respectively typical for a medium-haul aircraft
perating at low altitudes. ALM validation cases where the domain
emained body fixed were performed via the steady-state RANS solver
n an identical configuration as to the EETAR12 nearfield.

For the application of the ALM-ROM to the study of an aircraft on
pproach in a ground fixed environment, the unsteady hybrid RANS-
ES solver was employed using a second order dual time stepping
pproach with a fixed timestep of 5 × 10−3 s. Subgrid terms for the

hybrid RANS-LES simulation were obtained using a Smagorinsky SGS
odel. Freestream conditions were initialised to remain identical to the

original simulations of the EETAR12 geometry ensuring a consistent
solver environment that allowed for direct comparisons to be made
etween the EETAR12 nearfield result and those generated by the ALM-

ROM approach. Simulation properties for each case are summarised
within Table 5.

3.4. Extraction of EETAR12 spanwise loading

From the result of the four initial EETAR12 nearfield simulations,
the spanwise load distribution was computed through the integration
of the pressure solution as given by Eq. (5). For this work, only the
pressure contributions to the overall aerodynamic force was considered.
Assumed valid due to the minor contributions of the skin-friction to the
overall wing loading.
6 
Table 5
Solver properties for nearfield and ALM-ROM simulations.

Simulation case EETAR12
Nearfield

ALM-ROM
Steady

ALM-ROM
Unsteady

High-lift
configuration

Fixed Variable 4

Solver RANS RANS LES/ RANS
Subgrid scale N/A N/A Smagorinsky

Timestep (s) N/A N/A 5e−3

Mach 0.2 0.2 0.2 (Represented
by translating
ALM)

AoA (Deg) 2.4 2.4 2.4
Density (kg∕m3) 1.20282 1.20282 1.20282
Temperature (K) 288.15 288.15 288.15

3.5. Reduced-order-modelling

The ROM coupled to the ALM was the data-driven non-intrusive ap-
proach based upon Proper Orthogonal Decomposition, adopting specif-
ically the method of snapshots algorithm for generation of the low-order
model [34]. In this case the snapshots would be formed of the spanwise
load distribution data obtained from the discrete simulation of the
high-lift geometry. Predictions of the spanwise loading for untested
lap deflection cases were obtained using an approach similar to that
resented by Bui-Tanh et al. [35], therefore coupling the ROM with

Radial Basis Function (RBF) interpolation.
In general through the POD approach, the approximate

high-dimensional solution manifold is represented in a low-order linear
space by extraction of the optimal basis functions (or POD modes) from
the training data or snapshot set. The modes are considered optimal
because the error between the solution and the reduced representation
is minimised under the Euclidean norm. Formally, the optimal basis
functions are found by solving the maximisation problem [36]:

max
𝜓

⟨|(𝐔,𝝍)2|⟩
(𝝍 ,𝝍)

=
⟨|(𝐔,𝝓)2|⟩
(𝝓,𝝓)

(6)

where 𝐔 is the snapshot set: {𝐮1,𝐮2,… ,𝐮𝑁𝑠} for 𝑁𝑠 CFD solutions, and
𝝓 are the optimal basis functions while 𝝓 are the prospective basis
functions. The operators (⋅, ⋅) and ⟨⋅⟩ denote the inner product and
averaging across the parameter space respectively.

For the algorithm adopted in the current work it can be shown that
he modes are a linear combination of the snapshot set:

𝝓𝑖 =
𝑁𝑠
∑

𝑗=1
𝑏𝑖𝑗𝐮𝐣 (7)

for 𝑖 = 1, 2,… , 𝑁𝑠. 𝐮𝐣 is the quantity of interest for snapshot 𝑗, and 𝑏𝑖𝑗
is the associated POD coefficient. Then, the coefficients 𝑏𝑖𝑗 satisfy the
igenvalue problem:

𝐑𝐛𝑖 = 𝜆𝑖𝐛𝑖 (8)

where 𝐑 = 𝐔𝑇𝐔, i.e. the cross-correlation matrix of the snapshots. The
eigenvalues 𝜆𝑖 correspond to the energy of each mode which allows for
them to be ranked and truncated based on their energy content and
a threshold value [35]. The normalised POD modes are obtained after
solving the eigenvalue decomposition and are expressed as:

𝝓𝑖 =
1

√

𝜆𝑖
𝐔𝐛𝑖 (9)

The approximate solution �̂� at an arbitrary 𝐱 location in the param-
eter space is expressed as a linear combination of the modes 𝜙𝑖 and
coefficients, 𝑎𝑖. The latter are obtained via RBF interpolation. Thus, a
reconstructed solution is computed as:

𝐮(𝐱) ≈ �̂� =
𝑁𝑚
∑

𝑎𝑖𝝓𝑖(𝐱) (10)

𝑖=1
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Evaluation of the ROM was performed via two approaches to esti-
ate the error within the reconstructed spanwise distributions, com-
rising a Leave-One-Out (LOO) analysis and direct comparison to ad-
itional simulated high-lift deflection configurations that were not

included within the generation of the ROM.
A Leave-One-Out analysis also known as cross-validation [37],

refers to the process of validating the ROM using only the training
data from which it was first generated. By systematically excluding
each training data point from the generation stage of the model a
et of depleted ROMs are obtained. Evaluating each depleted ROM
o recreate their corresponding excluded data point allows a direct
omparison to be made between the ROM generated results and the
rue spanwise load distribution for the excluded data point. The LOO
nalysis thus providing an indication of the error present in the ROM
redictions. This process is advantageous as it allows for only the
riginal training data to be used for validation compared to requiring
dditional expensive to compute test-points. The error however remains
n estimation due to the use of each depleted ROM as compared to the
inal model as generated by including all training data points. To ensure
he parameter space remains bounded, any training data which falls
pon the perimeter of the space must remain. For the four configuration
arameter space present in the current work only configuration two and
onfiguration three may be used for a LOO analysis.

To further estimate the error of the complete ROM as used in
the coupled ALM-ROM approach, a comparison to three additional
lap deflection angle cases was performed, the deflection angles of
he test points being included within Table 2. The combined result of
he LOO analysis and test-point comparisons allow for the spanwise
erodynamic force component predictions made by the ROM to be in-
luded with confidence within simulations incorporating the ALM-ROM
pproach.

3.6. Initialisation of Actuator-Line simulations

Following the creation of the ROM from the spanwise distribu-
tions of the four high-fidelity EETAR12 simulations, the coupled ALM-
ROM approach could be used to initialise simulations employing the
actuator-line for additional flap deflection configurations for which no
panwise loading data was available.

The ROM was called on demand to provide the spanwise aero-
dynamic force component distributions for additional flap deflection
configurations for the initialisation of the actuator-line source terms.

o avoid the occurrence of numerical singularities that may arise
hen applying the derived force terms directly upon a single point,
 convolution step was required. The convolution step transforming
he discrete nodes of the Actuator-Line to a point cloud representation.
he convolution process followed the method of Mikkelsen [22,38] in
doption a series of two-dimensional Gaussian distributions compared
o a completely three-dimensional process as observed within the work
f Sørensen. By selecting the two-dimensional process, the distribution
f nodal forces would remain strictly limited to the geometrical span

of the wing.
Convolution of the spanwise force distributions along the actuator-

ine was completed via the scaling procedure described by Eq. (11)
elow. The choice of smearing factor, 𝜖, and by association the degree
f force re-distribution among surrounding nodes is the subject of

discussion within ALM modelling approaches. Values of 𝜖 may either
emain fixed or feature a dynamic variation where the ratio of 𝜖
o the local airfoil chord length remains constant [39,40]. For the

current ALM implementation the former scaling via the local chord
was performed, described by Eq. (12). All actuator-line simulations
erformed presently maintained a value of 0.2c for the calculation of 𝜖.

̄𝑆 𝑚𝑜𝑜𝑡ℎ𝑒𝑑 = 1
𝜖2𝜋

exp
(

−𝑟2

𝜖2

)

⋅ 𝐹𝑁 𝑜𝑑 𝑒 (11)

𝜖

𝑐
= Constant (12) n

7 
where �̄�𝐒𝐦𝐨𝐨𝐭 𝐡𝐞𝐝 is the contribution of the original nodal force to the
grid point, 𝝐 is the smearing parameter, 𝐫 is the two-dimensional
distance of the node from the original point on the actuator-line, �̄�𝐍𝐨𝐝𝐞
is the original nodal force as generated by the spanwise loading and
𝐜 is the local chord length of the section. To remain consistent with
he total integrated force quantities of the aircraft wing, the distributed
orce values were scaled by the original value of the nodal ALM force

thus preserving the total vertical and horizontal components of the
aerodynamic force.

Initialisation of the steady-state ALM validation simulations where
the actuator-line remained fixed in space was performed by evaluating
the ROM for the generation of spanwise data at the flap deflection
angles of each test point case. As the Actuator-Line remained fixed in
space, the applied force as dictated by the convolution step remained
nchanged.

For the unsteady ALM-ROM simulation the actuator-line would
be simulated traversing a ground-fixed reference frame following an
approach trajectory. By computing the position of the aircraft based
upon the freestream velocity of the EETAR12 simulations, the actuator-
line source terms were varied dynamically to match the local position
of the actuator-line at each timestep. To maintain a periodic boundary
condition the domain was extended and a mirror image reflection
f the actuator line performed. Simulation of the complete span of
he EETAR12 aircraft was accomplished via reflection of the relevant
panwise load distributions made by the ROM.

4. Results and discussion

Fig. 4 presents the results of simulating explicitly the EETAR12
aircraft geometry at flap deflection configuration one and four respec-
tively. Corresponding to the bounds of the flap deployment envelope,
the figure illustrates the significantly altered wake dynamics that arose
with greater deflections of the flap sections, an effect that the ALM-
ROM approach aimed to replicate. Provided are contour plots of the
vorticity magnitude at set locations downstream of the EETAR12 ge-
ometry allowing for the identification of wake vortex structures and
their evolution in the wake of the aircraft. A total of five wake vor-
tices were observed within the downstream region of the EETAR12
as illustrated by the concentrated regions of vorticity within Fig. 4.
Vortex structures were generated corresponding to the tip of the main

ing in addition to the root and tip vortices for both of the flap
ections consistent with previous studies [17]. With greater flap de-

flection values, the strength of the inner vortex pairs was observed to
proportionally increase leading to stronger vorticity and larger core
radii when comparing the results for the four flap deflection angle
simulations at identical downstream locations. The results illustrate
the capabilities of conventional RANS simulation for the study of the
immediate aircraft nearfield with key features such as the shed vorticity
sheet being well resolved. Considering the computational grid used for
each of the four EETAR12 simulations, the challenge of propagating
the wake vortex systems sufficiently downstream becomes apparent.
Of the ∼17 × 106 points comprising the domain, 70% were required
or resolution of the boundary layer region alone leaving a significant
hortfall in the wake domain at large downstream distances from the
ircraft. Despite volumetric mesh adaptation refining in the direct
roximity of the vortex structures, the downstream visualisation of the
ake structures was impacted significantly by the coarsening of the
rid in order to respect the computational limitations of the HPC on
hich the simulation was performed.

To obtain the spanwise distributions that formed the input data
for the generation of the ROM, the surface solutions of the explicit
simulation of the EETAR12 aircraft for the four flap deployment con-
figurations given within Table 2 were processed according to Eq. (5)
using a total of 150 integration sections. Plotted within Fig. 5 are
the spanwise force distributions as obtained from the four simula-
tions of the EETAR12 geometry with the spanwise distance being
on-dimensionalised by the semi-span of the EETAR12 aircraft.
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Fig. 4. Contours of trailed vorticity magnitude downstream of EETAR12 flap configuration One (Left), Four (Right).
Fig. 5. Spanwise load distributions across High-Lift deflection cases.
Across each of the four flap configurations, deviations from elliptical
loading could be observed corresponding to the high-lift devices, where
with the extension of the local chord and increased sectional area signif-
icantly more lift/ drag was produced. The degree of deviation observed
in the spanwise plots was directly correlated with the flap deflection
angle. Configuration one possessing the lowest flap deflection angle
exhibited a minor divergence from an elliptical profile in the spanwise
plots whereas configuration four with the greatest flap deflection angle
showed large discontinuities surrounding the flap regions. The magni-
tude of these deviations contributing to the increased strength and radii
of the vortical structures observable within Fig. 4.

Regarding the present case, the EETAR12 flap configuration cases
were simulated at a single angle-of-attack assumed typical for an air-
craft conducting approach operations. With longer timescales and dur-
ing varying atmospheric conditions parameters such as the flight speed
and angle-of-attack would be expected to fluctuate. For such cases,
these parameters could be included within the formulation of the ROM
increasing the robustness of the coupled ALM-ROM approach.

4.1. Validation of ROM spanwise distribution data

Following generation of the Reduced-Order-Model from spanwise
data extracted from the four nearfield EETAR12 simulations, validation
of the ROM generated spanwise force distributions was performed to
ensure accurate initialisation of the ALM source terms. Validation was
performed via a combination of a LOO analysis in addition to direct
comparisons to spanwise distribution data obtained from a further
three explicit simulations of the EETAR12 geometry at flap deployment
angles that were not previously included within the formulation of
8 
the ROM. The flap deflection angles of the three test point cases are
included within Table 3.

The LOO analysis was performed through the generation of two
depleted Reduced-Order-Models by excluding the spanwise data for
flap configuration two and three from the input dataset respectively.
Evaluating each depleted ROM for the spanwise force distributions
corresponding to their excluded data point, the plot within Fig. 6 was
obtained with the values of the computed error presented via Table 6.
Denoted in solid lines are the true spanwise distributions as obtained
from the explicit simulation of EETAR12 with the corresponding dashed
lines representing spanwise data as generated by the depleted ROMs.
Within Table 6 the average and maximum errors in the depleted ROM
predictions for both the horizontal and vertical components of the
aerodynamic force are given combined with the range of the original
data.

Comparing the plots of Fig. 6, the model appeared highly-effective
at replicating the spanwise loading distributions for both the horizontal
and vertical force components. Across both of the spanwise distribu-
tions deviations appeared visible with the magnitude of which being
minimal for the majority of the plots. Considering the computed error
values further illustrates the accuracy of the ROM with the mean error
values being very low when compared to the average of the data.
The maximum error within the distributions however was moderately
greater in comparison, occurring at the discontinuities in the spanwise
plots caused by the flap sections. Comparing relative values the pre-
diction of the horizontal aerodynamic force component possessed the
largest error for both of the two ROM predictions considered. This
was a consequence of the overall magnitude of the horizontal force
components being significantly smaller in comparison to the vertical
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Fig. 6. Spanwise vertical component of aerodynamic force (Left), Horizontal aerodynamic force component (Right) for data generated by depleted reduced-order-models and results
of explicit EETAR12 geometry simulation.
Table 6
Computed error values between spanwise load distributions obtained from depleted ROMs and corresponding excluded training data.

Errormean (kN/m) Errormax (kN/m) Datamax (kN/m) Datamin (kN/m) Datamean (kN/m)

Flap Configuration 2 - 𝐹𝑧 −0.0420 0.402 10.783 1.250 7.003
Flap Configuration 2 - 𝐹𝑥 −0.017 0.254 2.480 −0.4 0.260
Flap Configuration 3 - 𝐹𝑧 −0.018 0.414 14.096 1.430 9.075
Flap Configuration 3 - 𝐹𝑥 −0.011 0.252 2.775 −0.608 0.386
Table 7
Computed error values between spanwise load distribution obtained from ROM and EETAR12 test point simulation data.

Errormean (kN/m) Errormax (kN/m) Datamax (kN/m) Datamin (kN/m) Datamean (kN/m)

Test Point 1 - 𝐹𝑧 0.030 0.084 8.494 1.118 5.500
Test Point 1 - 𝐹𝑥 −0.006 0.030 2.260 −0.265 0.208
Test Point 2 - 𝐹𝑧 0.044 0.403 13.303 1.374 8.692
Test Point 2 - 𝐹𝑥 −0.001 0.156 2.589 −0.567 0.347
Test Point 3 - 𝐹𝑧 0.100 0.462 15.844 1.513 10.267
Test Point 3 - 𝐹𝑥 −0.011 0.176 3.223 −0.746 0.467
v
t
t
i
s
r

force predictions. As the main contributor to the formation of the
ortical structures in the wake was the vertical component of the

aerodynamic force, the effect of the error within the horizontal force
components was minimal.

Validation of the full ROM formulated from the complete set of
panwise distribution data was performed through comparison to data

derived from the explicit simulation of EETAR12 geometry at additional
flap deflection angles within the deployment envelope. The predictions
of spanwise force data as obtained from the ROM and the EETAR12
simulations are plotted within Fig. 7 with the computed errors given by
Table 7. Consistent with the results of the LOO analysis, the full ROM
was able to predict to high level of accuracy the spanwise distribution
of forces for the three test point flap deflection angles. The largest error
continued to occur about the discontinuities within the plots caused
by the high-lift sections. Notably the mean error for test point three
was the largest illustrated also within the plots of Fig. 7. This was
onsidered a result of the discontinuities caused by the flap sections be-

coming larger with greater deflection of the flap geometries. The ROM
therefore performed best for intermediate flap deflection angles lower
than that of flap configuration three suggesting a greater sampling
of nearfield solution derived input data may be required within this
region for future applications of the ALM-ROM to the EETAR12 case.
With satisfactory results from both analysis, the ROM was considered
validated for use in subsequent simulations of the high-lift geometry
ia the coupled ALM-ROM approach.

4.2. ALM-ROM validation

Following validation of the ROM generated spanwise load distribu-
tions, the implementation of the coupled ALM-ROM approach within
9 
the SU2 flow solver was assessed through comparison of the induced
wake vortex structures generated by the explicit simulations of the
EETAR12 geometry to their ALM-ROM counterpart. Comparisons were
performed by comparing the results of the three test case flap deflection
cases where the actuator-line would be initialised based upon the
spanwise load data provided by the ROM. Across each of the three cases
an identical flow solver setup was used to ensure accurate comparisons
could be made. The actuator-line in this case representing the semi-span
of the EETAR12 aircraft geometry. Below Figs. 8 and 9 plot side-by-
side the results obtained from the simulation of the EETAR12 geometry
(right) and the ALM-ROM equivalent (left) for test point configuration
one and three respectively. Note that in the case of the ALM-ROM
results, the results have been reflected to allow the two sets of data
be plotted side by side for comparison purposes. Plotted are isosurface
contours of the Q-Criterion which allowed for the identification of
ortex structures as closed cylindrical surfaces. The figure represents
he EETAR12 geometry and actuator-line representation upstream with
he trailing vortices present at the forefront of the plot. Included also
s a contour plot of the vorticity magnitude for a two-dimensional
lice of the domain taken 10 m downstream in both cases. This slice
epresentation shows the planar data for which a quantitive analysis

of the wake structures is later performed. Visible within the results of
the EETAR12 simulations are the five distinct wake vortex structures
and associated wake vortex sheet shed from the main element and flap
sections independently as discussed for Fig. 4. Considering the results
obtained from the ALM-ROM approach on the left of the plots, the
key wake vortex structures appeared well matched in the downstream
region both in terms of position and overall core radius. Notably absent



S. Bennie et al. Computers and Fluids 291 (2025) 106578 
Fig. 7. Spanwise vertical component of aerodynamic force (Left), Horizontal aerodynamic force component (Right) for data generated by complete reduced-order-model and results
of explicit EETAR12 geometry simulation.
Fig. 8. Test Point 1 - Isosurfaces of Q-Criterion = 50 for ALM-ROM (Left), EETAR12 Explicit Simulation (Right).
Fig. 9. Test Point 3 - Isosurfaces of Q-Criterion = 50 for ALM-ROM (Left), EETAR12 Explicit Simulation (Right).
from the ALM-ROM simulations was the presence of the shed vorticity
sheet as visible in close proximity to the aircraft surface within the
EETAR12 results on the right of the figures. The ALM-ROM approach
inducing the formation of vortical structures through the direct applica-
tion of body force terms resulted in the effects of the turbulent surface
interactions and associated shed vorticity being significantly reduced.
As the key aim of the ALM-ROM remains the study of the farfield wake
dynamics where the shed vorticity has since been rolled-up within the
vortex structures, the effect of the ALM-ROM neglecting surface effects
was considered minimal.

Quantitative comparisons of the wake structures as generated by
the ALM-ROM and the simulation of the EETAR12 were performed
through sampling a two-dimensional slice of the domain normal to
10 
the freestream at a point ten meters downstream, measured from the
wingtip of the EETAR12 and actuator-line as visible within the plots of
Fig. 10.

The capabilities of the ALM-ROM for the reproduction of the EE-
TAR12 wake vortices was assessed based upon the position and induced
velocity profile of the wake vortices generated by the actuator-line.
Fig. 11 presents two-dimensional contour plots of the Q-Criterion for
the two-dimensional slices of the domain 10 m downstream for each
of the three test point simulations of the EETAR12 and the actuator-
line equivalent counterpart. Identified by closed contours are the wake
vortices produced by the ALM-ROM and the explicit simulation of the
EETAR12 geometry in red and black respectively. Spanwise positions
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Fig. 10. Volumetric slice illustrations for EETAR12 geometric simulation (Above), ALM-ROM equivalent simulations (Below).
have been non-dimensionalised by the semi-span of the EETAR12 ge-
ometry. Comparing the results for each of the validation simulations,
the ALM-ROM was able to replicate to a high degree of accuracy the
location of the outermost vortices corresponding to the wingtip of the
main wing and the outboard flap section both in terms of position
and overall core radius. The greatest variations in both position and
radii occurred for the vortices shed by the tip and root of the inboard
and outboard flap sections respectively. Variations in vortex position
were attributed to the use of single actuator-line for the combined
slat, wing and flap geometries which following the integration process
of Eq. (5) resulted in actuator-line nodes that lay upon the approxi-
mated aerodynamic centre of the main wing. Hence despite the effect
of the high-lift devices being captured in the relevant aerodynamic
force distributions, the information discerning the location of the flap
sections relative to the main wing could not be maintained leading to
the induction of vortices at relatively higher elevation as compared to
the physical case. For the study of farfield behaviour where the inner
wake vortices translate significantly leading to an eventual merging,
the effect of a minor difference in initial position of the innermost
structures was considered minimal. Variations in core size and hence
vortex strength were attributed to the use of the convolution step in the
initialisation of the body force terms within SU2. Such a step required
for the numerical stability of the solver led to additional numerical
dissipation and therefore reduced vorticity within the domain due to
the distribution of the total applied force among surrounding grid
points. Within each of the contour plots, small vortices were observed
at the root of the actuator-line visible at the 0 m spanwise position for
the ALM-ROM results. The formation of such additional vortices was
11 
a consequence of enforcing a wall symmetry condition. For the final
application of the ALM-ROM method where the full EETAR12 wingspan
would be simulated via the reflection of the spanwise distribution,
the symmetry condition and associated additional vortices would be
removed.

Wake velocity profiles were generated from the two-dimensional
downstream slices via sampling of a polyline constructed from a series
of straight line segments positioned in such a manner as to pass
through each of the five wake vortex structures horizontally. Hence
only the vertical velocity component of the velocity be considered.
Plotted within Fig. 11 are the velocity profiles obtained from the
EETAR12 simulations and their associated ALM-ROM equivalent result.
Identifiable by the characteristically large fluctuations are the velocities
across each of the five wake structures which when compared to the
wake of the original EETAR12 results show good agreement both in
terms of overall location and peak values. Similar to the analysis of the
vortex position, numerical dissipation caused by the introduction of the
convolution step in the application of ALM source terms was considered
the source of velocity differences between the solutions by breaking
the direct similarity to a true lifting-line [41]. Despite the ALM-ROM
generating vortex structures with reduced velocities in the immediate
nearfield, the ability to significantly refine the grid downstream led to
a reduction in the overall amount of numerical dissipation present for
farfield simulations employing the ALM-ROM.

Table 8, lists computational metrics for results obtained through
the explicit simulation of the EETAR12 geometry and through using
the coupled ALM-ROM approach for the case of flap configuration
four. Both simulations were performed on the ARCHIE-WeSt comput-
ing cluster with 120 CPUs allowing valid comparisons to be drawn
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Fig. 11. Test point velocity profiles obtained from explicit EETAR12 simulation vs. ALM-ROM equivalent, Measured 10 m downstream.
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regarding the computational cost of the respective approaches. On
average, the simulation of the EETAR12 aircraft with the geometry
present required less time per iteration to complete as compared with
the ALM-ROM approach. The increase of time per iteration was a
result of the additional steps required internally in assigning the source
terms of the actuator-line which through improved coding practices
may be further improved. In total the ALM-ROM required significantly
less solver iterations to reach a converged state as compared to the
original EETAR12 geometry simulations which when combined with
the average iteration time demonstrate a reduction in total runtime
between the two approaches. Considering the overall size of the grids
used, the reduction in computational costs the ALM-ROM approach
 a

12 
provides is further illustrated with the results obtained on a grid 25%
larger than the EETAR12 geometry simulation. Regarding the study
f vortex structures in particular, for the explicit simulation of the
ETAR12 geometry, 70% of the computational grid was reserved solely
or capturing surface and boundary layer effects. Compared to ALM-
OM simulations where the grid was substantially more refined in the
ake vortex region, the benefits the ALM-ROM provide for the study
f wake vortex structures becomes apparent by allowing greater levels
f refinement surrounding the vortex core structures for a reduced
omputational cost.

For the purpose of studying wake structures generated by intermedi-
te or varying high-lift configurations, the ALM coupled with the ROM
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Table 8
Computational cost metrics for EETAR12 geometric simulation and ALM-ROM equivalent case.

Time per iteration
(s)

Number of iterations to
converged state

Grid points Number of CPUs

EETAR12 Explicit
Simulations

8.99 3000 ∼17 × 106 120

ALM-ROM Equivalent
Simulations

13.26 845 ∼22 × 106 120
Fig. 12. Isosurfaces of Q-Criterion for unsteady ALM-ROM application case for non-dimensionalised time snapshots.
notably reduced the total time required from inception to results by
several orders of magnitude. Once initialised, the ALM-ROM removed
the need for the various solution based adaptation steps for the simula-
tion of further aircraft configurations. Comparing the five simulations
required for a single explicit simulation of the EETAR12 to the one
required for ALM study, the savings are evident. For studies aimed
at investigating vortex decay mechanisms and atmospheric boundary
layer interactions the ALM-ROM method appears well suited for further
applications.

4.3. Unsteady ALM-ROM approach path study

With the ALM-ROM approach fully validated, its application to the
study of high-lift vortex dynamics in close proximity to the ground is
demonstrated. By sweeping the actuator-line throughout the numerical
domain on a per-timestep basis the wake system generated by the
transit of the EETAR12 aircraft throughout a specific ground region
of study could be observed. Fig. 12, shows the time evolution of the
key wake vortex structures as represented by isosurfaces of the Q-
Criterion. Within each of the subplots a top down view is presented
(above) with a side-on view (below) indicating the trajectory of the
actuator-line representation as it transits the simulation domain on a
three degree glide slope. Subplots have been ordered according to their
non-dimensionalised time, t∗, corresponding to the current physical
time divided by the time taken for the actuator line to pass through
13 
the domain. Downstream of the actuator-line across all of the time
instances shown the formation and propagation of the wake vortex
phenomena appear visible within the wake region. For the present case
with the complete span simulated, ten wake vortex structures were
generated. The isosurfaces coloured by the pressure shows the relative
strength of each of the structures as they evolve in time. Consistent with
the previous results of the body-fixed actuator-line case, the tip vortex
shed by the outer flap section possessed the lowest pressure distribution
indicating a strong possibility of the final contra-rotating system to be
composed of these two vortices across the span of the wake. In the
side-on plots of Fig. 12 the descent of the innermost vortex pairs was
observed, motivated by the mutual induction of their vertical velocity
fields, these vortices descended significantly faster than their outermost
counterparts. For the study of the ground impact such vortex systems
may have, the likelihood of these vortex pairs impacting a structure
and causing damage was increased. With the completion of the roll-
up process, the system presented within Fig. 12 could be propagated
further for the study of vortex farfield behaviour within the same
computational environment. Simulation of the complete span negating
the need for a symmetry boundary eliminated the occurrence of the
minor coherent structures that were visible in the stationary validation
cases. Following the results of both the body-fixed actuator-line val-
idation cases and the ground-fixed unsteady translating actuator-line
case the robustness of the ALM-ROM method was demonstrated. There
continues to exist a clear need to understand wake vortex phenomena
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as shed by high-lift geometries in the near ground environment for
which the current ALM-ROM approach appears promising.

5. Conclusion

The setup and implementation of the ALM-ROM method within the
SU2 framework has now been presented and validation tests performed
comparing the wake vortices generated by the new approach to con-
ventional simulations of the EETAR12 high-lift aircraft geometry. The
capability of the ALM-ROM to reproduce wake vortex systems has been
evaluated based upon the velocity profile and core position as measured
downstream, the results of which show a high level of agreement
particularly for the outermost two vortices of the five vortex semi-span
system. With the creation of the ROM, the ability to simulate the wake
generated by the EETAR12 aircraft at untested flap deflection angles be-
came simplified reducing the need for further high-fidelity simulations
of the EETAR12 geometry and associated mesh adaptation steps cutting
the number of simulations from five to one. Through the completion of
the current work the ALM-ROM method may be adopted for the higher-
fidelity simulation of similarly configured high-lift aircraft on approach
or take-off trajectories as demonstrated in the application of the ALM-
ROM to the study of an aircraft on final approach. The results obtained
via the ALM-ROM approach being given in full confidence that results
provided remain highly-physical with respect to the key flow-physics
on display. Through the ALM-ROM approach the range of operating
scenarios that may be simulated has been extended significantly. The
aforementioned method thus improving wake vortex simulation capa-
bilities for aircraft in ground proximity lays the foundation for future

LM simulations focused on examining specific wake dynamics that
einforce cohesive arguments regarding the alteration of mandatory
ircraft separation distances and the benefits they may provide.
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