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ARTICLE INFO ABSTRACT

Communicated by Mehdi Ghoreyshi The present study investigates the impact of engine position on contrail formation and near-field evolution in a
realistic three-dimensional aircraft configuration. Detailed numerical simulations are conducted using a Reynolds-
Averaged Navier-Stokes (RANS) approach coupled with mesh adaptation techniques. A Eulerian microphysical
model is used to characterize contrail ice crystal properties and their evolution under varying dilution conditions.
The setup is based on a Boeing 777-like geometry, including fuselage, wings, engines, and tailplane. Two
microphysical activation scenarios are considered: one incorporating adsorption-based ice nucleation and the
other assuming fully activated soot particles. The latter for two soot number emission indices. The dilution
process and wake structure exhibit a strong dependence on engine placement, which significantly influences
plume saturation. In highly diluted configurations, enhanced early-stage mixing reduces plume temperature
and increases relative humidity, favoring the growth of larger ice crystals. Depending on the soot number
concentration, vapor depletion effects may outweigh dilution-driven changes in water vapor availability. In
adsorption-limited activation scenarios, increased dilution reduces the concentration of sulfur species, leading
to a lower activation fraction and the formation of smaller ice crystals. Additionally, across the scenarios, the
modified jet-vortex interaction alters particle distribution and their access to water vapor, further shaping their

Keywords:

3D RANS simulation

Contrail formation

Engine position

Jet-vortex interaction

Jet dilution

Eulerian microphysics modeling

growth. These effects ultimately impact the contrail’s optical properties, particularly its optical thickness.

1. Introduction
1.1. Environmental impact and contrail formation

Condensation trails (contrails), the linear white clouds formed in the
wake of aircraft, constitute a significant non-CO, contribution of avi-
ation to environmental degradation [1]. Under favorable atmospheric
conditions, particularly in regions of high humidity, contrails can tran-
sition into cirrus-like clouds that may persist in the atmosphere for
several hours. During this period, contrails affect the Earth’s radiation
balance by reflecting incoming solar radiation and trapping outgoing
terrestrial radiation, thereby contributing to global radiative forcing
[2] and global warming. Their estimated contribution to radiative forc-
ing is twice that of CO, [3]. However, this estimate is associated with
significant uncertainties, underscoring the need for a more comprehen-
sive understanding of the mechanisms governing their formation and
evolution. Such knowledge is essential for accurately evaluating their
environmental impact and developing strategies, whether by prevent-
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ing their formation or minimizing their atmospheric persistence. In this
perspective, investigating the process of contrail formation becomes cru-
cial, as it primarily dictates their lifetime [4] and optical properties, both
of which are closely related to their radiative impact [5].

Contrail formation results from a complex interplay of chemical, mi-
crophysical, and dynamic processes within the aircraft exhaust plume.
Contrails consist of ice crystals that predominantly form through hetero-
geneous nucleation on soot particles emitted by aircraft engines, partic-
ularly under fuel-rich combustion conditions characteristic of kerosene-
powered modern turbojet engines. Initially hydrophobic, soot particles
undergo activation, enabling them to act as nucleation sites for ice crys-
tal formation [6]. Nucleation may also occur on atmospheric aerosols
entrained into the aircraft plume or through homogeneous nucleation
[7]1. However, these pathways are relatively insignificant in the pres-
ence of substantial quantities of soot and can generally be neglected [8].
Water vapor, either emitted by the engines or already present in the at-
mosphere, condenses and freezes onto these nucleation sites, forming ice
crystals. From a thermodynamic perspective, particles must experience
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supersaturation with respect to liquid water for ice crystals to form, a
condition defined by the Schmidt-Appleman criterion [9]. According to
this criterion, contrails form when the relative humidity in the exhaust,
mixing with sufficiently cold ambient air, exceeds saturation with re-
spect to liquid water and persists in regions where the relative humidity
remains above the ice saturation threshold.

1.2. Numerical approaches to contrail modeling

Contrail formation is commonly investigated through modeling and
numerical simulations. These models range in complexity, addressing
both microphysical and dynamical aspects of contrail development. Re-
garding microphysics, the most detailed approaches are 0D box models
that simulate particle trajectories [7,10,11]. While these models accu-
rately characterize microphysical processes and chemical kinetics, their
treatment of dynamics relies on a semi-empirical law for plume dilution
[12] or on path-lines derived from dynamic simulation [11]. As a result,
they cannot fully represent the complex dynamics and intense turbu-
lence present in the aircraft wake, which is crucial for particle dispersion
and water uptake. Alternative approaches, such as Large Eddy Simu-
lation (LES), have been applied to study contrail formation [13-15].
LES methods initialize a jet and a vortex, allowing for the simulation
of turbulent mixing and the intricate interactions between the jet and
the wingtip vortex in the aircraft wake. These studies highlight the role
of jet-vortex interactions in contrail formation. In addition, Lewellen
[16] demonstrates, through comparisons between LES and box models,
that under conditions of elevated aerosol concentrations and inhomo-
geneous turbulent mixing, box models exhibit limitations in accurately
representing contrail ice crystal number concentrations.

With recent advances in computational capabilities, methods have
been developed that incorporate aircraft geometry, enabling the simu-
lation of flow around the aircraft. These approaches can account for both
mixing phenomena and the intense turbulence generated in the wake.
These 3D approaches rely on Reynolds-Averaged Navier-Stokes (RANS)
modeling. Guignery et al. [17] have demonstrated the ability of a RANS
approach to simulate contrail formation using a NACA0012 wing. This
work was later extended by Khou et al. [18,19], who successfully in-
corporated sulfur chemistry to model soot activation. Soot activation,
however, remains a matter of ongoing debate in contrail modeling.
While some studies implement explicit soot activation schemes [20,21],
others consider that soot particles are already activated at the engine
exit [22]. Despite their simplified microphysical representations, three-
dimensional RANS approaches are particularly valuable as they capture
the complete vortex dynamics in the aircraft wake, which strongly in-
fluences contrail formation and evolution [4].

1.3. Influence of engine position on contrail formation

At cruise, the engine exhaust is expelled as a propulsive jet carrying
engine effluents that initially expands downstream of the aircraft before
becoming entrained by the wingtip vortex, wrapping around the vor-
tex structure [23]. The latter forms as the vortex sheet on the aircraft
wings rolls up. The primary stage of dilution then arises from the initial
expansion of the jet near the engine exit. As the flow evolves, the jet be-
comes increasingly influenced by the vortex, diluting the plume into the
atmosphere. This sequence of jet dispersion drives temperature changes
due to the entrainment of colder atmospheric air and alters the concen-
trations of plume species through expansion and mixing with ambient
compounds. These evolving thermodynamic conditions and composi-
tions within the plume are key to the chemical and microphysical pro-
cesses that govern ice crystal formation, which in turn leads to contrail
formation [14]. One critical parameter in jet-vortex interactions is the
initial distance between the jet and the vortex [24]. The impact of this
distance has been extensively studied through wind tunnel experiments
[25-27] and numerical simulations such as LES [13,28]. Adjusting this
distance influences vortex dynamics and kinematics, which in turn affect
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jet properties, including temperature and dispersion. For its part, adjust-
ing the engine’s position under the wing impacts jet dilution behind the
aircraft. Such adjustments affect contrail properties, which encompass
both the spatial distribution and microphysical aspects, such as the ice
crystal number, size, and distribution [15].

A recent study [29] has provided a more precise analysis of these
effects over a longer time. The engine position has been shown to signifi-
cantly influence the optical properties of contrails, after several minutes
of evolution, under different atmospheric stratification conditions. How-
ever, the study employed a 2D assumption, initializing calculations in
the vortex phase, where the axial jet velocity becomes negligible com-
pared to the transverse velocities of the vortices. As a result, the near-
field dynamics of the aircraft are neglected at initialization, omitting
critical physical processes such as the influence of aircraft geometry,
potential flow separations, compressible effects, the interplay between
the high axial velocity of the jet and the rotational vortex flow imme-
diately after ejection, as well as ice crystal formation. Consequently, its
impact on contrail formation has not been accounted for. Even more
recently, another study has investigated the influence of the engine po-
sition on contrail formation and evolution using the RANS approach and
a realistic aircraft configuration, incorporating the fuselage, wings, and
engines [30]. By simulating the initial jet phase, this work has examined
four different engine positions and has demonstrated a clear impact of
engine placement on the formation and average properties of the con-
trail, including ice crystal radius and optical thickness.

1.4. Objectives of the present study

Building on these findings, we present an investigation into the ef-
fects of engine installation on contrail formation and evolution. Our
approach involves conducting RANS simulations to model the flow dy-
namics around an aircraft configuration while considering the afore-
mentioned near-field effects on contrail formation. To this end, we
explore multiple engine positions inspired by real-life configurations
and employ a comprehensive aircraft model, incorporating the fuselage,
wings, engines, and tailplane—the latter being absent from the Ram-
say et al. [30] study and shown to have a significant impact on vortex
dynamics [31]. Unlike the aforementioned study, our approach also in-
tegrates a mesh adaptation process, enabling accurate resolution of the
interaction between the propulsive jet and the wingtip vortex. Addition-
ally, for each engine position, we consider two distinct soot activation
scenarios: one involving activation through adsorption processes and
the other assuming fully activated soot. In the latter, the sensitivity of
contrail formation and evolution to engine position is assessed in com-
parison to ambient relative humidity and to the soot number emission
index. These scenarios enable a more detailed characterization of dilu-
tion effects on microphysical processes but also a comparison of engine
position sensitivity with other first-order parameters influencing mi-
crophysical properties. The impact of engine position on the aircraft’s
near-field aerodynamics and dilution is analyzed, along with its conse-
quences for microphysical processes and, ultimately, contrail formation.

The structure of the article is as follows: first, the calculation method-
ology is presented in section 2. Then, the configurations used are in-
troduced in section 3. Subsequently, the aerodynamic and the micro-
physical results are discussed in section 4 and section 5. Finally, the
study’s conclusions, limitations, and future perspectives are outlined in
section 6.

2. Methodology
2.1. Fluid flow model
All numerical studies are carried out using CEDRE, an in-house com-

putational platform developed at ONERA [32]. Within this framework,
the CHARME solver is specifically employed. CHARME is designed to
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solve the compressible Navier-Stokes equations for compressible, reac-
tive and multi-species flows. These equations are solved using a cell-
centered finite volume method for unstructured meshes, which is par-
ticularly well-suited for handling complex geometries, such as those of
an aircraft. The RANS equations are used, with variables decomposed
into a mean part, ®, and a fluctuation part @', such that ® = ® + @',

For compressible flows, an additional density-weighted, time-averaged
decomposition (Favre average) is applied, where the variables are ex-
pressed as ® = pz/ﬁ and ® = ® + @”. The conservation equations
implemented in the CEDRE code can then be expressed as follows:
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where p, u;, p, T, y;, and e, denote, respectively, the density, velocity
components in the three spatial directions, static pressure, static tem-

perature, species mass fraction, and total energy per unit mass. The

Reynolds tensor u’ "W is modeled using a Boussinesq hypothesis. The

two-equations turbulence model k — @ SST (Shear Stress Transport) is
used [33], allowing equation closure. The model relies on transport
equations for both the turbulent kinetic energy k and the specific dis-
sipation rate w, enabling the characterization of small-scale turbulent
structures. This turbulence model, with the SST correction, is selected
as it allows for an accurate representation of near-wall effects and the
strong adverse pressure gradients present on a transonic aircraft wing,
which would be inadequately captured by a k — e model [34]. While it is
slightly less precise in resolving rotational flows compared to a Reynolds
Stress Model (RSM) [35], it is significantly more computationally ef-
ficient. Therefore, this choice represents a balance between accuracy,
robustness, and computatlonal cost. The turbulent diffusion fluxes for
species u” y; and heat u’ T are expressed by analogy with molecular
diffusion ﬂuxes as:
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T v, oT
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where v, represents the turbulent eddy viscosity, Pr, denotes the tur-
bulent Prandtl number and ScL corresponds to the turbulent Schmidt
number for species k.

2.2. Anisotropic mesh adaptation

To achieve meshes that accurately capture the complex phenomenon
within an aircraft wake, we employ an anisotropic mesh adaptation
method, using INRIA’s feflo.a software [36]. This technique refines the
mesh in areas of interest, based on a specific sensor. It prioritizes re-
finement in regions where relevant parameter (a user-selected criterion)
gradients are significant while maintaining a coarser mesh in areas with
weaker gradients [37,38]. This approach, validated for its ability to han-
dle aerodynamic complexities stemming from aircraft geometry, has
also proven effective in simulating contrails [39]. The procedure in-
volves initially converging to an initial solution (.S;,), on an initial mesh
(My). A criterion is then computed to generate a new mesh, (M; +1).

The previous solution is interpolated onto the new mesh, (M, , S, 1)
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and the convergence process is repeated, gradually increasing the adap-
tation complexity. The underlying idea is to use this method to obtain
an accurate aerodynamic field, enabling to capture of all the intriguing
aerodynamic phenomena occurring downstream of the aircraft. A de-
tailed methodology can be found in the reference [40]. For the three
cases, the chosen sensor is the square of the total kinetic energy in the
ground reference frame (K EG):

VKEG = \/%(U,- —U; o)+ (k—ky) %)

where U; are the speed components in the ground frame, U, are
the speed components of the surrounding atmosphere, k represents the
mean turbulent kinetic energy in the ground frame and k, denotes the
turbulent kinetic energy of the atmosphere at the aircraft’s altitude. With
these contributions, this criterion allows to efficiently refine both the
vortex sheet and the wake vortex, as well as the propulsive jet [41].

Mesh adaptation is carried out on the purely aerodynamic field, ex-
cluding microphysical processes and considering only the propulsive jet
and the airflow around the aircraft. This approach reduces computa-
tional cost and avoids the need to transport all chemical species during
the adaptation process. Once the aerodynamic field has converged, ac-
cording to the chosen mesh adaptation metric, it is used as the initial
condition for introducing microphysical processes relevant to contrail
formation.

2.3. Microphysics modeling

Given the low energy contribution of microphysical processes, it is
assumed that these do not alter the aerodynamic field. Consequently,
microphysical processes can be integrated after the aerodynamic simu-
lations are completed. In the modeling approach used [18,19], which is
based on a Eulerian framework, the aircraft plume is initially assumed
to consist of gaseous species, treated as perfect gases, along with soot
particles and jet temperature. These soot particles, together with the ice
crystals that condense onto them, are transported within the flow as pas-
sive scalars. This is done using a transport equation applied to the mean
particle density:

0 — < 0 —. = F) 0]V
ZGN,)+—@i,N)=— | pD—~ -
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where N, represents the total particle number density. This quantity is
conserved over the volume of the contrail, and particles, whether soot or
ice crystals, are distinguished by the presence or absence of condensed
ice. In this modeling approach, particles are assumed to be in dynamic
and thermal equilibrium within the plume. While this assumption may
not hold completely, especially regarding dynamic equilibrium when
crystals reach a substantial size, it remains broadly reasonable in the
near field given the ice crystal size and their aerodynamic characteristic
time [18]. Due to the computational complexity involved in solving the
transport equation for each particle size in a polydisperse system, only
a single soot particle size of radius r, is considered in this study.

As previously mentioned, two soot activation scenarios are con-
sidered. The first scenario involves soot particle activation occurring
exclusively through the adsorption of sulfuric acid (H,SO,4) and sul-
fur trioxide (SO3) emitted by the engine. These adsorbed species are
modeled using species mass fraction, denoted Y. The production of

adsorbed species is then governed by a source term 5; in the mass con-
servation equation (Equation (1)):

_i wrtra,(MpY,N,v,, . (T)
B, = ————— L (1-0,). i€ {505 H,50,} ©

1

where v,;, ; represents the mean thermal velocity, Y; is the mass fraction,

M, is the molar mass of sulfur species i and a,(T) is the accommodation
coefficient for the sulfur species. This coefficient is set to 1 if T < 420K
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and 0 otherwise. The surface fraction of activated soot, 8,, is then de-
termined based on the concentrations of the adsorbed species [42]:

= Amr]ji]%%([sog] + [H,S031) (10)
s°p

where N 4 represents the Avogadro’s number, ¢, denotes the number of

available adsorption sites per unit area of a soot particle [7] and [SOf]

and [stoj] are the concentrations of sulfur species adsorbed onto the

soot surface.

Once the soot particles are activated, water vapor condensation can
initiate at these sites. The model assumes that nucleation occurs ex-
clusively through heterogeneous processes and that ice growth is re-
stricted to the surfaces of activated soot particles. Crystal growth is then
scaled according to the fraction of activated soot. Water vapor condenses
onto the soot particles, with their growth governed by Fick’s law. Ice
is modeled through the mass fraction Yy ¢, while phase transitions
(condensation and evaporation) are modeled by the reversible reaction:
H,0,v < H,0,s. The mass transfer rate is included as a source term in
the mass conservation equation (Equation (1)) within the RANS frame-
work:

47N,r,0,D 1,0, M 1,0

- _ _ sat,ice /g
Wijce = RT <pH20,U pHZO (T)>G(rp)

Jig
X (pyyp " (T).ry)

(11

where r, is the particle radius, Dy ¢, is water vapor diffusion coef-
sat,ice sat,liq
H,0 ° PHy0

pressure of water vapor, the saturation pressure with respect to ice, and
the saturation pressure with respect to liquid water. In this equation,
the G(r,) function accounts for the transition between the kinetic gas
regime and the diffusion regime. Its formulation is based on the Knudsen
number Kn and follows the approach proposed by the reference [43]:

T+ Knt) T 3a

where « represents the deposition coefficient of water molecules onto
ice, set to 0.1 [6]. The function H(pj_‘;;’g"u,rp) triggers condensation on
particles saturated with liquid water, a critical condition for the forma-

tion of ice crystals in contrails [44]:

ficient, and PH,0.v> P represent, respectively, the partial

(12)
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) 0
M(pyo (T),ry) = {1
The second activation scenario assumes that soot particles are fully
activated. In this case, sulfur species are excluded from the calculation,
and the surface activation fraction is set to 6, = 1 (Equation (11)). As a
result, particle growth is no longer weighted by the surface area of acti-
vated soot. This assumption implies that the saturation ratio, expressed
as:

Sk =exp<

20 M
w) 14)

RTpUrp

is equivalent to applying x-Kohler theory [45] with the hygroscopicity
parameter set at ¥ =0, and corresponding to pure hydrophobic soot.
Finally, the primary distinction of the model in the present work from
the previous model [19] lies in the treatment of chemical reactions. In
this study, significant reductions in computation time are achieved by
simplifying the reaction scheme. The original scheme, which comprised
23 species, is reduced to 7 key species for cases involving soot activation
by sulfur species: water vapor (H,0), the sulfur compounds responsi-
ble for soot activation (H;SO,4 and SOs), the adsorbed species (H,SO
and SO‘3’), the ice (H,0,s) and the main constituents of ambient air,
modeled using an equivalent mass fraction Y,;., which does not interact
with the other species. The model considers only three species for fully
activated scenarios: water vapor, ice, and the equivalent species repre-
senting air. This simplification, for modeling cases with sulfur species,
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is made based on the observation that the vast majority of chemical
reactions are mainly completed just before the onset of microphysical
processes. This conclusion is further supported by the trends that are
observed in reference [19].

3. Numerical setup

The aircraft configuration used for the calculations is the Common
Research Model (CRM), a geometry developed by NASA to represent
a Boeing 777 [46]. This configuration has been adapted by ONERA to
include two engines, each representative of engines with a bypass ratio
equal to 12 [39], enabling the simulation of the propulsive jet with both
core and bypass flows. The complete geometry includes the fuselage,
wings, engines, and tailplane, the latter of which was not considered in
the study by Ramsay et al. [30]. All CRM characteristics, engine inlet and
outlet conditions, and atmospheric parameters used in each simulation
are summarized in Table 1 and detailed in the following paragraphs.

Three configurations, each with distinct engine positions, are stud-
ied. The first configuration corresponds to the original CRM engine
position, at d; /b = 0.34, meaning the engines are positioned at 34%
of the half-wing span (Fig. 1), where d; is the distance between the jets.
This setup approximates the engine placement of aircraft such as the
A-320, A-350, or B-777. The second configuration places the engines
at d;/b = 0.60, or 60% of half-wing span, representing the outboard
engine position on a B-747 or near to that of an A-380. The third con-
figuration corresponds to d;/b = 0.80, aligning the jet with the final
horizontal position of the wingtip vortices, which are separated by a
distance by = %b under elliptic loading conditions [47]. This places the
jet at approximately 80% of the wing’s semi-span. This position has also
been identified as having a notable impact on the optical properties of
contrails after several minutes of evolution, notably reducing extinction
compared to other engine placements [29]. In all configurations, the py-
lon connecting the engine to the wing is removed to allow for engine
repositioning along the wing.

The symmetry is leveraged to perform simulations for only one-half
of the aircraft. The computational domain is defined as a rectangular
prism extending over 22 wingspans downstream of the aircraft, equiv-
alent to approximately 1.3 km. The aircraft is positioned 10 wingspans
from the domain entrance and equidistant from the upper and lower
boundaries, resulting in domain dimensions of L, =325, L, = 105, and
L, =20b. This configuration ensures that the boundary conditions, rep-
resenting the surrounding atmosphere, have minimal influence on the
flow near the aircraft. The thermodynamic data for the engine boundary
conditions are obtained from the reference [39], adapted from a CFM56-
3 engine [48] to be integrated into the initial CRM nacelle, while being
more representative of a modern high-bypass-ratio engine, with a bypass
ratio set to 12. Based on the provided data and boundary conditions, the
engine specifications were derived. The equivalent engine would have
a fuel consumption of 0.67 kg/s and an overall efficiency of 0.33.

For each engine position, two scenarios are considered: one involv-
ing soot activation through adsorption and another assuming fully acti-
vated soot. These activation scenarios make it possible to distinguish the
specific effects of dilution on contrail formation. In the sulfur-driven ac-
tivation case, dilution affects the activating species, thereby isolating its
influence on the activation process. Conversely, the fully activated soot
case allows a focus solely on the effects of dilution on water vapor and
soot. The mass fractions, originally derived from a CFM56-3 engine [48],
are adjusted to align with the new modeling approach, where chemical
reactions are not considered. While the water mass fraction remains un-
changed, the sulfur mass fractions are modified for the adsorption cases.
These adjustments are based on previous simulations conducted with Jet
A-1 containing 100 ppm of sulfur. For fully activated cases, only air and
water vapor species are considered at the engine’s primary outlet, re-
sulting in a higher air fraction than in scenarios with activation through
adsorption. A soot number concentration of N, ;, = 3.42 X 10'2 /m3,

p.exit
corresponding to an emission index I, = 1 X 10'5 kg-fuel™!, is taken
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Table 1
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Simulation parameters: aircraft geometry, engine specifications, exhaust composition, and

flight conditions.

CRM Dimension

Wingspan b 58.8 m Fuselage length L 62 m
Wingarea S  383m’>  Mean chord ¢, 6.5m
Engine thermodynamic conditions
Inlet
Total pressure P, ;, 370.12 hPa
Core
Total temperature T, 626.41 K Total pressure P, 530.0 hPa
Outlet velocity U, 458 m/s Outlet area A, 0.53 m?
Bypass
Total temperature 7, 297.23K  Total pressure P,  700.0 hPa
Outlet velocity u,, 310 m/s Outlet area Ay 3.30 m?

Chemical exhaust composition (mass fractions Y,)

H,80, 14x107® H,S0.* 0.0
SO, 30x10°10  s0p 0.0
H,0  0.0206 Air 1-37,
Soot parameters
Soot number emission index  EIL 1x10'; 1x 10" kg-fuel™'  Radius  r 27 nm

'Soot

Flight conditions and domain dimensions

s

Temperature T, 223.15K Pressure P, 264.37 hPa
Humidity (ice) RH; 110%; 120%  Mach number M 0.85
Velocity U, 254.38 m/s Angle of attack  a 3.0°
Domain dimensions L, Ly, L, 32b,10b, 20b

Z

-

0%\

s 60" S\ 34% .

N \ A N

Fig. 1. CRM simulation configurations: d ; /b= 0.34 (blue); 0.60 (orange); 0.80
(green). (For interpretation of the colors in the figure(s), the reader is referred
to the web version of this article.)

as the reference in the present study and serves as a baseline for com-
paring different activation scenarios. The impact of engine position on
contrail properties is compared to the sensitivity to the soot number
emission index, an essential parameter in contrail formation [49]. A re-
duced soot number density of N, =3.42x 10!" /m? (i.e., ten times
lower than the reference case) is then employed. This allows for direct
comparison with the fully activated scenario at the original soot num-
ber concentration. These two emission indices correspond, respectively,
to typical values for Jet A-1 and Sustainable Aviation Fuel (SAF) [50].
The soot particle radius size is r; =27 nm.

The boundary conditions are based on parameters representative of
a cruise flight at an altitude of 10 km. The atmospheric temperature is
set to 223.15 K, the atmospheric pressure to 264.37 hPa, and the rela-
tive humidity with respect to ice (RH;) to 110%. This latter value serves
as the reference case for the calculations. The sensitivity of contrail for-
mation and evolution to engine position is also evaluated in comparison

to that associated with ambient relative humidity, by considering a sce-
nario with 120% relative humidity. The flight Mach number is set to
0.85, corresponding to a cruise speed of U, =254.38 m/s. An angle of
attack () of 3.0° is chosen.

4. Aerodynamic results
4.1. Mesh convergence analysis

After multiple iterations, the mesh adaptation process has produced
a converged aerodynamic field. To ensure that the resulting meshes
accurately capture the aircraft’s aerodynamic wake for all three config-
urations, key wake characteristics are evaluated. To this end, the total
circulation I'(x) and the vortex radius r.(x), which are two key parame-
ters characterizing a vortex, are calculated at each iteration of the mesh
adaptation process. The total circulation is determined by integrating
the vorticity over each x-plane behind the aircraft. The vortex radius
is measured as the distance from the vortex center to the location of
maximum tangential velocity. Both quantities are plotted for the three
configurations in Fig. 2 in panels (a-d). The circulation obtained from
the simulations is normalized using the experimental circulation derived
from the reference [51], where wind tunnel tests determined the lift co-
efficient for the CRM. The experimental circulation is calculated based
on elliptical wing theory, I',,, = —- o5 yielding I',,, =529 m?/s.

Likewise, to demonstrate the impact of mesh resolution on contrail
formation, simulations incorporating the fully activated microphysics
model are conducted using meshes M3, M6, and M9 for the 34% engine
configuration. The dilution factor D(x) and ice water content (/W C,
definedas IWC = pYH2 o. ;) are shown in panels (e) and (f), respectively.
The dilution factor is defined by the following expression:

N, () -

D(x) = (15)
Np,exit - Np,oo

where N, , represents the soot number particle density in the surround-

ing atmosphere, equal here to 0. We chose to use the mean particle
number density, N pr O calculate the dilution factor, as soot particles
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Fig. 2. Evolution of the total circulation I'(x) for the three configurations: 34% (a), 60% (b), 80% (c) across meshes iterations (Mi). Vortex radius between mesh
iteration n°8 (M8) and n°9 (M9) for the three cases (d). Evolution of (e) plume dilution D(x) and (f) mean ice water content I W C, for meshes M3, M6 and M9, in
the case 34% and EI, = 1 x 10'° kg-fuel™' as a function of the distance behind the aircraft.

are treated in our model as passive tracers that do not interact with
the flow. Based on this definition, the dilution factor is highest at the
engine outlet and decreases progressively as the plume mixes with the
surrounding atmosphere.

For all three configurations, the circulation behind the aircraft does
not remain consistent for initial mesh adaptation iterations, particularly
after a few wingspans. However, after several iterations of mesh re-
finement, the circulation stabilizes and converges to a value close to
the theoretical circulation. The discrepancies between simulation results
and experimental values can be attributed to the absence of a propul-
sive jet in the experiment, which influences the total circulation, as well
as differences introduced by engine relocation. Additionally, the use of
a turbulence model may have contributed to the dissipation of rota-
tional effects, resulting in some losses in total circulation [35]. In the
final mesh, the circulation is well-preserved, with only minimal differ-
ences between the last and second-to-last iterations. For the vortex radii

of each configuration, good agreements are observed between the final
iterations, with radii converging to consistent values. In the 80% con-
figuration, a slight divergence occurs beyond 15 wingspans due to the
difficulty of measuring the vortex radius as it begins to merge with an-
other vortex (discussed further in the results). Nevertheless, the trends
align well with wind-tunnel observations, which indicates that the jet
has no significant impact on the vortex size [25,27]. This consistency in
circulation and vortex radius across iterations demonstrates the mesh’s
ability to accurately capture the key aerodynamic phenomena in the
wake.

Mesh resolution has a significant impact on microphysical processes.
As shown in panel (e), dilution occurs significantly more rapidly with
the M3 mesh, the coarsest resolution, compared to M6 and M9. This
behavior is primarily due to excessive numerical diffusion in the under-
resolved M3 plume, which leads to artificial dissipation and dispersion
of soot particles in the wake. From an aerodynamic standpoint, this
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Fig. 3. Streamlines colored by their originating element: wings (blue), primary flow from the engine (red), and secondary flow from the engine (orange) for the three

configurations: (a) 34%, (b) 60% and (c) 80%.

corresponds to poorly conserved circulation, resulting in an overly dif-
fused vortex with an exaggerated radius that amplifies plume dispersion.
In contrast, the M6 and M9 meshes yield much more consistent dilu-
tion values, although M6 still overestimates dilution between 4 and 14
wingspans behind the aircraft. The overestimation of plume dilution in
the atmosphere is directly reflected in the amount of ice formed within
the plume (panel (f)). The ice content of each contrail decreases with
coarser mesh resolution, primarily due to the inability to accurately re-
solve temperature and species gradients, both of which are critical for
modeling condensation. This under-resolution not only affects particle
dilution and ice mass but also impacts key microphysical properties such
as ice crystal radius and contrail optical thickness. These results un-
derscore the importance of using an aerodynamically converged mesh,
which enables a more accurate representation of turbulent mixing in the
aircraft wake and the resulting formation of induced contrails.

4.2. Impact on jet dilution

Changes in engine position significantly impact the vortex dynamics
and kinematics, as reflected in the topology of the downstream stream-
lines for each configuration (Fig. 3).

These variations in jet-vortex interactions, particularly in the veloc-
ity fields near the engine, lead to notable differences in jet dispersion
among the configurations. In the 34% configuration, the jet is gradu-
ally wrapped around the vortex; in the 60% configuration, it is partially
entrained within the vortex; and in the 80% configuration, it remains
relatively compact and localized around the vortex. In the latter two
cases, additional vortex structures form, which is not the case in the
34% configuration. The nacelle’s position influences the formation of
these structures, which subsequently alter the vortex dynamics, either
joining the tail wake in the 60% case or merging with the wingtip vortex
in the 80% case. It is important to note that the vortex structures ob-
served here differ in their dynamics from those described by Ramsay et
al. [30]. In their study, engine displacement configurations excluded the
tailplane, which significantly affects the vortex dynamics in the present
study due to the influence of the tail vortex. Furthermore, the CRM wing,
which is already prone to flow separation under certain flight configu-
rations [52], displays additional separation phenomena with changes in
engine position. These separation events are driven by the interaction
between shock waves generated on the nacelle and those forming on
the wing, as well as by a local acceleration of the flow, which intensifies
the shock on the wing. These separation phenomena and newly formed
vortex structures are particularly noteworthy, as they arise solely from
nacelle installation effects. They highlight the critical role of 3D sim-
ulations in uncovering complex interactions and dynamics that would
otherwise remain undetected in simpler modeling approaches.

These variations in how the jet interacts with the wingtip vortex lead
to changes in the dilution of the plume. This is quantified by plotting

10° T
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-—= 60%
10-11 ———— 80%
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— 10
Q
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1074

Fig. 4. Evolution of plume dilution D(x) for the three configurations: 34% (solid
line), 60% (dashed line), and 80% (dash-dotted line) as a function of the distance
behind the aircraft.

the dilution factor D(x) as a function of the distance downstream of the
aircraft (Fig. 4).

The graph in Fig. 4 can be divided into two distinct regions. The
first region extends from the engine outlet to 8 wingspans downstream
of the aircraft. In this zone, the 60% and 80% configurations show the
highest plume dilution, primarily due to the proximity of the propulsive
jet to the wingtip vortex, which promotes faster particle dispersion. In
contrast, the jet in the 34% configuration primarily exhibits its own dy-
namics before the vortex influence becomes substantial. Upon exiting
the engine, the jet, dominated by a high axial velocity, is initially unaf-
fected by the transverse velocities of the vortex. However, positioning
the engine closer to the wingtip accelerates the jet’s deceleration, creat-
ing competition between the axial and transverse velocities. This effect
can be quantified using the R;(x) criterion [24], as plotted in Fig. 5,
which compares the moments of the jet velocity and the transverse ve-
locity:

p;U;U; —Ug)A,;

RA(x) =
’ PoUZ(D)A(x)

(16)
where p;, U; and A; are the jet density, velocity, and area, respectively,
while Uy, p, and A(x) correspond to the aircraft velocity, atmospheric
density, and jet area at a downstream location x.

This ratio indicates the transition of the jet from its own dynam-
ics (R3(x) > 1) to being influenced by the vortex (R;(x) < 1). The
two quantities defining the criterion become comparable in magni-
tude after approximately one wingspan for the 80% configuration, three
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Fig. 5. Evolution of R;(x) criterion for the three configurations: 34% (solid
line), 60% (dashed line), and 80% (dash-dotted line) as a function of the distance
behind the aircraft.

wingspans for the 60% configuration, and seven wingspans for the 34%
configuration. This shift significantly affects the plume’s properties, in-
fluencing both its dispersion and the thermodynamic conditions within
it. In the second part of the graph, where the jets are fully influenced
by the vortex, the flow topology explains the observed trends. In the
34% configuration, the jet wraps around the vortex, leading to faster
particle dilution. In the 80% configuration, some particles are entrained
within the vortex dipole, enhancing dilution as compared to the 60%
configuration, where the jet penetrates the vortex and disperses within
it.

The aerodynamics behind each configuration exhibit notable differ-
ences, particularly in the interaction between the jet and the vortex
(modifying the R; value) as well as in jet dilution. These differences
are highlighted through mesh adaptation, which optimizes the grid for
the selected metric, allowing for computational efficiency gains—both
in mesh generation and in calculations that would otherwise suffer from
an under- or over-refined grid. Furthermore, the inclusion of the air-
craft’s tail in this study is crucial, as it reveals different vortex dynamics
induced by flow separation on the wing, which is itself influenced by the
displacement of the nacelle. Considering these effects is essential, as the
flow field no longer consists solely of a close interaction between the jet
and a single vortex; instead, additional near-field aerodynamic effects
emerge that could not have been predicted otherwise. As a result, the
distinct aerodynamic characteristics behind each configuration, partic-
ularly in the way the jet disperses, directly impact the formation and
mean properties of contrails associated with different engine positions.

5. Contrails microphysics
5.1. Aerodynamic influence on contrail expansion

The contrails from the simulations are visualized by plotting the
Ice Water Content (/W C = pYy o) isosurface (Fig. 6). For each en-
gine configuration, the left panels show the cases with soot activation
through adsorption, while the right panels depict the fully activated
cases. The left panels also show a zoomed-in view centered on the en-
gine for each configuration, focusing on the contrail formation region
and offering clearer insight into the initial formation processes. The dif-
ferences observed for the same engine position between the two soot
activation methods are primarily due to the visualization criterion used
for the contrail. In the fully activated scenario, crystal growth is not
weighted, resulting in higher ice content and a thicker appearance of the
contrail. Additionally, in these cases, contrails form earlier, as conden-
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sation begins as soon as the plume reaches supersaturation with respect
to liquid water.

For each engine position, the contrails exhibit distinct shapes, em-
phasizing the aerodynamic variations induced by differences in the en-
gine placement (Fig. 3). In the 34% configurations, the contrail progres-
sively wraps around the wingtip vortex throughout the computational
domain. By the domain’s end, the contrail begins to penetrate the vortex.
In the 60% configurations, part of the contrail enters the vortex, produc-
ing a distinctive structure with ice crystals distributed between the jet
and the vortex. Finally, in the 80% configuration, the contrail initially
remains compact but eventually spreads into both vortices (the wingtip
vortex and the vortex generated by flow separation) as they merge. This
results in a layered structure, with one region associated with the jet
and another integrating into the merging vortices.

The aerodynamic analysis of the three configurations revealed dis-
tinct dynamic behaviors, particularly in the descent of the wingtip vor-
tex and the spatial dispersion of the jet. The jet’s entrainment dynamics
varied significantly across the configurations, resulting in distinct tra-
jectories around the wingtip vortex and contributing to differences in
the spatial spread of the plume (Fig. 3). To quantify these variations,
probability density functions (PDFs) are plotted for each engine config-
uration (different activation cases within the same configuration exhibit
similar dynamics), representing the vertical distribution of the plume by
showing the altitude as a function of the particle count (Fig. 7).

The particle distribution trends vary significantly across the config-
urations. In 34% cases, the plume evolution is gradual, spreading in
altitude as it moves downstream from the aircraft. This results in a pro-
gressive dispersion pattern, with higher particle concentrations central-
ized around the jet core, consistent with the overall contrail structure.
In contrast, the 60% and 80% configurations exhibit distinct behaviors.
In the 60% cases, the plume remains at a higher altitude and displays a
dual-peak distribution in the PDF. These two peaks correspond to parti-
cles within the jet core and those entrained in the vortex. Meanwhile, the
80% configuration shows a predominantly high-altitude plume, where
most particles are concentrated in the jet core, forming the main peak
in the PDF. A smaller secondary peak corresponds to particles entrained
in the vortex, representing a reduced yet distinct population.

This spatial evolution is also reflected in the transverse surface area
of the plume (Fig. 8), which expands as the plume spreads. The surface
area is approximated using an 1, power law (Equation (17)) as in ref-
erence [15]. Here, we plot the cross-sectional areas for different engine
positions, considering regions where N, > 1 m~3. As a result, the cross-
sectional areas remain the same between cases with different activation
methods.

Mp
A(x) = Ap<xo)<xio> a”

This power law is commonly used for initializing Gaussian plumes in
simplified simulations, and serves as an indicator of dilution dynamics
derived from in-flight measurements [12]. The obtained exponent val-
ues align closely with those observed for plumes from various aircraft,
reinforcing the validity of the dilution dynamics in the simulation. The
reference distance, x, is set at 16 wingspans to exclude the jet entrain-
ment phase during the initial moments, which is non-representative of
the plume’s longer-term behavior. In terms of order of magnitude, the
values are consistent with those reported in the literature [53,15,54].
For the 34% configuration, the plume undergoes the most significant
evolution. Initially, the jet experiences a gradual entrainment phase, re-
sulting in a narrower plume as compared to the other configurations.
This reduced initial width is consistent with the findings of Paoli et al.
[13], which show that jets farther from the vortex undergo prolonged
interaction phases, leading to narrower plumes during the early stages
as compared to configurations where the jet is closer to the vortex. In the
80% configuration, the plume exhibits a larger surface area as compared
to the 60% configuration, primarily due to particles entrained into the
vortex dipole. Although the particle density in this region is relatively
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Fig. 6. Visualization of contrails using isosurfaces of Ice Water Content /W C = 1076 mg/m3): (a) 34% activation through adsorption, (b) 34% fully activated, (c)
60% activation through adsorption, (d) 60% fully activated, (e) 80% activation through adsorption, and (f) 80% fully activated.
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power law (dashed lines) for the three configurations, as a function of the dis-
tance behind the aircraft.

low, these particles contribute to the overall plume surface area, as they
are accounted for in the calculation of A,(x).

5.2. Effect of dilution on microphysics properties

5.2.1. Impact on plume saturation

Modifying the engine position alters the dilution characteristics of
the exhaust plumes in the aircraft wake. This, in turn, influences plume
development on multiple levels, particularly affecting temperature and
relative humidities conditions. These effects can be assessed by analyz-
ing key quantities (Fig. 9), including relative humidities with respect
to liquid water and ice (panel (a)), total ice crystal fraction (panel (b)),

mean particle radius (panel (c)), and mean ice water content (panel (d)),
for each engine configuration for the fully activated case. This scenario
is used to analyze these effects because it enables an isolated analysis of
water vapor diffusion within the plume and its dilution through mixing
with ambient air in the absence of sulfur species. The relative humidi-
ties with respect to liquid water (RH,) and ice (RH,), the mean particle

radius r, and the total ice crystal fraction fyy, are respectively defined
as follows:
RH = P, RH,_”f:—”_ as)
ice
Pyi(T) Dy (T)
2k "ok Npic Vi
r,= _pER 19
2k Npi Vi
N, _
In, = —, N; = Z jlrp>1.01><rx Np,k Vi (20
N, k

where V, is the volume of cell k, N, is the number of ice crystals,
1, >101xr, is the indicator function (equal to 1 when r, > 1.01 Xr, and

0 otherwise), and N » denotes the total number of soot particles, de-
fined analogously to N; but without applying the indicator function. All
averages are computed over cells where N, > 1 m3.

The pronounced differences between engine positions are primarily
driven by dilution effects (Fig. 4). During the initial phase after ejection
and jet expansion (up to one wingspan), the plumes in the 60% and 80%
configurations undergo more rapid entrainment by the vortex. This ac-
celerates the temperature drop, resulting in a higher relative humidities
with respect to both liquid water and ice (panel (a)). The plumes reach-
ing higher saturation ratio levels with respect to liquid water facilitate a
faster onset of condensation, since in this model, condensation requires
supersaturation with respect to liquid water to initiate (Equation (13)).
It is noteworthy that the mean liquid water relative humidity (RH,) re-
mains near 80% without exceeding the threshold in either case. This
behavior is primarily attributable to the rapid expansion of the jet and
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Fig. 9. Evolution of (a) relative humidity with respect to liquid water (RH,, dashed lines) and to ice (RH;, solid lines), (b) total ice crystal fraction f N (c) mean
ice crystal radius T'ps and (d) mean ice water content /W C as a function of the distance behind the aircraft. In panel (b), the x-axis is limited to the interval O to 1

wingspan.

the prompt onset of condensation, which quickly lowers the mean satu-
ration ratio with respect to liquid water. Nevertheless, all the particles
reach saturation locally, allowing for their activation across the plume.

Changes in relative humidities within the plume, driven by dilution,
are subsequently reflected in condensation behavior. Consequently, ice
crystals form and grow more rapidly in configurations closer to the
wingtip vortex, namely 60% and 80%, compared to the 34% case, closer
to the fuselage (panels (b) and (c)). Further downstream, the differ-
ences in crystal radii remain consistent, despite the change in dilution
trends (Fig. 4). The supersaturation differences established within the
first wingspan persist, as the plume remains saturated with respect to
ice in all three cases (RH; > 100%), continuously supplying water vapor
to support ice crystal growth. Finally, the 60% configuration produces
the largest crystals, followed by the 80% and 34% configurations. This
trend is consistent with the findings of Ramsay et al. [30], although
their results indicate slower crystal growth as compared to the present
study. Comparisons with other studies reporting ice crystal radii for real-
istic configurations show good agreement with the magnitudes obtained
herein, particularly near the engine, as reported by Cantin et al. [55].
The findings of Khou et al. [19] are also relevant. Their highest sulfur
content case, which results in a fully activated surface fraction (6, =
100%), yields crystal sizes similar to those in the fully activated sce-
nario. A similar trend in ice crystal radius magnitudes is reported in
the study by Bier et al. [11], which employed a box model incorporat-
ing soot and activation based on x-Kohler theory. Differences between
our cases and the literature can be attributed to variations in modeling,
engine, and atmospheric conditions.

These variations in saturation ratio and ice crystal radius ultimately
influence the ice water content of each contrail (panel (d)), which fol-
lows similar trends to those observed for the mean ice crystal radius
across the different engine configurations. Interestingly, the 80% con-
figuration does not yield the highest radii and ice water content. This
outcome is primarily attributed to enhanced dilution-driven diffusion of
water vapor within the plume, which leads to a more rapid decrease in
relative humidity compared to the 60% configuration.

5.2.2. Comparison between engine position and relative humidity
sensitivities

Ambient relative humidity and temperature are primary parameters
governing the formation and evolution of contrails [49]. In particular,
relative humidity plays a critical role by continuously supplying water

10

vapor to the developing contrail throughout its lifespan. It is therefore
insightful to assess the sensitivity of contrail formation to variations in
relative humidity, especially in comparison to the sensitivity associated
with engine position, as seen in the previous section. This sensitivity is
investigated by two scenarios: one with a relative humidity of 110%, as
previously analyzed, and another with a more supersaturated environ-
ment at 120% for the 34% case. The comparison is presented in Fig. 10,
which shows the evolution of both the ice crystal radius (Equation (20))
and the /W C under these two ambient humidity values.

As expected, the results clearly indicate that an increase in ambi-
ent relative humidity leads to a corresponding rise in both the mean ice
crystal radius and the contrail’s ice water content. Notably, for the slope
of the ice radius curve, enhanced availability of water vapor promotes
more rapid depositional growth, thereby increasing the total ice mass
within the contrail. This shift in the growth dynamics is of particular
interest here, as it provides a basis for comparison with the sensitivity
to engine position. Prior to a distance of two wingspans downstream
of the aircraft, the values remain essentially identical across ambient
humidity scenarios, with water vapor from the engine jet plume pri-
marily governing ice crystal growth. The differences in mean particle
radius between the 110% and 120% relative ambient humidity cases are
then approximately 2% for r, and 6% for the /W C. In contrast, varia-
tions arising from changes in engine position are substantially larger: for
the 60% configuration, differences reach about 12% in r, and 35% in
IW C, while the 80% configuration yields differences of roughly 8% and
12%, respectively. Further downstream, at a distance of 20 wingspans,
the impact of increased humidity becomes more pronounced. The 120%
relative humidity case exhibits an increase of approximately 11% in r,,
and 40% in I W C relative to the 110% baseline. The sensitivity to en-
gine position remains strong: the 60% configuration shows differences
of around 9% in ry and 95% in IW C, whereas the 80% case shows
respective increases of 4.5% and 26%, both compared to the reference
34% configuration.

Given these differences, modifying the engine position leads to a
more rapid initial growth of ice crystals in the near-field region than
would be induced by a 10% change in ambient relative humidity. This
effect arises primarily from enhanced plume mixing in the modified con-
figurations, which accelerates cooling and the amount of available water
vapor for condensation. Further downstream, however, ambient relative
humidity becomes the dominant factor, as it governs the sustained sup-
ply of water vapor to the contrail, progressively amplifying differences
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Fig. 10. Evolution of (a) mean ice crystal radius r,, and (b) mean ice water content /W C as a function of the distance behind the aircraft, for ambient RH,; = 110%

(dashed lines) and 120% (dashed-dotted lines).

in crystal growth. While changes in engine position produce effects on
ice particle radius that are of comparable magnitude to those induced by
relative humidity variations, the resulting changes in ice water content
can vary more strongly, depending on the specific engine configuration,
though they remain broadly of the same order. Overall, in the near field,
the impact of engine position changes is roughly equivalent to that of
a 10% variation in ambient relative humidity, underscoring the role of
dilution in shaping the early stages of contrail evolution. In light of the
observed sensitivities, variations in ambient temperature would likely
exert an even more pronounced influence on contrail microphysics.

5.2.3. Sensitivity to the soot number emission index

The soot number emission index at the engine outlet is a key pa-
rameter in contrail formation [49]. It directly governs the number of
available nucleation sites for ice crystals [8] and significantly influences
condensation dynamics by leading to competition for water vapor. A
higher soot particle concentration enhances this competition, whereas
a lower concentration allows more vapor to condense per particle. As
highlighted in Paoli et al. [15], condensation in the jet regime is driven
by two key mechanisms: turbulent mixing and vapor depletion. The first
process is particularly sensitive to engine position, which, as shown in
the previous section, strongly influences the mixing characteristics of
the plume. The sensitivity of the second mechanism to engine position
is then investigated by comparing two soot number emission indices,
El,, = 10" kg-fuel™! and EI,,, = 10" kg-fuel™!, under the fully acti-
vated scenario. The results are presented in Fig. 11. Panel (a) shows the
relative humidity with respect to ice RH; (Equation (18)), panel (b) the
mean ice crystal radius rp (Equation (19)), panel (c) the ice mass m; and
panel (d) the excess of water vapor in the plume Am,,. Both the ice mass
and the vapor excess are normalized by the total water vapor released
by the engine Am,,. These quantities are defined following Paoli et al.
[15]:

m;(x) = // PYh,0,dS

Am,(x) = //P(YHZO —Y1,0000dS

where Yy ¢ o, denotes the ambient mass fraction of water vapor. All
quantities are computed over grid cells where the particle number den-
sity satisfies N, > 1 m3.

Across the two soot number emission indices, similar trends are ob-
served with respect to plume ice saturation ratio (panel (a)) and mean
ice crystal radius (panel (b)) across engine positions. As noted in the pre-
vious section, the initial wingspans downstream of the engine exhibit
consistent mixing behavior regardless of the emission index. Specifi-
cally, configurations closer to the wingtip vortex experience more rapid
cooling and achieve higher levels of saturation ratio. This results in both
earlier contrail formation and the development of larger ice crystals in

(21)

(22)
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the 60% and 80% engine placement cases. Naturally, the absolute lev-
els differ between the two emission indices: with fewer soot particles,
more water vapor is available for condensation per particle, reducing
competition and leading to the formation of larger ice crystals.

However, it is beyond the very near field that differences in trends
between emission indices become apparent. At the lower emission in-
dex, the curves converge more closely, exhibiting smaller variations
across engine positions compared to the higher emission index case. This
effect can be understood by examining the evolution of ice mass and ex-
cess water vapor in the plume (panels (c) and (d)). As shown by Paoli
et al. [15], a higher concentration of soot particles leads to more rapid
depletion of water vapor, along with a greater rate of conversion to ice.
Concerning engine position, configurations closer to the wingtip expe-
rience more intense mixing, which further accelerates vapor depletion.
This depletion effect is therefore amplified under high soot number con-
centrations, where mixing rapidly controls the plume’s water supply. In
contrast, at lower soot number concentrations, the available water va-
por, primarily from engine exhaust, sustains ice crystal growth for a
longer period. Crystals thus benefit from more favorable growth con-
ditions and deplete the available water more gradually. As a result,
dilution-related differences between engine positions become less pro-
nounced at low emission indices than under high particle loading. These
findings suggest that soot number concentration plays a more critical
role than engine placement in governing contrail formation.

5.2.4. Impact on soot activation

The engine position and the associated variation in plume dilution
not only affect relative humidity levels but also modulate the dilution
of chemical species within the aircraft wake. This is particularly rele-
vant for compounds critical to soot particle activation, such as H,SO,
and SOj3. Accelerated entrainment of the plume leads to a more expand-
ing plume (Fig. 8) and rapid mixing with ambient air. This leads to a
stronger dilution of activating species, thereby directly reducing parti-
cle activation efficiency. This effect is illustrated in Fig. 12, where the
fully activated scenario (denoted 6, = 1) is compared with the scenario
involving sulfur-driven activation (denoted 6,). The total ice crystal
fraction f N, (Equation (20)) is shown in panel (a), the mean ice crystal
radius r » (Equation (19)) in panel (b), the activated soot surface fraction
(for the sulfur-activation case) 6, in panel (c), and the mean ice water
content /W C in panel (d), for each engine position and activation sce-
nario.

The presence of sulfur species does not significantly alter the overall
onset of condensation behavior across the three engine configurations
(panel (a)). In both scenarios, ice crystal nucleation occurs most rapidly
in the 80% configuration, followed by the 60% and then the 34% cases.
This trend is primarily driven by faster saturation in configurations
closer to the wingtip vortex, as seen in Fig. 9. However, despite this
favorable saturation, ice crystal nucleation proceeds more slowly in the
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lines). In panel (a), the x-axis is limited to the interval O to 1 wingspan.

presence of sulfur species, due to the limited surface fraction of acti-
vated soot particles (Equation (10)), which restricts condensation to the
activated surfaces. However, the early-stage dilution, occurring within
the first wingspan, on sulfur species influences the evolution of the other
microphysical properties in the scenario with adsorption activation. For
this scenario, the 34% configuration produces the largest crystals, fol-
lowed by the 80% and 60% configurations, reversed compared to fully
activated cases (panel (b)). The initial dilution then reduces the con-
centration of sulfur species, leading to a lower activation fraction, as
shown in panel (c). As a result, the differences in sulfur species dilution
yield smaller crystals in the 60% and 80% configurations than 34%.
This inversion is primarily driven by the enhanced diffusion of sulfur
species, which becomes the dominant factor limiting particle activation
and subsequent ice crystal growth. These trends underscore both the
role of engine placement in species dilution and the sensitivity to mi-
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crophysical modeling assumptions. These radii magnitudes align with
the low-sulfur case reported by Khou et al. [19], which examines the
effects of varying sulfur concentrations. The surface fraction of activa-
tion aligns with the orders of magnitude for low FSC in Wong et al.
[10]. However, the ice crystals remain relatively small, as ice conden-
sation is constrained by the limited fraction of soot particle surface area
that becomes activated (Equation (11)). This effect is primarily driven
by the low sulfur content at the engine outlet and the absence of a term
accounting for the effect of condensation on particle activation, as incor-
porated in the work of Wong et al. [20]. Finally, these variations impact
the ice water content of each contrail (panel (d)), where, as in the fully
activated case, the trends in crystal radius across engine configurations
remain consistent. However, under sulfur-driven activation, the ice con-
tent levels are notably closer between configurations. This indicates that
activation effects, and, by extension, the microphysical modeling, seems
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to have a greater impact on contrail formation than engine position in
the context of this study.

5.2.5. Effect of contrail structure on ice crystal growth

The structure of each contrail, influenced by engine displacement
and directly linked to aerodynamic factors, plays a crucial role in the
growth of ice crystals. Variations in the mean particle radius are further
emphasized when analyzing the probability density functions (PDFs)
of radius for each configuration, both with activation through adsorp-
tion and fully activated, as well as both soot number emission indices.
(Fig. 13). The left column corresponds to the 34% configuration, the
center to 60%, and the right to 80%. These plots reveal the evolution of
crystal sizes during contrail formation, offering a clearer understanding
of the spatial distribution differences between the configurations.

For each configuration and scenario, the progressive growth of ice
crystals can be observed as the distance behind the aircraft increases.
In terms of magnitude, the crystal radius distributions vary significantly
between scenarios. As discussed in previous sections, the differences be-
tween the two soot number emission indices arise from variations in
the number of available nucleation sites and the associated water vapor
competition. In contrast, under adsorption-based activation, ice crystal
growth remains limited due to the reduced surface activation fraction
(Fig. 12), which constrains subsequent condensation. Nonetheless, the
observed trends are insightful, as they emphasize the role of engine
placement in shaping the dilution dynamics of both sulfur species and
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water vapor, factors that critically influence ice crystal growth within
the evolving plume.

For the scenario with activation through adsorption (panels (a-c)),
the growth trends are similar for the 34% and 80% cases, where a promi-
nent peak in crystal radius, of the same order of magnitude, is observed
at each wingspan. This behavior aligns with the larger crystal sizes ob-
served in the 34% case. In contrast, the 60% case exhibits two distinct
peaks, arising from the portion of the contrail that penetrates the vor-
tex. This penetration creates a unique contrail distribution, where some
ice crystals grow independently of those in the jet, driven by water va-
por entrained into the vortex. A small plateau at smaller radii is also
visible in the 80% case, similar to the 60% case, due to the jet’s par-
tial presence within the vortex. However, in the 80% case, the extent of
jet penetration into the vortex is smaller, leading to a different growth
trend as compared to the 60% case.

For the fully activated scenarios (panels (d-i)), the trends are similar
among themselves but differ slightly from those observed in the scenario
involving activation through sulfur species adsorption. Crystal radii are
already larger at earlier stages, depleting water vapor more quickly and
leaving less available for further growth. This effect is particularly ev-
ident when examining the relative humidity with respect to ice, which
is lower in this scenario (Fig. 9) than in the case of adsorption activa-

tion. Consequently, areas with the largest radii correspond to regions
with fewer particles: those penetrating the vortex for the 60% case (sec-
ond peak close to 1000 nm) and those entrained into the vortex dipole
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for the 80% case (small plateau around 1000 nm). For the 34% con-
figuration, particles are concentrated in the jet as it wraps around the
vortex, leaving those at the jet’s edge to grow the most, as water vapor
is rapidly depleted within the core.

These observations are particularly significant as they emphasize the
impact of the contrail’s spatial distribution on ice crystal growth. De-
pending on their location—whether within the jet, the vortex, or its
surroundings—and the activation scenario, ice crystals exhibit distinct
growth patterns due to variations in water vapor supply. These results,
along with those from the previous two sections, complement the find-
ings of Paoli et al. [15] and Ramsay et al. [30], enabling a more in-depth
analysis that highlights the significant impact of engine position on
contrail formation and microphysical processes. Depending on the en-
gine position, particles experience different thermodynamic conditions,
which will subsequently affect their evolution and radiative impact.

5.3. Impact on contrail radiative properties

The mean optical thickness of the plume, 7,(x) (Equation (23)), is
plotted along the aircraft’s trajectory (Fig. 14). This value quantifies the
environment’s transparency, with higher optical thickness indicating a
denser contrail. It is then directly related to the contrail’s radiative im-
pact. It is computed by interpolating the RANS solutions onto a Cartesian
grid for each configuration, enabling the required integration to be per-
formed. The Mie coefficient Q,,(r,), included in the 7,(x) equation, is
defined in eq. (24) [56], where 4,, =0.55 pm and the refractive index
of ice is u, = 1.31.

+o0
T,(x) = / zrr;Nme(rp)dz (23)
_ 4 1
Ooi(rp)=2- i<Sin(e)— ﬂ>; o= M (24)
e e /,lw

The optical thickness for the three cases in each activation scenario
shows significant variation. In the fully-activated cases, the 60% con-
figuration has the highest value, followed by the 80% and 34% config-
urations for soot number emission index. Conversely, in the activation
cases, the order is reversed, the 34% configuration exhibits the highest
value at the end of the domain, followed by the 80% and 60% configu-
rations. This behavior is primarily driven by the evolution of ice crystal
size, which follows a similar trend (Figs. 11 and 12). Larger and more nu-
merous ice crystals contribute to an increase in optical thickness within
the contrail, as shown by [49]. A higher optical thickness can also be at-
tributed to an increased soot density caused by reduced dilution (Fig. 4).
The combination of the two then gives these trends. It is interesting to
note that the mean optical thickness values obtained in this study align
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=10 kg—fuel" (lighter dashed lines), and with EI, = 105 kg—fuel’] (darker dashed lines), and (b) activation through adsorption (lighter dash-dotted

well, in terms of magnitude, with those reported by Khou et al. [19] and
follow the trends observed, for engine position, by Ramsay et al. [30]
in fully activated scenarios. In the case of activation by sulfur species,
the resulting optical thickness remains significantly lower than values
typically reported in the literature [57]. As previously discussed, this
outcome is primarily driven by the low fraction of soot surface acti-
vated, which constrains ice condensation and ultimately results in the
formation of smaller ice crystals.

Regarding magnitude, greater confidence should be placed in the
fully activated scenarios. Nevertheless, this scenario remains valuable
for analyzing broader trends. It highlights the full extent of dilution ef-
fects on soot-activating species, in contrast to the fully activated cases,
where dilution impacts mainly water vapor. This allows for a more nu-
anced understanding of how engine position and associated dilution
patterns affect contrail radiative properties. For instance, under sulfur-
driven activation, the 34% configuration exhibits a higher optical thick-
ness, whereas it shows the lowest value when sulfur activation is not
considered, emphasizing the sensitivity of radiative effects to the acti-
vation pathway. These trends are significant as they provide insight into
the impact and, more importantly, the state of contrails at the end of the
jet regime. However, they do not determine the optimal engine position,
as the later evolution of the contrail is just as crucial as its formation
process. Nevertheless, they demonstrate the influence of engine position
from the earliest stages of contrail development.

6. Conclusion
6.1. General synthesis

Simulations of contrail formation and evolution up to 22 wingspans
downstream of the aircraft were performed using a RANS and Eulerian
bulk approach on a complete and realistic 3D airliner configuration.
These simulations examined three distinct engine positions, considering
both soot activation through adsorption and fully activated scenarios,
the latter evaluated for two different soot number emission indices. By
employing a mesh adaptation technique, the vortex sheet, wake vortex,
and turbulent jet were accurately captured, enabling a detailed analysis
of jet-vortex interactions and their effects on contrail formation across
all configurations. This study provides a more detailed exploration of the
interaction between aerodynamic and microphysical phenomena, build-
ing upon the work of Ramsay et al. [30]. The results revealed significant
aerodynamic changes induced by engine displacement. In the 60% and
80% configurations, new vortex structures emerged, which were not
present in the 34% configuration, where the engine is positioned closer
to the fuselage. These new structures appeared to arise from the dif-
ferentiation of the vortex sheet, influenced by the engine displacement,
which led to flow separation on the wing.
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Altering the engine position also leads to variations in jet dilution:
34% for the most diluted case in terms of particle density, followed by
80% and 60%, near the end of the computational domain. It directly
influences the characteristics of the contrails formed in each configura-
tion. The cross-sectional area of the contrail for the three configurations
follows a power law, with values consistent with the orders of magni-
tude reported in the literature [12]. The scaling coefficient, however, is
dependent on the engine configuration. The spatial distribution of parti-
cles, but also the overall structure of the contrails, changes. As a result,
distinct properties emerge, including differences in ice crystal size and
relative humidities levels within the plume.

The effects of dilution on microphysical properties are evident at
multiple levels. Firstly, on plume saturation ratio, the earlier entrain-
ment of the jet induces temperature differences, leading to higher rela-
tive humidities levels within the plume and promoting faster ice crystal
growth. Consequently, these differences persist throughout the contrail’s
evolution, as it continues to be sustained by high relative humidity (RH
= 110%). In the presence of a lower number of soot particles, this effect
remains noticeable during the early stages but does not persist further
downstream, primarily due to competition for water vapor, which be-
comes depleted rather than diluted. Soot number concentration appears
to have a stronger influence on contrail formation than engine position.
In the case of activation through adsorption, dilution also affects the
concentration of species responsible for soot surface activation. As a re-
sult, configurations with the highest dilution have the lowest surface
activation fractions. This has the effect of reversing the previously ob-
served trends, where the largest particle sizes are no longer observed
for the same configurations. The differences in engine position effects
across all scenarios directly influence the optical properties of the con-
trail, particularly the mean optical thickness.

Based on the simulation results of this study, engine position ap-
pears to influence the properties of the resulting contrails. This effect
is, at least in the near-field, of comparable magnitude to that result-
ing from a 10% increase in ambient relative humidity. However, this
effect seems to be relatively less significant compared to first-order pa-
rameters such as the soot number emission index. The results also show
a notable sensitivity to the activation mechanism employed. Finally, it
further highlights the importance of accurately resolving the mixing pro-
cesses. Employing a realistic 3D configuration is particularly relevant for
this purpose, as it captures the full dynamics behind the aircraft despite
the associated computational costs.

6.2. Discussion and perspectives

This study on the influence of engine position on contrail forma-
tion provides valuable insight into overall trends and dilution mech-
anisms. Nevertheless, it is important to emphasize that the proposed
engine relocation is a purely theoretical and academic consideration.
In practice, such modifications would likely entail significant structural
constraints and increased weight penalties, consequently altering the
overall aerodynamic circulation of the aircraft. Considering the assump-
tions involved in this analysis, the findings provide useful insights but
should be interpreted within the framework of the study’s assumptions.

One of the primary limitations of this study is the occurrence of flow
separation induced by engine positioning. This limitation arises from
the use of a realistic aircraft configuration with a wing that is not op-
timized for engine repositioning. While the wake vortex remains the
dominant factor in jet-vortex interaction, flow separation introduces an
unintended effect when accounting for aircraft geometry. Investigating
a scenario where the wing is optimized for each engine position could
offer a valuable direction for future research.

Furthermore, the choice of RANS simulations to account for aircraft
geometry is significant but comes with inherent limitations. The un-
steadiness of the flow, including likely instabilities between the highly
turbulent jet and the forming vortex, is lost. Small-scale flow structures
are not explicitly resolved but are instead modeled through a turbu-
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lence model. This has implications for contrail dynamics, which should
be considered. For example, using a k-w model results in a larger vor-
tex radius compared to a DRSM model [35], potentially leading to slight
differences in contrail dispersion.

Additionally, microphysical assumptions play a significant role in ac-
curately simulating contrail formation. The first key point concerns the
influence of the particle activation mechanism employed in this study,
particularly when compared to scenarios without activation. Under low
FSC conditions, crystal growth is significantly constrained relative to
the fully activated case, resulting in smaller particle radii and markedly
reduced optical thickness. This highlights the need to account for con-
densation effects on activation, as incorporated in the work of Wong et
al. [20]. Therefore, we conclude that the fully activated case is probably
the most relevant in this study. For future work, it would be valuable
to incorporate the activation due to condensation into the microphysi-
cal model to enable a more robust assessment of engine position effects
in scenarios where soot particles require activation to form ice crystals.
Exploring dilution effects with more detailed microphysics or in polydis-
perse cases would then be valuable. Polydispersion may then alter the
activation dynamics of particles by sulfuric compounds, as the govern-
ing parameters are dependent on soot radius (Equations (9) and (10)).
Consequently, smaller particles tend to be more activated than larger
ones under a given sulfur concentration. This size distribution also influ-
ences ice crystal activation and condensation processes, wherein larger
particles are thermodynamically favored for water uptake. As a result,
competition for available water vapor intensifies, a relevant factor when
assessing the impact of engine placement, as it directly affects local
plume relative humidities levels. The use of more comprehensive parti-
cle activation pathways, as in Cantin et al. [21], could also be of interest,
given the observed effect of dilution on particle activation in this study.
Moreover, the sensitivity of engine position to atmospheric temperature
is not addressed in the present study. This choice has been motivated
by the objective of exploring aircraft design strategies aimed at miti-
gating contrail formation. Given that ambient temperature is a critical
parameter governing contrail formation [49], its interplay with engine
placement warrants dedicated investigation.

The limitations discussed above also point to promising directions for
future research. The inclusion of near-field effects and aircraft geometry,
as demonstrated in this study, is crucial, as many phenomena occurring
in this region significantly influence contrail formation. Then, regarding
future work, it would also be valuable to investigate the longer-term
evolution of contrails, particularly during the vortex phase, to determine
whether the differences induced in the near field persist. This could be
accomplished by employing methods that enable the transition from a
RANS framework to a LES approach [31], allowing to capture instability
phenomena that disrupt the vortex pair.
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