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RÉSUMÉ 

 
 

L’importance accordée à la protection de l’environnement, la croissance attendue du trafic 
aérien et l’accumulation de preuves sur le forçage radiatif non-COଶ de l’aviation ont fait des 
traînées de condensation un sujet central dans l’évaluation des impacts climatiques de 
l’aviation. L’influence climatique des cirrus formés à partir des traînées de condensation 
d’aéronefs demeure l’un des volets les plus incertains du forçage radiatif anthropique. Des 
observations et des modèles sont mobilisés pour préciser la façon dont les cristaux de glace se 
forment dans le sillage proche de l’avion et pour estimer les distributions globales de leurs 
propriétés microphysiques et optiques. L’effet radiatif des traînées dépend de la taille des 
cristaux et de la concentration numérique, mais ces deux grandeurs sont difficiles à quantifier 
en raison des hypothèses sur la dynamique du sillage et des traitements simplifiés de la 
microphysique de phase glace aux tout premiers stades. 
 
L’objectif de cette thèse est de développer et de valider un cadre de modélisation qui simule 
l’écoulement du jet d’éjection derrière un turboréacteur à double flux réaliste et son 
entraînement précoce dans le champ de vortex de sillage, tout en intégrant des processus 
microphysiques couplés en ligne afin de déterminer les propriétés initiales des particules de 
glace. Les simulations dynamiques sont réalisées avec un code CFD interne (FludiLES) en 
simulation des grandes échelles (LES), avec une précision spatiale d’ordre 6 et temporelle 
d’ordre 3. Un jet libre à pression atmosphérique et à nombre de Reynolds réaliste (Re ≈ 10଺) 
est calculé et validé par confrontation à des résultats expérimentaux. Pour la microphysique, 
les particules de suie et les aérosols ambiants sont suivis par une méthode lagrangienne. Un 
couplage bidirectionnel est appliqué au transfert de masse de vapeur et à l’énergie, tandis que 
la quantité de mouvement est traitée en sens unique (fluide → particules); la rétroaction 
particules → fluide sur la quantité de mouvement est négligeable et la rétroaction énergétique 
est faible. 
 
Un jet bi-flux (cœur et flux secondaire) est simulé pour quantifier l’effet du taux de dilution 
(bypass ratio) en considérant trois moteurs—CFM56-5B3/3, LEAP-1A/33 et une configuration 
à très haut taux de dilution (UHBR)—à des températures ambiantes de 215, 220 et 225 K. Une 
comparaison initiale entre un turboréacteur à double flux et un turbojet équivalent a montré 
que le flux secondaire accélère le mélange et le refroidissement en champ proche du panache 
cœur, augmentant le rayon moyen des particules jusqu’à 30 %. Sur l’ensemble des moteurs, 
des taux de dilution plus élevés intensifient davantage le mélange, favorisent l’activation des 
suies puis leur congélation, et conduisent à des propriétés initiales de traînées moins sensibles 
à la température ambiante. 
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Le modèle microphysique a ensuite été étendu pour inclure les effets de soluté via le paramètre 
d’hygroscopicité (κ) et évalué en configurations couplée en ligne et « boîte » hors ligne. Dans 
des conditions réalistes de croisière pour un LEAP-1A, trois groupes de scénarios sont 
examinés: (i) κ = 0.0005, 0.005, 0.0142, correspondant à des teneurs équivalentes en soufre du 
carburant (FSC) de 50, 410 et 1270 ppm; (ii) des indices d’émission en nombre de suie de 10ଵଷ 
à 10ଵହ #/kg de carburant; et (iii) des rayons de noyau de suie de 10 à 30 nm. La diminution de 
κ de 0.0142 à 0.0005 réduit légèrement le rayon des particules mais accroît la fraction activée 
d’environ 20 % en raison d’une plus grande disponibilité de vapeur. Abaisser l’indice initial 
en nombre de suie de 10ଵହ à 10ଵଷ particules par kilogramme de carburant augmente le rayon 
moyen d’environ 0.3 μm à 2.4 μm à 1 s et élève la fraction activée d’environ 66 %. Des noyaux 
de suie plus gros renforcent l’activation d’environ 20 %, avec des différences de rayon moyen 
atteignant ~80 % vers 0.4 s puis se resserrant à ~10 % à 1 s. Les LES 3D avec microphysique 
couplée en ligne s’avèrent indispensables pour l’analyse de sensibilité en champ proche; un 
modèle 0D en boîte hors ligne surestime l’activation et représente mal la sensibilité à κ. 
 
Les simulations sont ensuite prolongées dans la phase de vortex afin de comparer les 
formulations LES temporelle et spatiale et de quantifier l’influence de la méthodologie 
numérique sur la microphysique pour des scénarios « suie seule » et « suie + ambiant ». Pour 
évaluer les effets de l’initialisation, le vortex de sillage est initialisé à partir de la modélisation 
de la phase jet à ݐ௝= 0.12 s et ݐ௝= 0.5 s. Dans des conditions de croisière représentatives d’un 
Airbus A320neo motorisé par LEAP-1A, la formulation temporelle présente un mélange plus 
vigoureux au début et une dissipation scalaire plus rapide dans la phase jet que la formulation 
spatiale, produisant ~60 % de cristaux de glace activés en plus pour le cas « suie seule » et ~70 
% de plus lorsque les aérosols ambiants sont inclus. Pour une initialisation précoce du vortex, 
les cas initialisés temporellement maintiennent légèrement plus de glace activée, tandis que 
l’initialisation spatiale engendre des rayons moyens plus grands à temps tardif; ces écarts 
s’atténuent, en particulier en présence d’aérosols ambiants. Pour une initialisation tardive du 
vortex, la tendance s’inverse: l’initialisation spatiale donne davantage de glace activée, alors 
que l’initialisation temporelle conserve le rayon moyen le plus élevé. Dans tous les cas, 
l’aérosol ambiant augmente le nombre de cristaux de glace tout en limitant la croissance par 
cristal via la compétition pour la vapeur, ce qui modère la sensibilité à l’initialisation du jet. 
Globalement, l’entraînement en phase de vortex est relativement insensible au choix de 
modélisation de la phase jet; en revanche, l’instant de démarrage du vortex demeure 
déterminant, et les valeurs microphysiques absolues conservent une mémoire mesurable du 
mélange en champ proche du jet. 
 
Mots-clés: Traînée de condensation, Aéronef, Climat, Écoulement de jet, Vortex de sillage, 
Turbulence, Simulation CFD, Simulation des grandes échelles (LES), Microphysique, 
Particule de suie, Condition ambiante, Turboréacteur à double flux 
 



 

A Contribution to the Study of the Near-Field Contrail by Using a High-Fidelity 

Computational Method Combined to an Advanced Microphysical Model 

 

Parisa AFKARI 
 

ABSTRACT 
 
 
Global emphasis on environmental protection, expected growth in air traffic, and accumulating 
evidence on aviation’s non-COଶ radiative forcing have made contrails an important component 
in assessments of aviation climate impacts. The climate influence of cirrus formed from aircraft 
condensation trails remains one of the most uncertain components of anthropogenic radiative 
forcing. Observations and models are used to clarify how ice crystals form in the near-field 
aircraft wake and to estimate global distributions of their microphysical and optical properties. 
The radiative effect of contrails depends on ice crystal size and number concentration, yet both 
are difficult to quantify because of assumptions about wake dynamics and simplified 
treatments of early ice-phase microphysics. 
 
The objective of this thesis is to develop and validate a modeling framework that simulates 
exhaust jet flow behind a realistic turbofan and its early entrainment into the wake-vortex field, 
while integrating online-coupled microphysical processes to determine the initial properties of 
ice particles. Dynamic simulations are performed with an in-house CFD code (FludiLES) using 
large-eddy simulation (LES) with sixth-order spatial and third-order temporal accuracy. A free 
jet at atmospheric pressure and a realistic Reynolds number (Re≈10଺) is computed and 
validated against experimental results. For the microphysics, soot and ambient aerosol particles 
are tracked with a Lagrangian method. Two-way coupling is applied to vapor mass transfer 
and energy, whereas momentum is one-way (fluid → particles); particle-to-fluid momentum 
feedback is negligible, and energy feedback is small. 
 
A dual-stream jet (core and bypass) is simulated to quantify bypass ratio effects using three 
engines—CFM56-5B3/3, Leading Edge Aviation Propulsion (LEAP)-1A/33, and an ultra-
high-bypass-ratio (UHBR) configuration—at ambient temperatures of 215, 220, and 225 K. 
An initial comparison of a turbofan with an equivalent turbojet showed that the bypass stream 
accelerated near-field mixing and cooling of the core plume, increasing the mean particle 
radius by up to 30%. Across the engine set, larger bypass ratios further intensified mixing, 
promoted soot activation and subsequent freezing, and yielded initial contrail properties that 
were less sensitive to ambient temperature.  
 
Subsequently, the microphysical model was extended to include solute effects through the 
hygroscopicity parameter (κ) and was evaluated in both online-coupled and offline box model 
configurations. Under realistic LEAP-1A cruise conditions, three scenario groups are 
examined: (i) κ = 0.0005, 0.005, 0.0142, corresponding to equivalent fuel sulfur contents (FSC) 
of 50, 410, and 1270 ppm; (ii) soot number emission indices of 10ଵଷ to 10ଵହ #/kg-fuel; and 
(iii) soot core radii of 10–30 nm. Reducing κ from 0.0142 to 0.0005 slightly decreases particle 
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radius but increases the activation fraction by about 20% due to greater vapor availability. 
Lowering the initial soot number from 10ଵହ to 10ଵଷ particles per kilogram of fuel increases 
the mean particle radius from roughly 0.3 μm to 2.4 μm at 1 s and raises the activated fraction 
by about 66%. Larger soot cores enhance activation by about 20%, with mean-radius 
differences reaching approximately 80% near 0.4 s and narrowing to about 10% by 1 s. Three-
dimensional LES with online-coupled microphysics is shown to be essential for near-field 
sensitivity analysis; a zero-dimensional offline box model overpredicts activation and 
misrepresents κ sensitivity. 
 
Simulations are then extended into the vortex phase to compare temporal and spatial LES 
formulations and to quantify how numerical methodology influences microphysics for soot-
only and soot+ambient scenarios. To assess the effects of initialization, the wake-vortex was 
initialized from jet phase modeling at ݐ௝= 0.12s and ݐ௝= 0.5s. Under cruise conditions 
representative of a LEAP-1A powered Airbus A320neo, the temporal modeling shows stronger 
early-stage mixing and faster scalar dissipation in the jet phase than the spatial modeling, 
yielding approximately 60% more activated ice crystals in the soot-only case and 
approximately 70% more when ambient aerosols are included. At early vortex initialization, 
temporally initialized cases sustained slightly higher activated ice numbers, whereas spatial 
initialization produced larger late-time mean radii; these disparities diminished, particularly 
when ambient aerosols were present. At late vortex initialization, the trend reversed: spatial 
initialization yielded higher activated ice numbers, while temporal initialization retained the 
larger mean radius. In all cases, ambient aerosol increases ice number yet limits per-crystal 
growth through vapor competition, which moderates sensitivity to jet initialization. Overall, 
vortex phase entrainment is relatively insensitive to the jet phase modeling choice; however, 
the vortex start time remains consequential, and absolute microphysical values retain a 
measurable memory of near-field jet mixing. 
 
Keywords: Contrail, Aircraft, Climate, Jet flow, Wake-vortex, Turbulence, CFD simulation, 
Large eddy simulation, Microphysics, Soot particle, Ambient condition, Turbofan 
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INTRODUCTION 

 

This introduction starts by presenting the general problematic related to the environmental 

impact of aviation and the general objective of this thesis. It then outlines the research 

problematic and challenges to which this thesis responds, and specifies the research 

hypotheses, the main research objective, and the sub-objectives. Next, it summarizes the 

methodology used and the main contributions and finishes with an overview of the structure 

of the thesis. 

 

0.1 General Problematic and Objective: Environmental Impact of Aviation  

 

The contribution of aviation to global warming is well established, although significant 

scientific uncertainties remain. The Intergovernmental Panel on Climate Change (IPCC) 

released its first detailed report of aviation’s climate effects in 1999 (Penner, Lister, Griggs, 

Dokken, & McFarland, 1999). It delivered a benchmark assessment quantifying aviation’s 

environmental impact, projecting substantial growth by 2050, and evaluating its contribution 

to climate change to guide research and policy. Since then, the industry has continued to 

expand, with commercial air traffic projected to grow by 5–7% per year from 2005 to 2025 

(Wilkerson et al., 2010). Aviation contributes to anthropogenic climate change through 

complex interconnected physical and chemical processes (Lee et al., 2021). Most of these 

processes are triggered by aircraft exhaust emissions and the ambient conditions they 

encounter. As a result, the environmental and climatic effects of aircraft emissions are drawing 

growing attention from researchers and policymakers (Lee et al., 2021; Lee et al., 2009).  

 

Radiative forcing, and more specifically, effective radiative forcing (ERF), is the standard 

metric used to quantify aviation’s climate impact, expressed in watts per square meter (ܹ ݉ଶ⁄ ) 

(Fuglestvedt et al., 2003). ERF represents the change in atmospheric energy flux caused by 

anthropogenic or natural factors (Stocker, 2014). Figure 0.1 shows the component-wise 

effective radiative forcing for global aviation, decomposed into COଶ and non-COଶ 

contributions (net NO୶ effects, contrail cirrus, stratospheric HଶO, and aerosol terms) with 
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associated uncertainty ranges. COଶ-related forcing is comparatively well constrained, with low 

uncertainty and high confidence, whereas several non-COଶ effects, particularly contrail cirrus, 

remain subject to substantial uncertainties and incomplete process understanding, requiring 

further investigation (Lee et al., 2021). The IPCC’s 6th assessment report  in 2022 (Jaramillo, 

2022) estimated that aviation’s non-COଶ short-lived climate forcers (SLCFs) account for ~66% 

of the sector’s present ERF; using standard emission metrics, the net (overall) aviation impact 

is ≈4.0× the COଶ-only value over a 20-year horizon and ≈1.7× over a 100-year horizon. 

 

 

Figure 0.1 Component-wise ERF for global aviation, showing COଶ and non-COଶ  
contributions with associated uncertainty ranges  

Taken from Lee et al. (2021, p. 6) 

 

Most long-haul flight emissions occur in the upper troposphere–lower stratosphere (UTLS, 

~9–12 km) (Penner et al., 1999), where residence times are long and background 

concentrations are low, aircraft exhaust perturbs atmospheric composition. It alters the Earth’s 

radiation budget and uniquely modifies cloud cover by generating persistent contrails and 
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aviation-induced cirrus (Riese et al., 2012). Differentiating between natural cirrus clouds and 

contrail-induced cirrus remains difficult, complicating global assessment (Burkhardt & 

Kärcher, 2011; Petzold et al., 2025). This uncertainty at small scales propagates into large-

scale climate models (B Kärcher, 2018). 

 

Reducing these uncertainties requires targeted experiments, detailed process-level modeling, 

and robust attribution methods to quantify non-COଶ effects, including contrail formation. The 

general objective of this thesis is to strengthen the scientific understanding of contrail 

formation and evolution by developing a modeling framework that generates evidence that can 

guide mitigation strategies for the climate impact of aviation-induced clouds. The framework 

is conceived as a reliable decision-making tool designed for integration into models operating 

at larger spatial and temporal scales and, eventually, into global climate models. Ultimately, 

the intent is to provide robust evidence to support near-term operational decisions and, over 

time, technological development. 

 

0.2 Research Problematic 

 

Both experimental and numerical studies have examined contrail formation processes. Large 

ground-based and airborne campaigns have characterized key contrail properties and identified 

the parameters that influence their formation and dispersion. However, experiments are costly, 

and numerical modeling has become increasingly important with advances in computing 

power. 

 

Contrail modeling remains a multiscale challenge: particle sizes at the nanometer scale, plume 

lengths of hundreds of meters, and timescales ranging from tenths of a second for ice particle 

formation to roughly ten hours for the contrail lifetime (Roberto Paoli & Shariff, 2016). Early 

microphysical processes strongly determine subsequent contrail properties; consequently, 

modeling this stage is essential for predicting the number and characteristics of persisting ice 

particles. In jet exhaust, soot remains the dominant non-volatile exhaust aerosol that 

contributes to the seeding of initial ice crystals (Kärcher & Yu, 2009; Fangqun Yu, Karcher, 
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& Anderson, 2024). Accordingly, the model’s sensitivity to near-field soot microphysical 

evolution under varying ambient conditions must be explicitly addressed to design effective 

reduction strategies. Three main challenges emerge for numerical modeling: 

1. Dynamics and mixing: Correct representation of plume dilution as engine exhaust 

mixes with the aircraft wake and ambient air is fundamental. The hot core jet interacts 

with the colder bypass stream and entrains ambient air to form a single jet, later ingested 

into the wake-vortex system. Ice crystals form predominantly near jet shear layers and 

during early entrainment. This requires realistic exhaust modeling and fully 3D 

resolution of boundary- and shear-layer development. Achieving high-fidelity 

predictions of early jet flow development and mixing remains difficult. Spatial Large 

Eddy Simulations (LES) are recognized today as powerful Computational Fluid 

Dynamics (CFD) tools for the analysis of turbulent mixing phenomena but are 

computationally expensive, so a lower-cost alternative is temporal LES with some 

hypotheses applied i.e., "frozen turbulence" to tracks a plume segment in the ambient 

frame with axial periodic boundaries. 

2. Microphysical representation: Microphysics relevant to contrail onset includes 

activation of soot particles, homogeneous and heterogeneous nucleation, freezing of 

supercooled droplets, and vapor-driven growth/sublimation. Detailed schemes are 

often indispensable to capture these processes but can be computationally demanding, 

especially when coupled to realistic jet/wake dynamics. 

3. Coupling strategy: Even with appropriate dynamics and microphysics, their 

interaction governing supersaturation, nucleation, and growth, remains a central 

challenge. Two approaches are commonly distinguished: online coupling, in which the 

flow and particle fields are advanced simultaneously at each time step, often with 

simplified microphysics for tractability; and offline coupling, where detailed 

microphysics is applied along trajectories extracted from a prior flow solution or an 

analytical approximation. Each approach involves trade-offs among fidelity, 

transparency, and computational cost. 
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0.3 Research Questions and Hypotheses 

 

This thesis is guided by the following research questions: 

1. How can realistic turbofan exhaust profiles be modeled to capture jet development and 

mixing with ambient air during the initial stages of contrail formation? 

2. How can soot and ice microphysics be coupled with high-fidelity CFD dynamics to 

capture dominant processes under various scenarios?  

3. Which dynamical simulation approach is most suitable for the contrail-formation stage, 

particularly with respect to accuracy at a reasonable computational cost? 

 

From these questions, six research hypotheses are proposed: 

1. Realistic turbofan exhaust profile, including core and bypass streams across different 

bypass ratios, alters near-field jet development and plume dilution, which in turn 

modifies initial ice properties and the radiative impact of persistent contrails.  

2. Detailed microphysical model that includes soot activation, nucleation, freezing, and 

vapor deposition or sublimation improves the prediction of near-field ice formation. 

3. Temporal LES can reproduce key jet-regime statistics (e.g., dilution rate, turbulent 

kinetic energy) and contrail-initiation metrics (e.g., onset timing, activation fraction) at 

substantially lower computational cost; however, a systematic comparison with spatial 

LES is needed to quantify its fidelity limits. 

4. Coupling between microphysics and dynamics is essential in contrail modeling: mixing 

sets supersaturation and thus microphysical evolution of particles. In online mode, only 

mass and energy are two-way coupled. Offline treatment neglects these couplings, 

altering microphysical properties. 

5. Entrainment of ambient aerosols into the plume can substantially alter contrail initiation 

and early microphysical evolution; accounting for ambient particles is therefore 

necessary for realistic predictions. 

6. The vortex phase largely determines the fate of young contrails: entrainment of the jet 

into the vortex and the ensuing jet/vortex interaction govern early microphysical 

development, thereby setting subsequent evolution. 
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0.4 Research Objective 

 

The main objective of this thesis is to develop a modeling framework that simulates exhaust 

jet flow behind a realistic turbofan configuration and its early entrainment into the wake-vortex 

field, while integrating microphysical processes to characterize the initial properties of ice 

particles. Sub-objectives are defined as follows: 

1. Assessing how the engine bypass ratio affects near-field contrail microphysical 

characteristics for soot-dominated emissions, using high-fidelity LES coupled with an 

advanced microphysical model. 

2. Developing and validating an improved microphysical model that incorporates solute 

effects via a hygroscopicity parameter, including soot-particle activation and 

condensation, and testing online vs. offline coupling methodology. 

3. Comparing temporal and spatial jet phase LES, quantify their effects on early contrail 

microphysics under soot-only and soot+ambient aerosol scenarios, and derive 

modeling guidance for initializing the vortex phase from each jet formulation. 

 

0.5 Methodology and Summary of the Main Contributions of this Doctorate 

 

To address sub-objective 1, fluid dynamics was modeled using the high-order (sixth-order in 

space, third-order in time) compressible CFD code FludiLES. First, a 3D LES was carried out 

for a realistic CFM56-5B3/3 configuration, extending the downstream domain to cover the 

plume ages of interest. Microphysics used a Lagrangian soot formulation coupled to a legacy 

condensation scheme: activation occurred once supersaturation exceeded unity (S > 1), after 

which ice particles grew by kinetic condensation according to the Fukuta–Walter model 

(Fukuta & Walter, 1970). The results of this initial effort were presented in: 

 P. Afkari, M. Chouak, F. Garnier, “Spatial Large Eddy Simulation of Contrail 

Formation in a Near Field of an Aircraft Engine: Comparative Study of Different 

Ambient Humidity,” CSME & CFD Canada International Congress, Sherbrooke, 

Québec, May 28–31, 2023. https://doi.org/10.17118/11143/20979  
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In this work, the spatial simulation approach indicated that assessing bypass effects with full-

domain LES is computationally too demanding for parametric studies. Therefore, based on the 

temporal LES, three realistic turbofan configurations were compared: CFM56-5B3/3, LEAP-

1A/33, and an UHBR concept with different bypass ratios. Furthermore, LEAP-1A/33 was 

compared with an equivalent turbojet obtained by removing the bypass stream. These engines 

were also examined under different ambient temperatures. In this step, the microphysics was 

refined to use a solubility-based activation for soot, with subsequent water vapor deposition 

and heterogeneous nucleation and ice growth computed with the same model (Fukuta & 

Walter, 1970) but using particle-specific freezing criteria. The main contributions for this first 

sub-objective are reported in: 

 P. Afkari, M. Chouak, F. Garnier, "Contrail Formation Modeling in the Near Field of 

an Aircraft Engine: Effects of the Bypass Flow", 26th International Society for Air 

Breathing Engines (ISABE) Conference, September 22-27, 2024, Toulouse, France 

 

 P. Afkari, M. Chouak, S. Cantin, F. Garnier, “Evaluating Bypass Effects of Advanced 

Turbofan Engines on Contrail Microphysical Properties Using Large-Eddy 

Simulations,” Journal of Aircraft, 1–14, 2025. https://doi.org/10.2514/1.C038376  

 

Work under sub-objective 2 advanced the solubility threshold criterion with a κ-Köhler 

activation framework and updated the particle-growth model to account for activation 

consistently. Using this enhanced microphysics, a parametric study was conducted for a LEAP-

1A engine under realistic cruise conditions, examining three cases: (i) variations in the 

hygroscopicity parameter (κ) as a proxy for fuel sulfur content, (ii) variations in soot number 

emission indices, and (iii) variations in initial soot dry-core radius. The study employed a 

temporal LES configuration. In addition, a mean dilution history was extracted from FludiLES 

along a representative trajectory, and the same microphysics was run in an offline 0D box 

model to compare with the 3D online-coupled LES, thereby isolating the role of dynamical 

coupling in soot activation within jet phase contrails. The contributions arising from sub-

objective 2 are documented in the submitted article listed below: 
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 P. Afkari, M. Chouak, S. Cantin, F. Garnier, “Role of Soot Particle Properties and 

Activation in Contrail Formation Using LES with Online-Coupled Microphysics,” 

Journal of Aerosol Science (submitted; under final review). 

 

Sub-objective 3 extended the analysis from the jet regime to the vortex regime, employing two 

LES approaches: temporal and spatial. Following validation, wake-vortex simulations were 

initialized from jet phase fields generated by each LES approach at two start times: early (≈0.12 

s) and mature (≈0.5 s). Simulations were performed under realistic cruise conditions for the 

LEAP-1A/33 plume representative of an Airbus A320neo. For microphysics, the scheme 

developed under sub-objective 2 was retained and augmented with a second ambient-aerosol 

population, enabling evaluation of soot-only and soot+ambient scenarios via an online-coupled 

Lagrangian approach. A parametric study quantified dynamical and microphysical differences 

between temporal and spatial jet modeling and assessed the impact of the corresponding 

initializations on the vortex field. These results are presented in a submitted article: 

 P. Afkari, M. Chouak, S. Cantin, F. Garnier, “Large Eddy Simulations of Aircraft 

Contrail Formation: Effect of Vortex Initialization from Temporal vs. Spatial Jet Phase 

Modeling on Ice Microphysical Properties” (submitted). 

 

0.6 Structure of the Thesis 

 

This thesis, presented as a collection of articles, is organized into five chapters. CHAPTER 1 

reviews contrail formation and evolution, covering thermodynamic, chemical, and 

microphysical processes and dynamics, and surveys numerical models for contrail formation 

and evolution, including both dynamical and microphysical studies. 

 

CHAPTER 2 details the modeling of dynamical and microphysical processes and the 

integration of the microphysics into the FludiLES code used for the simulations. 

 

CHAPTER 3 to CHAPTER 5 contain the core results as three scientific articles, respectively: 

(i) assessment of bypass effects of advanced turbofan engines on contrail formation using LES; 
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(ii) role of soot particle properties and activation in contrail formation using LES with online-

coupled microphysics; and (iii) LES of aircraft contrails: vortex initialization from temporal 

vs. spatial jet phase modeling and microphysical sensitivity. 

 

Finally, Figure 0.2 summarizes the thesis’s main objective and sub-objectives and links them 

to the corresponding chapters. 

 

 

Figure 0.2 Summary of the thesis main objective and sub-objectives





 

CHAPTER 1 
 
 

LITERATURE REVIEW AND PROBLEM DEFINITION 

Current knowledge on aircraft engine emissions, with an emphasis on the formation and 

evolution of contrails, is reviewed in this chapter, together with the modeling approaches used 

to study these processes. The chapter is organized into two parts. In Section 1.1, the physics of 

contrail formation and evolution is synthesized across four interacting processes: 

thermodynamic, chemical, dynamical, and microphysical. In Section 1.2, numerical models of 

contrail formation and evolution are surveyed. Dynamical modeling is considered first, 

followed by microphysical modeling. Through this review, the present work is positioned 

within the literature, and a foundation is provided for the developments presented in the 

following chapters. 

 

1.1 Contrail Formation and Evolution 

Contrails (condensation trails) are line-shaped clouds formed from ice particles (Ulrich 

Schumann, 2005) when jet exhaust containing combustion products mixes with cold ambient 

air in the upper troposphere and lower stratosphere, typically at about 8-13 km (Penner et al., 

1999). They can be short-lived or long-lived depending mainly on ambient temperature and 

relative humidity over ice, with greater persistence in cold, ice-supersaturated air (Iwabuchi, 

Yang, Liou, & Minnis, 2012). Systematic contrail observation records from airborne, satellite, 

and ground-based measurements began around 1952 (Havens, 1952), although the earliest 

documented sightings of aircraft exhaust contrails date to 1915 (Ettenreich, 1919).  

 

Figure 1.1 provides an overview of contrail formation and evolution: nearly isobaric mixing 

produces droplets that subsequently freeze by homogeneous or heterogeneous pathways 

(immersion, deposition, or pore condensation and freezing). The mixed plume either 

sublimates rapidly or, if ice supersaturation persists, develops into a long-lived contrail that 

can spread into contrail cirrus under ambient shear. Interactions between aerosols and clouds, 

especially soot acting as cloud-condensation nuclei (CCN) and ice-nucleating particles (INPs), 
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mediate these transitions. Overall, contrail formation can be understood in terms of four 

coupled processes: thermodynamic, chemical, microphysical, and dynamical (Roberto Paoli & 

Shariff, 2016). Accurate prediction of initial contrail properties requires a coherent treatment 

of all four (Bernd Kärcher, 2018). The following subsection provides a successive presentation 

of each of them. 

 

 

Figure 1.1 Overview of contrail formation and evolution and their contribution to cirrus 
clouds 

Taken from Alsante and Cheng (2024, p. 4) 

 

1.1.1 Contrail Thermodynamics 

The foundational theoretical treatments of contrail formation were developed by Schmidt 

(1941) and Appleman (1953), who described formation in terms of plume–ambient 

thermodynamics. In this framework, contrails alter temperature and water vapor partial 

pressure along a mixing line in thermodynamic space (Appleman, 1953). According to the 

Schmidt-Appleman criterion, a threshold ambient temperature can be defined such that, for a 
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given pressure and humidity, the plume–ambient mixing line is tangent to the water saturation 

curve at the onset of visible condensation (Figure 1.2). If the water saturation curve is crossed 

by the mixing line, as shown in Figure 1.2(b), droplets form and, under typical cruise 

conditions, rapidly freeze into ice; if it is not crossed (Figure 1.2(a)), no contrail forms (Ulrich 

Schumann, 1996). Persistence then depends on the terminal mixing state: contrails persist 

when the ambient air is supersaturated with respect to ice and dissipate when the ambient air 

is subsaturated, in which case the ice particles sublimate (Appleman, 1953; Schmidt, 1941). 

 

 

Figure 1.2 Schmidt-Appleman criterion for contrail formation. (a) Mixing path stays below 
liquid-water saturation; droplets do not form and no contrail forms and, (b) Mixing path 

crosses liquid-water saturation; droplets form, and the contrail persists only if the mixed state 
is supersaturated with respect to ice, otherwise it dissipates 

Taken from Roberto Paoli and Shariff (2016, p. 6) 

 

Ulrich Schumann (1996) refined the criterion by expressing how propulsion and atmospheric 

parameters set the slope ܩ of the mixing line and, therefore, the onset temperature. With: 

ߟ  =  ஶ݉̇௙ܳ (1.1)ܷܨ

 

the overall propulsion efficiency, the mixing-line slope can be written: 
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ܩ  = ܿ௣ ௔ܲ௠௕ܫܧுమைߝజܳ(1 − (ߟ  (1.2) 

 

where F is the thrust, ݉̇௙ fuel mass flow rate, ܷஶ the free-stream airspeed, ܿ௣ is the specific 

heat of air, ܲ ௔௠௕ the ambient pressure, ܫܧுమை the water-vapour emission index, ܳ  the fuel lower 

heating value, and ߝజ the molar-mass ratio (water vapour to air). A higher ߟ (typical of modern 

engines) increases ܩ and makes the line intersect saturation at warmer ambient temperatures, 

broadening the altitude/temperature range for contrail formation (Ulrich Schumann, Busen, & 

Plohr, 2000). Furthermore, this thermodynamic approach has been used to parameterize 

contrail occurrence in large-scale models (Ponater, Marquart, & Sausen, 2002). 

 

Let ܴܪ௩ = ௩ܲ ௩ܲೞೌ೟௟௜௤ (ܶ)⁄  and ܴܪ௜ = ௩ܲ ௩ܲೞೌ೟௜௖௘ (ܶ)⁄ . Denote by ௧ܶ௛ the temperature at which the 

mixing line is tangent to the liquid-water saturation curve (maximum potential supersaturation 

in the plume). The warmest ambient temperature that still permits onset for a given ambient 

humidity, ௅ܶ஼, satisfies the implicit Schumann relation (Ulrich Schumann, 1996): 

 

௅ܶ஼ = ௧ܶ௛ − ௩ܲೞೌ೟௟௜௤ ( ௧ܶ௛) − ௩ܪܴ ௩ܲೞೌ೟௟௜௤ ( ௅ܶ஼)ܩ  (1.3) 

 

which reduces to a ܩ-only condition when ܴܪ௩ = 1. In practice ௅ܶ஼ is obtained by a simple 

iteration using standard saturation formulae. Persistence further requires the terminal mixed 

state to satisfy ܴܪ௜ ≥ 1.  

 

This thermodynamic criterion is widely used in large-scale models to parameterize contrail 

occurrence (Ponater et al., 2002) and to diagnose persistence in ice-supersaturated regions 

(Burkhardt, Kärcher, Ponater, Gierens, & Gettelman, 2008). The thermodynamic-equilibrium 

framing assumes near-adiabatic, near-isobaric mixing of hot, moist exhaust with colder 

ambient air at (approximately) fixed total water. In this picture, onset occurs when the 

maximum saturation along the mixing line reaches liquid-water saturation (i.e., ܴܪ௩ ≥ 1), and 
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persistence requires that the final mixed state be supersaturated with respect to ice (i.e., ܴܪ௜ ≥1). After water saturation is reached, droplets freeze rapidly—by homogeneous freezing once 

temperatures are sufficiently low (typical thresholds ≈231–235 K in young contrails; Kärcher, 

Burkhardt, Bier, Bock, and Ford (2015)) or via heterogeneous/immersion pathways at 

somewhat warmer temperatures depending on the availability and efficacy of ice-nucleating 

particles (Kärcher, DeMott, Jensen, & Harrington, 2022). This Schmidt–Appleman based 

approach predicts the onset temperature of contrails well (Busen & Schumann, 1995; Ulrich 

Schumann, 2000), but it does not represent the microphysical mechanisms that set the initial 

ice number and size distribution. In reality, contrails form in the jet regime as hot, moist 

exhaust mixes with cold ambient air; exhaust aerosols act as condensation/ice nuclei (Kärcher, 

Peter, Biermann, & Schumann, 1996), and their emitted number, size, and hygroscopicity exert 

first-order control. To capture these effects, physically based microphysical models couple the 

mixing history to aerosol activation, condensational growth, freezing, and subsequent 

depositional growth or sublimation (Brown, Miake‐Lye, Anderson, Kolb, & Resch, 1996; 

Kärcher, Yu, Schröder, & Turco, 1998; H-W Wong & Miake-Lye, 2010; F. Yu & Turco, 

1998), consistently showing strong sensitivity to soot number and size and, where relevant, to 

entrained ambient aerosols. 

 

1.1.2 Contrail Chemistry 

The chemistry of aviation-generated particles plays a role in the formation of aerosols and ice 

crystals. As shown in Figure 1.3, aircraft exhaust gases contain reactive and condensable 

species that drive particle formation and growth in the near-field plume (Roberto Paoli & 

Shariff, 2016). Many commercial aircraft jet engines still burn kerosene-type fuel (Jet A/Jet 

A-1). Their exhaust is mostly COଶ and HଶO, with smaller amounts of NO୶, SO୶, organics, soot, 

and lubricating-oil vapors. 

 

In aviation emissions, non-volatile particulate matter (nvPM) refers to refractory soot particles 

with trace metals from engine wear that do not volatilize under the ~350°C thermal 

conditioning used at the exhaust plane (H.-W. Wong, Jun, Peck, Waitz, & Miake-Lye, 2014; 
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Hsi-Wu Wong, Jun, Peck, Waitz, & Miake-Lye, 2015), whereas volatile particulate matter 

(vPM) consists of condensable material (primarily HଶSOସ–HଶO and organics) that forms by 

gas-to-particle conversion and can evaporate upon heating (Lobo et al., 2020). 

 

 

Figure 1.3 Schematic of commercial aircraft engine emissions  
Taken from Roberto Paoli and Shariff (2016, p. 2) 

 

Most fuel sulfur leaves the combustor as SOଶ; a few percent is present as SOଷ at the engine 

exit, limited by kinetics (Kärcher et al., 2000). SOଷ is rapidly converted to HଶSOସ (Kolb et al., 

1994), which has very low vapor pressure, nucleates new particles, and condenses on soot in 

the near-field exhaust plume (H.-W. Wong et al., 2014). Soot surfaces are rendered 

hygroscopic by uptake of sulfuric acid and water, often followed by partial neutralization with 

ammonia to form ammonium bisulfate or sulfate (Henning et al., 2012; Sorokin, Katragkou, 

Arnold, Busen, & Schumann, 2004). Nitric acid and low-volatility organics can also be taken 

up, further increasing surface acidity and hygroscopicity (Abegglen et al., 2016; Longfellow, 

Ravishankara, & Hanson, 2000). Moreover, chemi-ionization in the combustor generates ions 

that seed electrically charged HଶSOସ–HଶO clusters, accelerating new-particle formation and 

enhancing growth via electrostatically aided condensation and coagulation in the young plume 

(Fangqun Yu & Turco, 1997).  

 

Complementing the ion pathway, organic species from the exhaust readily condense onto 

ions/charged particles and are taken up by liquid HଶSOସ droplets, providing condensation sites 
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and boosting early ultrafine particle mass; at very low fuel-sulfur levels they can dominate the 

volatile particle burden, and even at moderate to high sulfur they remain a significant fraction 

of exhaust aerosol (Fangqun Yu, Turco, & Kärcher, 1999). Recent work, such as Ungeheuer 

et al. (2022), also shows that emissions from the aircraft lubrication system contribute to 

particulate matter by forming nucleated particles from oil in the exhaust. Furthermore, in the 

near field, NO୶ does not control particle nucleation or growth; its primary impacts are 

chemical, altering ozone and methane on regional to global scales over longer time horizons 

(Lee et al., 2021). These chemical pathways help set whether cold UTLS mixing meets the 

Schmidt–Appleman threshold and how contrails evolve (Ulrich Schumann, 2005). 

 

1.1.3 Contrail Microphysics 

Building on the Schmidt–Appleman thermodynamic criterion, in which microphysical 

processes are omitted, a microphysical approach is introduced to explicitly represent particle 

nucleation, growth, and loss, thereby capturing the conversion of aircraft exhaust into ice 

crystals and their subsequent evolution (Kärcher et al., 2015). Microphysical processes may 

include chemical reactions, but they can also proceed without them (Kärcher, 1999). In the 

young plume, rapid cooling and mixing set the ice supersaturation ( ௜ܵ); a subset of soot and 

newly formed volatile particles activates to liquid droplets, which then freeze within fractions 

of a second at low temperatures (Ponsonby, Teoh, Kärcher, & Stettler, 2025). Subsequent 

evolution involves depositional growth or sublimation, while coagulation, aggregation, and 

sedimentation shape particle number, size, and lifetime (Heymsfield et al., 2010; X. P. 

Vancassel, Garnier, & Mirabel, 2010). Figure 1.4 summarizes the transformation pathways 

from gaseous and particulate combustion products. Sulfuric-acid water coating layers 

produced by near-field chemistry, together with condensing organics, increase the 

hygroscopicity of soot particles. Hygroscopicity here denotes the ability of a particle to take 

up water vapor and grow at a given relative humidity. These changes enable activation, 

followed by water condensation and freezing, while newly formed volatile particles can also 

take up water and subsequently freeze (Roberto Paoli & Shariff, 2016; H.-W. Wong et al., 

2014). Activation of entrained ambient aerosols occurs when plume water supersaturation 
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exceeds their Köhler critical supersaturation; once activated, the droplets freeze at upper-

tropospheric temperatures (Bier et al., 2024).  

 

 

Figure 1.4 Diagram of the microphysical processes governing the transformation of gaseous 
and particulate combustion products  

Taken from X. P. Vancassel et al. (2010, p. 10) 

 

In the absence of effective ice-nucleating particles (INPs), solution droplets—formed first by 

activation of cloud condensation nuclei (CCN)—freeze homogeneously; when suitable INPs 

are present, ice forms heterogeneously on preexisting particles, typically via immersion 

freezing after activation (K. Gierens, 2003; Kärcher et al., 2022). By contrast, forming pure-

water droplets without any aerosol surface is not expected in the troposphere, because it would 

require unrealistically high supersaturation with respect to water (ܴܪ௪ well above typical 
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cloud values—often >110% and potentially several hundred percent, depending on embryo 

size) (Curtius, 2009). Deposition nucleation occurs when the plume is supersaturated with 

respect to ice but subsaturated with respect to liquid water (ܴܪ௜> 1, ܴܪ௪< 1), whereas 

condensation freezing occurs near water saturation during initial condensation on an ice-

nucleating particle and is often operationally indistinguishable from immersion freezing 

(Boose et al., 2019; Kanji et al., 2017; Paramonov et al., 2020). The relative roles of soot versus 

volatile or ambient particles depend on the emission regime, with soot-poor plumes (ܫܧ௦௢௢௧ ≲10ଵଷ) producing fewer initial ice crystals from soot particles (B Kärcher, 2018; Ponsonby et 

al., 2025). As ice forms, water vapor is depleted and the plume relaxes toward or below ice 

saturation; these activation-relaxation and freezing-relaxation cycles set the initial ice number 

and size distribution (Kärcher et al., 2015).  

 

After freezing, ice crystals grow by vapor deposition when ௜ܵ is positive; growth rates are 

controlled by diffusion and thermal resistances and by ventilation. Growth slows as ௜ܵ 
decreases and reverses (sublimates) in subsaturated air (K. M. Gierens, Monier, & Gayet, 2003; 

Pruppacher & Klett, 1979). In ice-subsaturated conditions, the contrail decays by sublimation 

on timescales of seconds to minutes, whereas contrail persistence requires ambient ice 

supersaturation (Kärcher, Kleine, Sauer, & Voigt, 2018). Number concentrations decrease 

through coagulation and, later, aggregation as ice crystals grow and spread; sedimentation 

becomes important only for larger and older contrail cirrus (Marcolli, Mahrt, & Kärcher, 2021; 

Ulrich Schumann & Heymsfield, 2017; Testa, Durdina, Edebeli, Spirig, & Kanji, 2024). Shear 

and entrainment during the vortex and diffusion phases modify ௜ܵ and ice crystals number, 

controlling the transition from line-shaped contrails to contrail cirrus with broader lifetimes 

and optical depths (Unterstrasser, 2014; Unterstrasser & Gierens, 2010b). 

 

1.1.4 Contrail Dynamics 

Dynamic processes govern how the young exhaust plume mixes, spreads, and transitions from 

line-shaped contrails to contrail cirrus (Roberto Paoli & Shariff, 2016). By controlling dilution, 

cooling, and entrainment from the jet phase, through the vortex, and into the diffusion phase, 
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plume dynamics set the thermodynamic supersaturation and the pace of chemical processing. 

They also govern the microphysical processes of activation, freezing, growth, and decay that 

determine contrail properties (D. Lewellen & Lewellen, 2001). Contrail evolution is typically 

described by four aircraft-wake regimes (Figure 1.5): the jet regime, the vortex regime, the 

dissipation (vortex-dissipation) regime, and the diffusion regime (Roberto Paoli & Shariff, 

2016). H. Hoshizaki and J. W. Meyer (1972) were among the first to characterize these regimes 

and to provide a comprehensive study of wake dynamics. 

 

 

Figure 1.5 Classification of the evolution of an aircraft wake into four regimes, illustrated by 
a passive tracer from the engine exit (t = 0 s), where the distance behind the aircraft is given 

by ݔ = ܷ௔ ×  with ܷ௔ the aircraft speed ,ݐ
Adapted from Saulgeot (2023, p. 10) 

 

In the jet regime, turbulent jet expansion into quiescent air controls the initial dilution and 

cooling rate (D. Lewellen & Lewellen, 2001). The jet breaks down from a potential core into 

shear layers through Kelvin–Helmholtz instability, and the centerline velocity decays while 

entrainment grows with axial distance (Hanasz & Sol, 1996). These dynamics determine the 

early plume volume, temperature drop, and mixing timescale, which precondition everything 

that follows in the wake (D. Lewellen & Lewellen, 2001). Key jet-dynamic parameters include 

the exit momentum flux, exit temperature, the jet-to-ambient density ratio at the nozzle exit 

௝ߩ) ⁄௔ߩ ), Mach and Reynolds numbers, and exhaust nozzle geometry (Christophe Bogey & 

Marsden, 2014; Roberto Paoli, Helie, & Poinsot, 2004). Jet dynamics is further affected by 

ambient wind shear and static stability (Roberto Paoli et al., 2004). 
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In the vortex regime, wing-tip shear layers roll up into a counter-rotating vortex pair that 

descends under its own circulation until arrested by ambient stratification (Roberto Paoli & 

Garnier, 2005); the descent and lifetime scale with the initial circulation and the Brunt–Väisälä 

frequency (Schooley, 1969). Most exhaust is captured in the primary cores, where strong swirl 

and subsidence impose adiabatic warming and water vapor depletion (Sussmann & Gierens, 

1999; Unterstrasser & Sölch, 2010); a secondary wake remains above and outside the sinking 

cores and mixes more gently with ambient air (Sussmann & Gierens, 1999). The vortex pair 

becomes unstable to Crow-type perturbations (Crow, 1970) and breaks up under background 

turbulence and shear, releasing the trapped exhaust and ice crystals for further spreading (S 

Brunet, Garnier, & Sagaut, 1999). Key controls here are circulation strength, lateral vortex 

spacing, ambient stability, and the turbulence dissipation rate (Körner & Holzäpfel, 2016; 

Phillips, Alley, & Goodrich, 2004; Widnall, Bliss, & Tsai, 1974). In the late vortex regime, 

Crow-instability breakup of the descending vortex pair produces a quasi-periodic chain of 

‘puffs,’ marking the transition to the diffusion regime (Thomas Gerz & Holzapfel, 1999). 

 

During the dissipation (vortex-dissipation) regime, after breakup, enhanced small-scale 

turbulence and ambient shear drive rapid three-dimensional (3D) spreading (Misaka et al., 

2012). The wake transitions from organized coherent motion to turbulence-dominated 

diffusion, with entrainment rates set by the local shear and stratification (Hennemann & 

Holzapfel, 2007). This regime sets the initial depth and width of the post-vortex contrail sheet 

and the survival fraction of wake-borne material that proceeds to larger scales (Proctor, 

Ahmad, Switzer, & Limon Duparcmeur, 2010). 

 

Finally, in the diffusion regime, large-scale winds, vertical shear, and stratification control the 

continued horizontal and vertical dispersion (Roberto Paoli & Shariff, 2016). The wake loses 

memory of aircraft-specific structures and becomes an advected, sheared, slowly deepening 

layer that sets the planform and optical footprint of contrail cirrus (Jensen, Ackerman, Stevens, 

Toon, & Minnis, 1998; Picot, Paoli, Thouron, & Cariolle, 2015). At this stage, dynamical 

control is exerted by the ambient flow: shear governs lateral growth, stability caps vertical 
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extent, and mesoscale variability modulates lifetime and spatial inhomogeneity (Jensen, 

Ackerman, et al., 1998; Unterstrasser & Gierens, 2010a). 

 

1.2 Numerical Models of Contrail Formation and Evolution 

Contrail formation and evolution are multi-physics and multi-scale phenomena. Despite 

significant progress, key lifecycle properties and their climate impacts remain uncertain, which 

underscores the need for continued investigation (Bernd Kärcher, 2018). Direct evidence is 

invaluable but hard-won. In situ measurement programs and coordinated flight campaigns 

(e.g., NASA’s ACCESS (Moore et al., 2015) and DLR’s ECLIF (Kleine et al., 2018)) require 

multiple aircraft flying in formation at cruise altitude with extensive instrumentation and 

logistics; they are expensive, time-consuming, and necessarily limited in coverage (National 

Academies of Sciences, 2025). Even when such campaigns are flown, interpretation remains 

challenging; examples include particle-ice interactions and rapidly evolving plumes (Afchine 

et al., 2018; Kleine et al., 2018). These realities motivate numerical modeling as a 

complementary path, coupling dynamics with microphysical modeling to predict contrail 

formation and evolution. In this first subsection, dynamic models, including analytical 

entrainment laws, CFD-resolved jet and wake mixing, and prescribed dilution/entrainment 

trajectories extracted from CFD are presented. In the second subsection, microphysical models, 

implemented either online (coupled to CFD) or offline (box- or trajectory-driven), are reviewed 

for predicting contrail properties. 

 

1.2.1 Dynamic Modeling 

1.2.1.1 Analytical Flow Models 

Analytical flow models represent turbulent jet and plume mixing using integral balances with 

simple similarity closures rather than solving the full flow numerically. These representations 

are predominantly 0D/1D for entrainment and mixing histories, but 2D fields are also used for 

the primary wake to represent or initialize the vortex phase (Kärcher et al., 2015). Closure is 
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provided by an entrainment hypothesis, which relates lateral mass inflow at the plume edge to 

a characteristic mean velocity through an entrainment coefficient (Enjalbert, Galley, & Pierrot, 

2009; Ricou & Spalding, 1961). Given source fluxes and the ambient state, the resulting 

coupled ordinary differential equations (ODEs) yield tractable laws for centerline decay, 

plume-radius growth, rise height, and dilution history (Garvey & Fowler, 2023). In practice, 

these models produce time- or distance-based parameterizations for variables that drive 

contrail microphysics, such as dilution or mixing fraction, temperature, pressure, and water 

vapor mixing ratio (Matulka, López, Redondo, & Tarquis, 2014). Analytical models are used 

both for near-field jet–plume mixing (Kärcher et al., 2015) and for the far-field of the contrail 

life-cycle, which is difficult to represent comprehensively in global climate and chemistry 

transport models because of coarse resolution, and in high-fidelity CFD or LES because of 

computational cost (Rosenow, Hospodka, Lán, & Fricke, 2023; Ulrich Schumann, 2012). 

 

Foundational entrainment theory for turbulent jets and plumes was formalized by Morton, 

Taylor, and Turner (1956). They developed an integral, Boussinesq framework for turbulent 

convection from maintained sources (plumes) and instantaneous releases (clouds) in uniform 

and stably stratified environments. The model assumed self-similar mean profiles and used an 

entrainment hypothesis that links lateral mass influx at the plume edge to a characteristic mean 

velocity via an entrainment coefficient. Conservation of volume, momentum, and buoyancy 

leads to coupled ODEs solved in non-dimensional form using the source buoyancy flux and 

the ambient stratification (e.g., buoyancy frequency). The theory predicted centerline decay, 

plume-radius growth, and rise height, introduced the virtual origin, and, through potential 

temperature, extended to the compressible atmosphere, giving practical rise-height and dilution 

laws widely used in aircraft-plume integral models (Roberto Paoli & Shariff, 2016). As another 

foundational contribution, Turner (1979) systematized integral (entrainment) theory for 

turbulent jets, plumes, and forced plumes based on self-similar profiles and the entrainment 

hypothesis. 

 

In one of the earliest analytical/parametric plume treatments of contrail onset, Ulrich 

Schumann (1996) modeled the young exhaust plume as near-isobaric mixing between hot, 
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moist exhaust and cold ambient air along a one-parameter mixing line (exhaust mass fraction, 

i.e., dilution). 

 

With specified source terms (water vapor emission index, exhaust temperature) and ambient 

state (pressure, temperature, relative humidity over ice), the formulation yielded closed-form 

relations for water vapor partial pressure or mixing ratio. The formation criterion was that the 

peak saturation ratio with respect to ice along this mixing path satisfied ௜ܵ,௠௔௫ ≥ 1 

(equivalently, ܴܪ௜,௠௔௫ ≥ 1), which yielded a critical ambient temperature (with explicit 

humidity dependence) for contrail formation without solving the flow field. Extending the 

near-field analytical approach, Kärcher et al. (2015) represented the young exhaust as an 

isobaric, self-similar jet and parameterized centerline mixing with an entrainment-type law. 

The authors introduced a short mixing timescale for the primary shear layer and a dilution 

exponent so that dilution followed a power law in plume age. From this formulation, they 

obtained closed-form trajectories for the plume temperature and dilution factor, as well as an 

explicit cooling rate proportional to the temperature excess over time. The analysis remained 

within the jet regime prior to wingtip-vortex capture and was designed to feed microphysics 

calculations. Furthermore, the plume dynamics were prescribed analytically by Fangqun Yu, 

Karcher, et al. (2024). The young exhaust was treated as a near-isobaric, self-similar jet, and 

time-dependent dilution and cooling histories were specified via an entrainment-type 

parameterization.  

 

As a complement to the analytical onset framework, Ulrich Schumann et al. (1998) assembled 

more than 70 in-situ plume encounters spanning milliseconds to ~95 minutes, thereby linking 

near-field onset to far-field dispersion. They introduced a bulk dilution ratio (mass of ambient 

air mixed per unit fuel burned) and, using conservative tracers, temperature excess, and 

observed contrail geometry, inferred time-dependent dilution and plume cross-section. The 

authors summarized mixing behavior across the jet, wake-vortex, vortex-breakup, and 

atmospheric dispersion regimes. Near the plume center, their dataset collapsed to an empirical 

interpolation ܰ = ݐ)7000 ⁄଴ݐ )଴.଼, with ݐ଴ =  Subsequent studies used this interpolation to .ݏ 1

validate simulated plume dilution, including those very near-field by T Gerz and Ehret (1997) 
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and by F Garnier, Baudoin, Woods, and Louisnard (1997) for CFM56 and RB211 engines, and 

adopted it as a parameterized dilution law in plume and contrail models (Fangqun Yu, 

Anderson, et al., 2024). Its robustness, supported by multiple in-flight measurements, 

suggested a near-universality of early-plume mixing that was largely independent of aircraft 

and atmospheric scales (Ulrich Schumann et al., 1998), while individual cases still showed 

substantial scatter of roughly a factor of three to five. 

 

Following onset into the far-field regime, the Contrail Cirrus Prediction Tool (CoCiP) was 

used to represent contrail–plume dynamics with a Lagrangian Gaussian plume whose cross-

section was evolved analytically (Ulrich Schumann, 2012). The wake-vortex phase was not 

explicitly simulated; instead, downwash and initial plume geometry were prescribed from a 

parametric wake model and calibrated so that early-time dilution matched an empirical bulk-

dilution law derived from in-situ encounters. As another far-field study for cirrus 

parameterization, Kärcher (2022) treated ice-supersaturation tendencies as driven by a 

prescribed vertical-wind-induced cooling rate and derived closed-form expressions that 

avoided numerical integration of the supersaturation equation. In practice, the host model 

supplied parameterized vertical-wind speeds (or their statistics), which defined an effective 

cooling timescale; this forcing then fed compact formulas for the maximum supersaturation 

and the partitioning between heterogeneous activation and homogeneous freezing. The 

dynamics remained at the level of analytical cooling forcing coupled to microphysics, enabling 

efficient use in large-scale models without resolving a flow field. At the lifecycle scale, 

Rosenow et al. (2023) employed an analytical framework based on a sheared two-dimensional 

Gaussian plume with wake-vortex initialization. Initial geometry after the wake phase was 

prescribed from a parametric wake-vortex model, then dilution and spread followed closed-

form updates of the variance matrix, with diffusivities linked to eddy-dissipation rate and 

typical flight-level values. Temperature after the first seconds was treated in equilibrium with 

the ambient, and lifetimes from the analytical model were validated against photographic 

observations, achieving ~10% mean error. 
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1.2.1.2 CFD Simulations 

Compared with analytical models, the CFD method resolves the unsteady flow and scalar 

transport under realistic boundary conditions, yielding predictions closer to operational reality. 

In this context, CFD denotes time-resolved solutions of the Navier–Stokes equations with 

advective–diffusive transport of temperature and water vapor, predicting how engine exhaust 

mixes, dilutes, and entrains ambient air from the near-jet region into the evolving wake 

(Roberto Paoli & Shariff, 2016). The governing partial differential equations—statements of 

mass, momentum, energy, and species conservation—describe the plume’s evolution in 2D 

(axisymmetric) or 3D domains. Turbulence modelling is central to credible predictions. For 

contrail dynamics, three CFD approaches are commonly used: Reynolds averaged Navier 

Stokes (RANS)/URANS, large eddy simulation (LES), and rarely direct numerical simulation 

(DNS) (Poroseva, Colmenares F, & Murman, 2016; Whitman, Xu, & Som, 2025). 

 

Within a RANS framework, Guignery, Montreuil, Thual, and Vancassel (2012) simulated the 

near-wake flow over a simplified wing–injector to resolve jet roll-up, vortex capture, and scalar 

dilution from the nozzle exit to ~8 wingspans. Using the multi-physics solver CEDRE, 

enriched with a microphysical model, the authors investigated the growth of ice particles from 

the nozzle exit to eight wingspans downstream. Using 3D RANS simulations, J.-C. Khou, 

Ghedhaifi, Vancassel, and Garnier (2015) resolved the near-field flow of a realistic commercial 

aircraft, including core and bypass jets, under cruise conditions. The CFD setup captured bulk 

mixing in the jet plume with an Eulerian microphysics module to model particle growth. Flow 

predictions showed good agreement with the literature on near-wake dilution and entrainment, 

validating RANS for this regime. The same 3D RANS jet–vortex framework was also adopted 

by J. Khou, Ghedhaïfi, Vancassel, Montreuil, and Garnier (2017), who applied it to a Boeing 

737 geometry with Eulerian microphysics and sulfur chemistry to assess fuel sulfur content 

effects on contrail formation. Montreuil et al. (2018) also used a 3D RANS approach applied 

to the NASA-CRM wing/body/engine configuration with adaptive meshing to analyze near-

field dilution and contrail onset.  
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As a URANS example, Cantin, Chouak, Morency, and Garnier (2022) simulated a realistic 

turbofan nozzle (core plus bypass), solving the gas phase in an Eulerian framework while 

tracking soot and ice with a Lagrangian approach, and showed that nozzle-exit geometry 

governs dilution, activation, and early ice growth. In the most recent work, Annunziata, Bonne, 

and Garnier (2025) applied 3D RANS with adaptive meshing and an Eulerian microphysics 

model to a B777-like full-aircraft configuration, demonstrating that engine position reshaped 

dilution and wake structure, which in turn controlled plume microphysical characteristics. 

Together, these studies extended RANS/URANS contrail modeling from nozzle-exit dynamics 

to aircraft-scale installation effects. 

 

Starting with LES modeling of contrail formation and establishing LES of the jet–vortex 

interaction as a credible dynamic backbone for onset, R Paoli, Hélie, Poinsot, and Ghosal 

(2002) and Roberto Paoli et al. (2004) used LES at flight-relevant Reynolds numbers to resolve 

an engine jet interacting with a wing-tip trailing vortex. The simulations identified where and 

when localized supersaturation formed within the rolled-up wake, linking turbulent mixing and 

vortex dynamics to the earliest ice formation. Furthermore, Ferreira, Alonso, and Gorlé (2025) 

employed particle-laden, compressible LES to simulate the jet decay and the early jet–vortex-

interaction phase. An idealized jet and a rolled-up Lamb–Oseen vortex pair were initialized, 

followed by expanded refinement across the vortex pair to capture entrainment and shear-layer 

growth without prohibitive cost. This setup directly resolved near-field turbulent mixing and 

the onset of vortex capture, with ice activation and subsequent freezing computed inline during 

the LES time-stepping. D. C. Lewellen (2020) performed LES of the exhaust jet to simulate 

ice nucleation and early growth and to quantify the effective ice-number emission index; plume 

mixing was resolved with size-resolved (binned) microphysics, and the jet segment was then 

stitched into the wake by embedding the jet-LES output into velocity fields from two-

dimensional RANS wake runs.  

 

Further downstream in the vortex phase and into early dissipation, LES has been used to 

resolve wake-driven controls on contrail evolution. Picot et al. (2015) performed fully 3D LES 

coupled to Lagrangian particle tracking, initializing the wake from a prior jet LES and 
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imposing stably stratified background turbulence via stochastic forcing. They found that 

stronger ambient turbulence accelerated the onset of wake instability, shortened contrail 

descent, and enhanced interior mixing; after vortex breakup, self-induced turbulence governed 

the mixing. Similarly, Unterstrasser (2014) applied LES with Lagrangian ice microphysics for 

a large transport aircraft and showed that adiabatic heating in the sinking vortex cores 

controlled ice crystal loss with a marked dependence on relative humidity and temperature; 

contrail depth reached about 450 m across the explored cases. Sensitivity tests indicated that 

initial ice crystal size and number influenced losses, fuel-flow variations had the smallest 

effect, and the vortex phase evolution preconditioned the subsequent contrail-to-cirrus 

transition.  

 

For the contrail-to-cirrus transition over tens of minutes to hours, Unterstrasser and Gierens 

(2010a) conducted multi-hour LES sensitivity experiments and showed that relative humidity 

with respect to ice dominated the evolution, with substantial lateral spreading only under high 

supersaturation, while vertical wind shear had a secondary influence on optical properties. 

They also found that vapor removal by sedimenting ice far exceeded the instantaneous ice mass 

within the layer. In addition, D. Lewellen (2014) applied LES from several-seconds plume age 

through the vortex and dissipation phases to demise, analyzing lifetime, width, ice mass, and 

the time-integrated ice surface area; jet phase nucleation was not simulated and was instead 

prescribed via an effective ice-number emission index. 

 

At DNS resolution, which is used only rarely in contrail-dynamics simulations, wake dynamics 

have been examined in simplified settings. In the very near field, F Garnier, Brunet, and 

Jacquin (1997) coupled an integral jet model to a two-dimensional DNS of passive-scalar 

convection–diffusion in an imposed Lamb–Oseen vortex pair to quantify dilution and 

entrainment during jet–wake interaction. The DNS showed that wing-tip vortices rapidly 

accelerate mixing and trap the exhaust plume (with outboard engines trapped fastest), that 

buoyancy becomes important mainly after trapping begins, and that, relative to an isolated jet, 

counter-rotating vortices reduce centerline dilution by several-fold over tens of wingspans 

downstream. Likewise, Saulgeot, Brion, Bonne, Dormy, and Jacquin (2023) performed 2D 
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DNS (Boussinesq) of the vortex phase, starting after jet diffusion/roll-up and initial ice 

formation, with analytic initialization of the jet, a Lamb–Oseen vortex pair, and the ice plume. 

They highlighted the roles of stratification and engine position on the wing. The dynamics 

were governed by primary two-dimensional wake mechanisms, and their parameter maps 

indicate that, for modern twin-engine aircraft, the ice plume is often no longer present in the 

vortices by the end of the vortex phase. For a more comprehensive DNS case, C Ferreira Gago, 

Brunet, and Garnier (2002) performed a 3D DNS of the compressible Navier–Stokes equations 

in two stages: a jet-only computation to the end of the jet regime, then coupling to a Lamb–

Oseen trailing vortex to study near-wake jet–vortex interaction and scalar dilution, with 

validation against wind-tunnel velocity and temperature fields. The DNS showed that the 

vortex core stays essentially laminar while jet-induced turbulence generates large-scale 

vortical structures outside the core; the passive scalar concentrates in those structures and does 

not enter the core, and the turbulent kinetic energy exhibits a complete evolution. 

 

1.2.1.3 Prescribed CFD-Derived Trajectories 

In the prescribed dilution/entrainment trajectory approach, the jet–wake flow is first resolved 

with CFD (typically 3D LES); Lagrangian parcel histories of temperature, humidity, and 

mixture fraction are then extracted and used to drive microphysics. This retains 3D mixing 

fidelity via 1D parcel time histories, while avoiding the cost of fully coupled simulations. 

 

To quantify how resolved mixing affects near-field activation, Roberto Paoli, Vancassel, 

Garnier, and Mirabel (2008) computed activation along LES-derived trajectories. The authors 

first ran a two-phase LES of a turbulent jet interacting with a vortex sheet to resolve the 3D, 

time-dependent mixing field, then fed many Lagrangian fluid-parcel trajectories extracted from 

that LES into a detailed microphysics solver. They showed that using LES-resolved mixing 

changes early particle properties and size distributions relative to single-trajectory or mean-

mixing treatments. Within the jet-to-early-vortex regime, X. Vancassel, Mirabel, and Garnier 

(2014) modeled the first ~10 s of an A340 wake by resolving jet–wake dilution with 3D LES 

and then computing microphysics along LES-derived Lagrangian fluid trajectories. The 
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trajectory set supplied realistic time histories of temperature, humidity, and mixture fraction 

through the evolving jet/vortex field, enabling prediction of soot activation, vapor deposition 

on soot, heterogeneous and homogeneous freezing, and charge effects. They found that the 

mean ice-particle radius evolution matched a simpler inline scheme, while size distributions 

varied strongly by trajectory, showing charging-induced bimodality and confirming that 

trajectory-driven mixing controls near-field microphysics.  

 

Continuing with near-field studies, Bier, Unterstrasser, and Vancassel (2022) and Bier et al. 

(2024) employed CFD-driven, trajectory-based dynamics. In Bier et al. (2022), ~25,000 

Lagrangian parcel trajectories were extracted from a 3D LES (FludiLES) of an A340 plume 

for about 10 s; temperature histories along each trajectory were used to diagnose dilution, and 

microphysics was computed per trajectory, revealing a strong radial dependence of 

cooling/activation and attributing inter-study differences chiefly to the plume-mixing 

representation. In the hydrogen study (Bier et al., 2024), the LES trajectory database was 

curated and reused to prescribe thermodynamic histories, and ensemble trajectory simulations 

were performed without resolving dynamics in the box model, including a reduction to about 

1,000 merged trajectories to retain heterogeneity while limiting artificial mixing across paths. 

 

For far-field contrails, prescribed CFD-derived parcel trajectories are not used because they 

would necessitate prior 3D CFD of the wake; instead, the literature models far-field evolution 

with simplified frameworks or with inline LES. 

 

1.2.2 Microphysical Modeling 

1.2.2.1 Inline Analytical–Microphysics Coupling 

In inline analytical–microphysics coupling, reduced jet–plume dynamical equations (0D/1D 

ODEs for entrainment, dilution, temperature, and pressure) and particle microphysics are 

solved on the same time grid, so feedbacks between mixing and phase change are preserved. 

The term inline is used because dynamics and microphysics are integrated within the same 
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reduced ODE system rather than inside a time-advancing 3D CFD solver; the term online is 

reserved for microphysics coupled directly within RANS/LES flow solvers. Box models are 

included here as the limiting case in which thermodynamic and dilution histories are prescribed 

from external sources, so microphysics is advanced without feedback to the entraining plume 

equations. Within this family of models for cruise conditions, researchers have successively 

examined the following particle processes contributing in contrail formation: 

 Volatile particles: sulfuric acid, nucleation and growth of volatile aerosols, and their 

contribution to soot particle activation. 

 Soot particles: how soot emissions (number, size, hygroscopicity, mixing state) set the 

initial ice-crystal number. Additionally, how background particles mixed into the 

plume compete with soot for activation. 

 Ion effects: how combustion ions affect cluster formation and volatile particle growth. 

 Organics: how organic compounds in the plume affect nucleation pathways and the 

activation of soot particles. 

 

Within the exhaust plume, phase changes control both new-particle formation and subsequent 

aerosol growth. Volatile HଶSOସ–HଶO hydrated clusters nucleate new aerosol particles that 

grow to ultrafine particles (<10 nm) in young plumes and coats soot, enhancing hygroscopicity 

and lowering the supersaturation needed for activation (Ulrich Schumann et al., 2002). 

Including volatile-particle effects, Kärcher (1998) implemented an analytical plume model in 

which entrainment-driven cooling and dilution were cast as reduced ODEs and solved on the 

same time grid as the aerosol microphysics, preserving feedbacks between mixing and phase 

change. The microphysical module tracks gas-to-particle conversion of sulfur species to 

sulfuric acid, binary and ternary nucleation of volatile particles, condensational growth on soot 

and new particles, coagulation, and scavenging, with particle number and size updated 

prognostically across discrete size classes. This inline coupling provides self-consistent 

thermodynamic and compositional histories in the first seconds of the jet regime and predicts 

volatile particle number emission indices and early size spectra as functions of fuel sulfur, 

ambient conditions, and dilution rate. Building on this framework, Kärcher et al. (2000) 

consolidated the plume dynamics and aerosol physicochemistry into a unified calculation and 
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expanded the pathways considered, quantifying number emission indices and size distributions 

for volatile particles and processed soot across ranges of fuel-sulfur content, ambient 

thermodynamics, and dilution rate. As a recent refinement on soot sensitivity, Fangqun Yu, 

Karcher, et al. (2024) analyzed cruise-phase contrail onset with a size-resolved trajectory box 

model in which dilution, temperature, and humidity are prescribed versus plume age. The 

microphysics tracked heterogeneous ice activation on emitted soot, depositional 

growth/sublimation of ice, and the formation/evolution of volatile HଶSOସ–HଶO hydrated 

cluster. They concluded that ice activation is governed by the primary soot particle size (not 

aggregate effective size): smaller primary soot delays onset and raises peak plume 

supersaturation, which in turn widens the conditions under which small volatile particles can 

contribute to the total ice number. Implications are that assessments should consider both the 

emission index of non-volatile soot and primary soot sizes, especially for lean-burn/SAF 

trends. 

 

Soot particles are the dominant exhaust aerosol from engines burning conventional fuels 

(Kärcher & Yu, 2009). Initially hydrophobic, they rapidly become hydrophilic as sulfuric acid 

and water vapor adsorb to their surfaces (H-W Wong & Miake-Lye, 2010). The resulting 

coated soot provides ice-nucleating surfaces, promotes vapor uptake and particle growth, and 

enables heterogeneous ice-crystal formation in the young plume. Activation cast as a soot-

controlled threshold, Kärcher and Yu (2009) developed a compact analytical framework 

showing how soot number emissions govern contrail onset. They defined a critical soot number 

emission index for given ambient temperature, pressure, and relative humidity; linked initial 

ice number to soot abundance, size, hygroscopicity, and mixing state via an activation 

probability; and demonstrated threshold behavior in which contrails can be suppressed below 

that critical soot abundance even when the Schmidt–Appleman condition is met. They also 

showed that surface processing/coatings (e.g., sulfuric acid) increase soot hygroscopicity and 

activation efficiency. Focusing on onset physics, Kärcher et al. (2015) solved jet-plume 

entrainment, cooling, and dilution ODEs together with activation and freezing microphysics to 

predict initial ice number and size. Soot was treated as the primary water-activating nucleus, 

with soluble ambient aerosol also considered. The entrainment rate set centerline cooling and 
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dilution, defining the brief interval between water saturation and homogeneous freezing, while 

plume relative humidity was tracked along the mixing line. The framework yielded physically 

based onset relationships for the jet regime prior to vortex capture. Thus, the role of soot 

particles in ice activation appears both complex and highly conditional.  

 

The work of Fangqun Yu and Turco (1997) marks a significant advance by highlighting the 

role of ions in the growth of volatile particles, notably through coagulation. The plume 

thermodynamics were represented with a reduced (parcel/box) framework, and ion-mediated 

nucleation and growth were integrated on the same time grid within that reduced system. 

Positive/negative combustion ions, ion–(HଶSOସ–HଶO) hydrated clusters, and neutral HଶSOସ–HଶO embryos evolving into ultrafine volatile particles were considered. The model established 

that ion chemistry can generate very high nucleation-mode number emission indices in cruise 

conditions and thereby precondition near-field microphysics, especially in soot-poor regimes 

where volatile particles can dominate later activation. Testing volatile–soot–ion interplay, H-

W Wong and Miake-Lye (2010) modeled jet-regime contrail formation with a microphysical 

parcel model to about 1000 m (~4s) downstream in soot-rich plumes. Dilution was prescribed 

using a Schumann-type profile (Ulrich Schumann et al., 1998), with sensitivity tests against 

the Davidson–Wang jet law and a hybrid profile that follows the faster Davidson–Wang 

(Davidson & Wang, 2002) dilution over the first ~500 m but approaches the Schumann final 

dilution at 1000 m. Results showed that ice formed predominantly by water condensation on 

soot cores; chemi-ions strengthened volatile nucleation but did not increase ice; fuel-sulfur 

effects were small over typical ranges; and initial soot number and size dominated outcomes, 

with a very high number and very small cores suppressing ice growth.  

 

Estimates by Brown et al. (1996) suggested the likely presence of other compounds 

contributing to the formation of condensation nuclei, such as organic compounds (Bernd 

Kärcher et al., 1998; Fangqun Yu & Turco, 1997; Fangqun Yu et al., 1999), which are 

inevitably present in the plume in addition to combustion by-products. The work of Fangqun 

Yu et al. (1999) highlighted that organic compounds contribute to the growth of nanoparticles 

(5–10 nm in diameter), particularly when the sulfur content in the fuel is low (0.02 g/kg-fuel). 
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Indeed, these compounds have the capacity to condense and contribute to the growth of volatile 

particles, as shown by Wang et al. (2010). The initialization of these organic species from their 

emission index remains difficult due to the complexity of their speciation (Beyersdorf et al., 

2012). Working on organics through inline analytical-microphysical coupling, Rojo, 

Vancassel, Mirabel, Ponche, and Garnier (2015) analyzed how alternative jet fuels modify 

near-field aerosols and contrail propensity using a trajectory box model with parameterized, 

isobaric dilution. The microphysics tracked 11 particle categories, including chemi-ions, 

neutral/charged sulfate and organic clusters, dry and activated soot, mixed 

(neutral/positive/negative) aerosol, and ice formed heterogeneously and homogeneously. The 

authors concluded that with alternative fuels, lower soot and sulfur shift freezing toward the 

homogeneous pathway; entrained ambient particles become a significant contributor in the 

near field; and mixed-soot coatings become more organic with blending, indicating fuel-

dependent changes in activation behavior. 

 

1.2.2.2 Online CFD–Microphysics Coupling 

Online CFD–microphysics coupling advances the microphysics inside the 3D CFD loop, 

updating particle/ice tendencies at each flow time step from the instantaneous fields. In near-

field CFD, the microphysical modules are typically simplified relative to detailed 1D models 

because of the high computational cost of simulations (Grabowski et al., 2019; Roberto Paoli 

& Shariff, 2016). A common treatment assumes depositional growth of ice at a rate 

proportional to the difference between ambient vapor pressure and the vapor pressure just 

above the ice crystal surface—taken as saturation over ice with a Kelvin curvature correction 

(Petters & Kreidenweis, 2007). Water vapor is supplied first by the hot, moist exhaust jet and 

then by entrainment of supersaturated ambient air. For the particle representation, the online 

update can be done per-particle using Lagrangian tracking (Sölch & Kärcher, 2010), or as a 

mean-field using Eulerian sections (binned microphysics) or bulk equivalents (method of 

moments) (Grabowski et al., 2019). Within online CFD–microphysics coupling, studies 

advance microphysics inside the CFD time step; three main representations are used to track 

ice particles with the flow: 
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 Eulerian—moments (bulk): Solve advection–diffusion for a few low-order moments 

of the size distribution (e.g., mass, number), closing with an assumed spectral shape 

(lognormal/gamma) so microphysical tendencies update the moments (D. Lewellen & 

Lewellen, 2001; Paugam, Paoli, & Cariolle, 2010). 

 Eulerian—sections (binned): Discretize particle size into bins and solve the transport 

equation in physical–size space for each bin, with microphysical processes (e.g., 

condensation, coagulation, nucleation) transferring mass/number between bins (D. 

Lewellen, Meza, & Huebsch, 2014; D. C. Lewellen, 2020).  

 Lagrangian (parcels): Represent particles by numerical particles that move with the 

flow; each carries multiplicity and microphysical state updated from local fields each 

time step (F Garnier, Gago, Brasseur, Paoli, & Cuenot, 2003; Roberto Paoli & Garnier, 

2005; Roberto Paoli et al., 2004; R Paoli et al., 2002). 

 

In the Eulerian approach with the method of moments (bulk), ice crystal growth is modeled 

using a condensation/sublimation equation driven by water vapor diffusion, integrating an ice 

microphysics parameterization and accounting for the full particle size distribution. With a 3D 

LES model in the incompressible regime, D. Lewellen and Lewellen (2001) implemented an 

online-coupled LES of the counter-rotating wake in a stably stratified environments, with a 

bulk ice–vapor microphysics step applied each time step. Ice crystal number was prescribed 

(no aerosol activation); diffusional deposition/sublimation adjusted vapor and ice with latent-

heat feedback to temperature (total-water conserving), while sedimentation was neglected. 

This tight coupling showed that wake-driven dilution and thermodynamics set the 

supersaturation field, thereby governing ice crystal growth and early-wake persistence. 

Paugam et al. (2010) advanced this framework with an online-coupled LES using an Eulerian 

bulk (two-moment) microphysics scheme, assuming locally monodisperse crystals and 

conserving total water with latent-heat feedback each time step. Ice crystal number was fixed 

after activation, growth and sublimation responded to the supersaturation field produced by 

wake mixing, and radiation heating/cooling (longwave/shortwave) and sedimentation were 

negligible over the first half hour. The authors highlighted two advantages of this design: 

resolving turbulence–microphysics interactions that are missing from common 
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parameterizations, and generating high-fidelity datasets that can inform contrail 

parameterizations in larger-scale models and support longer-age extensions. 

 

In the Eulerian sectional (bin) framework, the particle size distribution is prognosed directly 

by solving transport and microphysical tendency equations on a discretized mass/size grid, so 

no assumed spectral shape is required. Each bin carries number or mass density and is advected 

and mixed with the flow, while size-dependent processes—diffusional growth and 

sublimation, nucleation/activation, coagulation/collisions, and optional sedimentation—

redistribute material between bins using flux-conservative operators (Morrison et al., 2020). 

Online coupling to a 3D LES lets wake-driven dilution and supersaturation set bin-wise growth 

rates, yielding spectra that can evolve from narrow to multimodal as the plume transitions from 

vortex to early dispersion (D. Lewellen et al., 2014). Compared with bulk moments, sectional 

schemes are computationally costlier (tens to hundreds of bins and stiff tendencies often need 

sub-stepping), but they provide higher fidelity for size-dependent diagnostics such as surface 

area, effective radius, extinction/optical depth, and scavenging efficiencies. Grabowski et al. 

(2019) concluded that bulk schemes predict low-order moments and assume a spectral shape, 

whereas bin schemes prognose the full-size spectrum (and, if needed, added attributes), at 

substantially higher computational cost but with greater size-dependent fidelity. 

Implementations used in contrail studies commonly adapt CARMA-derived size-resolved 

routines for diffusional growth/sublimation within an incompressible LES, while habit and 

detailed radiative effects are typically handled by simplified parameterizations or post-

processing (D. Lewellen, 2014; D. C. Lewellen, 2020). Key considerations include bin-grid 

design and limiting numerical diffusion in size space, which control accuracy–cost trade-offs. 

 

The Lagrangian approach, on the other hand follows computational “parcels,” each 

representing many real particles, that are advected by the resolved flow while carrying 

multiplicity and microphysical state (e.g., phase, radius, hygroscopicity). This particle-centric 

view is well suited to represent processes that act on individual nuclei without prescribing a 

spectral shape (Unterstrasser & Sölch, 2010). When online-coupled to a dynamic (CFD) solver, 

parcels exchange water mass and latent heat with the Eulerian vapor/temperature fields every 
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time step, so wake-driven dilution and thermodynamics directly control particle growth and 

survival (Roberto Paoli et al., 2004). Early implementations applied simplified contrail 

microphysics in 0D/1D plume models to treat soot activation and ice growth (Kärcher et al., 

1996), later extended to 3D LES for young-wake evolution and sensitivity studies. 

 

Additionally, Roberto Paoli et al. (2004) conducted one of the first LES studies using an online 

Eulerian–Lagrangian two-phase formulation: an Eulerian LES for the jet/wake flow coupled 

each time step to Lagrangian parcels representing soot-ice clusters. The microphysics followed 

a simplified diffusion-limited growth law of Kärcher type (Kärcher et al., 1996). Building on 

this, Roberto Paoli and Garnier (2005) applied the same online-coupled framework to the jet–

vortex interaction, coupling LES dynamics with Lagrangian microphysics to resolve near-field 

mixing and early contrail growth. Furthermore, Naiman, Lele, and Jacobson (2011) employed 

a 3D incompressible LES with online Lagrangian, size-resolved ice microphysics: 

computational particles follow the resolved flow, grow or sublimate by diffusion, and feed 

back to the Eulerian fields through water vapor and latent-heat source terms each time step. 

Advantages noted include capturing wake–microphysics interactions at realistic resolution and 

producing optical-property diagnostics (width, optical depth) consistent with limited 

observations, though the authors flag limits from Lagrangian sampling, neglected settling, and 

sub-grid dispersion.  

 

In a recent work, Lottermoser and Unterstraßer (2025) simulated early hydrogen contrails with 

a 3D anelastic large-eddy flow solver (EULAG) online-coupled to a Lagrangian Cloud Model, 

in which ice is represented by simulation particles that exchange water mass and latent heat 

with the Eulerian temperature and vapor fields each time step. The microphysics focused on 

deposition growth and sublimation (aggregation and radiation disabled) to isolate young-wake 

processes. The key finding was that vortex phase dynamics compress a four orders of 

magnitude spread in initial ice number to about two orders of magnitude, with losses increasing 

at warmer temperatures and lower humidity; the study also extended an existing 

parameterization of vortex phase ice loss to hydrogen scenarios. In the Lagrangian category, 

online Eulerian–Lagrangian couplings span work based on FludiLES (a 3D LES jet/wake 
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solver with online contrail microphysics) from the one-way inline condensation scheme of X. 

Vancassel et al. (2014) to the fully 3D LES with Lagrangian ice tracking of Picot et al. (2015), 

with François Garnier, Maglaras, Morency, and Vancassel (2014) documenting the solver that 

underpinned these implementations. 

 

1.2.2.3 Offline Trajectory–Microphysics Coupling (CFD-Derived) 

In this approach, a prior CFD simulation provides the velocity and thermodynamic fields that 

drive a separate, high-fidelity microphysics solver. Thermodynamic and dilution histories 

(temperature, pressure, water vapor, scalars) are sampled from the simulation along prescribed 

paths, and the microphysics predicts particle activation, growth/sublimation, and size spectra 

without feedback to the flow (Roberto Paoli et al., 2008). This coupling enables 

computationally demanding schemes (e.g., sectional/bin microphysics, detailed chemistry) and 

long integrations at modest cost while retaining realistic mixing histories along the sampled 

paths (X. Vancassel et al., 2014). The trade-off is that latent-heat and mass-loading effects on 

dynamics are omitted, and results depend on trajectory definition, interpolation, and any sub-

grid dispersion treatment. Practically, CFD-derived trajectory forcing is specified in two 

configurations: 

 Ensemble of trajectories: multiple paths sampled across plume radii and times; retains 

variability in dilution and supersaturation and yields distributions as well as means. 

Considerations include higher computational cost and sensitivity to the trajectory-

sampling strategy and any dispersion model. 

 Single mean trajectory: one representative path derived from the CFD fields; useful 

for mechanism testing and rapid sensitivity scans. A limitation is that sub-plume 

variability is smoothed, so onset timing and ice crystal number predictions can be 

biased and depend on how the averaging is defined. 

 

In the ensemble-trajectory configuration, tens of thousands of paths are sampled to capture 

thermodynamic variability; Roberto Paoli et al. (2008) used on the order of 25,000 LES-

derived trajectories. The offline microphysics includes kinetic HଶSOସ-HଶO nucleation, 
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condensation/evaporation, Brownian coagulation, activation and coating of soot, and 

heterogeneous freezing to form contrail ice, implemented with a sectional size representation 

for both volatile aerosol and soot. This LES-derived-trajectory strategy provides physically 

consistent, CFD-informed forcing to the microphysics while keeping the chemistry–

microphysics model flexible and computationally tractable for sensitivity studies to fuel sulfur 

content and mixing efficiency. Having presented the online coupling before, X. Vancassel et 

al. (2014) then implemented an offline, trajectory-driven configuration: a time-resolved 

FludiLES LES supplied an ensemble of fluid-parcel trajectories from the nozzle to ~10 s, and 

the Microphysical Model of Effluents (MoMiE) microphysics model was integrated separately 

along each path using the local temperature, pressure, and dilution histories, with no feedback 

to the flow. This offline setup employed more detailed sectional microphysics than the online 

case, resolving neutral/charged volatile particles, dry and activated soot, and ice from 

homogeneous/heterogeneous freezing. It reproduced characteristic wake structure—a ring of 

supersaturation around the vortex core with ice diameters of ~0.6–1.2 μm, while the core 

remained subsaturated with small ice crystals (<100 nm) due to weak mixing—and sampled 

~25,000 parcel positions to capture spatial variability; the evolution of mean ice radius 

remained consistent.  

 

Furthermore, Bier et al. (2022) and Bier et al. (2024) applied a particle-based Lagrangian Cloud 

Module (LCM) box model along LES-derived trajectory ensembles from FludiLES to study 

contrail formation offline. The 2022 study ran LCM on 25,000 plume trajectories (and a single 

“average-trajectory” variant), showing strong radial variability, earlier/later onset differences 

tied to the prescribed dilution history, and that conclusions hinge more on mixing 

representations than on microphysics choice. The Hଶ study reused the FludiLES set but merged 

it to ~1,000 trajectories for efficiency, documented preprocessing of the temperature-based 

dilution histories, and extended LCM to contrail formation on ambient particles (soot-free). It 

found an Hଶ Schmidt–Appleman threshold ≈10 K higher, stronger early supersaturation, and 

80–90% lower ice number than kerosene cases, with pronounced sensitivity to ambient aerosol 

number, size, and hygroscopicity. Finally, both papers cautioned that ensemble runs without 
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inter-trajectory mixing can overestimate ice numbers relative to single-path setups, 

underscoring the role of plume-mixing variability. 

 

As a counterpoint to the ensemble analysis presented earlier, Roberto Paoli et al. (2008) also 

evaluated the microphysics along a single “average” trajectory constructed by averaging the 

LES temperature and dilution over ~25,000 paths. This smoothing of mixing fluctuations 

weakened early formation signals—at 1 s the mean-path run lacked the small-size nucleation 

mode that appeared with the full ensemble—and it produced lower particle abundances than 

the ensemble case. The paper attributes these differences chiefly to the different vapor 

histories, noting that the ensemble run had roughly twice the water vapor pressure of the mean-

path run. Bier and Burkhardt (2022) also employed a single-trajectory (“average-traj”) variant, 

in which the LES-derived temperature histories from 25,000 paths were averaged and 

converted to a mean dilution curve that then drove one box model run. Relative to the ensemble 

framework, the average-traj run showed a sharper, pulse-like activation signal (the ensemble 

increased more smoothly) and typically lower final freezing fractions under the same 

conditions. Importantly, they argued that offline ensembles without inter-trajectory mixing can 

overestimate ice numbers, so an ensemble is not inherently more reliable than the single-

trajectory setup; the main differences were traced to how mixing is represented, not to 

microphysics per se. 

 

1.3 Chapter Conclusion 

This chapter delivered a literature review that complements the three articles forming this 

thesis. It opened by introducing contrail formation as the central focus and summarized contrail 

evolution and underlying processes across thermodynamics, chemistry, microphysics, and 

flow dynamics, with brief introductions to each and their key studies. 

 

To introduce the structured toolkit on which this thesis builds, this chapter organized numerical 

models of contrail formation and evolution into two parts: dynamic modeling and 

microphysical modeling. The dynamic modeling section presented three ways to obtain plume 
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mixing, temperature, and scalar fields: (i) analytical flow models (including mathematical 

formulations and interpolated equations), (ii) CFD simulations as the primary approach used 

here covering RANS, LES, and DNS, and (iii) prescribed CFD-derived trajectories, extracted 

from CFD and used to represent near-field dilution histories at far lower cost than fully coupled 

simulations, while noting their limited suitability for far-field evolution. 

 

The microphysical modeling section began with inline analytical–microphysics coupling, in 

which 0D/1D analytical plume models are integrated on the same time grid with more detailed 

microphysics. It then outlined the species and processes commonly considered—volatile 

particles, soot particles, ion effects, and organic compounds—and proceeded to online CFD–

microphysics coupling, where 2D/3D flow fields are coupled with microphysical solvers in 

Eulerian–moments (bulk), Eulerian–sections (binned), or Lagrangian (parcels) form. Finally, 

the chapter described offline trajectory–microphysics coupling (CFD-derived), in which 

trajectories extracted from CFD drive microphysics outside the flow solver, using either a 

single averaged (“mean”) trajectory or an ensemble to represent spatial variability. 

 

The existing literature has often treated jet/wake dynamics and microphysics in partially 

decoupled ways, with entrainment and dilution histories prescribed rather than prognosed, so 

feedbacks that set near-field supersaturation have been simplified. Realistic engine architecture 

has been underrepresented, and the influence of bypass ratio on early ice properties has not 

been isolated under controlled flow and chemistry. Solute effects have typically been implicit, 

activation of entrained ambient aerosols has been examined only in narrow regimes, and 

comparisons of online versus offline coupling under matched conditions have been limited. 

Guidance for initializing the vortex phase from temporal versus spatial jet formulations has 

been inconsistent and rarely tested across jet maturity. Accordingly, the thesis is structured so 

that the limitations identified above are examined, the remaining knowledge gaps are made 

explicit, and their resolution is advanced. 

 

The remainder of this thesis is organized as follows. CHAPTER 2 details the governing 

equations and numerical framework used throughout the thesis. CHAPTER 3 evaluates the 



42 

bypass effects of advanced turbofan engines on contrail formation using LES, comparing 

CFM56-5B3/3, LEAP-1A/33, and a UHBR configuration in terms of their microphysical 

signatures. CHAPTER 4 investigates the role of soot particle properties and activation using 

LES with online-coupled microphysics, building on activation developments implemented in 

the FludiLES code. Finally, CHAPTER 5 incorporates ambient particles and extends the 

analysis into the vortex phase, comparing spatial and temporal modeling approaches across the 

jet and vortex initialization regimes for two aerosol scenarios, soot-only and soot+ambient.



 

CHAPTER 2 
 
 

METHODOLOGY 

In this chapter, the methodology used to achieve the research objectives is discussed. We 

present the mathematical formulation and numerical techniques employed to simulate the 

aircraft-engine jet and its initial entrainment into the vortex phase under cruise conditions. The 

framework combines high-order compressible CFD with an online Lagrangian microphysics 

module to resolve soot and ambient-aerosol activation and early ice growth. Both spatial and 

temporal LES formulations are used; key modeling assumptions, discretization choices, 

boundary treatments, and validation steps are documented to ensure reproducibility. 

 

To this end, this Chapter is organized into four main sections. Section 2.1 presents the 

governing equations, separating the gas phase conservation laws from the solid phase 

Lagrangian particle equations. Section 2.2 details the numerical method—the LES formulation 

and sub-grid scale (SGS) modeling; discretization and time-integration schemes; the particle 

microphysics algorithm; the gas–particle coupling term; and the computational framework and 

setup, which covers the FludiLES architecture and modules, domain and mesh, initialization 

procedures, boundary conditions, and validation. Section 2.3 describes the post-processing 

workflow and performance metrics used to analyze the simulations. Finally, Section 2.4 

concludes the chapter by summarizing the principal methodological choices and their 

implications for the results presented in the subsequent chapters. 

 

2.1 Governing Equations 

2.1.1 Gas Phase Equations 

The compressible Navier–Stokes equations for a Newtonian fluid are written in conservative 

form for the variables (ݑߩ,ߩ௜ ܻ where ,(ܻߩ,ܧߩ,  is the water vapor mass fraction. The equations 

are non-dimensionalized using the reference scales ܮ଴,ܷ଴,ߩ଴, ଴ܶ,  ଴, and ܼ଴, representing aߤ
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characteristic length, velocity, density, temperature, dynamic viscosity, and mass fraction 

corresponding to the jet exit conditions, respectively. These are defined as: 

ݑ  = ଴ܷ∗ݑ ,ܶ = ܶ∗଴ܶ ߩ, = ଴ߩ∗ߩ ,ܲ = ଴ܷ଴ଶߩ∗ܲ ܧ, = ଴ܷ଴ଶߩ∗ܧ , ߤ = ଴ߤ∗ߤ ,ܼ = ܻ − ௔ܻ௝ܻ − ௔ܻ (2.1) 

 

where dimensional variables are marked with the symbol (*). Therefore, the system formed by 

continuity, momentum, total energy, and water vapor mass fraction transport is written as 

follows: 

ݐ߲ߩ߲  + ߲൫ݑߩ௝൯߲ݔ௝ = ݐ߲(௜ݑߩ)߲ (2.2) 0 + ߲൫ݑߩ௜ݑ௝൯߲ݔ௝ + ௜ݔ߲߲ܲ = ௝ݔ௜௝߲ߪ߲ ݐܧ߲߲ (2.3)  + ܧ)߲ + ௝ݔ௝߲ݑ(ܲ = ௝ݔ௜߲ݑ௜௝ߪ߲ − ௝ݔ௝߲ݍ߲ + ݐ߲ܼߩ߲ ℓ (2.4)ݍ̇ + ௝ݔ௝߲ݑܼߩ߲ = ݎܲ 1ܴ݁ ௝ݔ߲߲ ቆ߲ܼ߲ݔ௝ቇ + ߱̇జ (2.5) 

 

Here ݐ and ݔ௝ are independent variables representing time and Cartesian spatial coordinates, 

respectively. The three velocity components are denoted ݑ௜ (݅=1, 2, 3). Einstein summation 

over repeated indices is used. 

 

The viscous stress tensor is defined through the temperature-dependent viscosity ߤ(ܶ) and the 

strain rate tensor ௜ܵ௝: 
௜௝ߪ   = ܴ݁(ܶ)ߤ ௜ܵ௝ (2.6) 

௜ܵ௝ = ௝ݔ௜߲ݑ߲ + ௜ݔ௝߲ݑ߲ − 23 ௜௝ߜ ௞ݔ௞߲ݑ߲  (2.7) 
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 .௜௝ denotes the Kronecker deltaߜ

 

The specific total energy E is defined as: 

ܧ  = ߛ)ܲ − ߩ(1 +  ௜ (2.8)ݑ௜ݑ12

 

The heat flux vector follows Fourier’s law: 

௝ݍ  = ߛ)(ܶ)ߤ− − ଶܯݎܲ ܴ݁(1  ௝ (2.9)ݔ߲߲ܶ

 

The ߤ(ܶ) follows Sutherland’s law with reference ( ଴ܶ,  ଴). The pressure ܲ, temperature ܶ, andߤ

density ߩ are related by the ideal gas equation of state: 

 ܲ =  ଶ (2.10)ܯߛܶߩ

 

The water vapor mass fraction is non-dimensionalized by normalizing with its jet exit and 

ambient values ௝ܻ and ௔ܻ; this defines the scalar ܼ: 

 ܼ = ܻ − ௔ܻ௝ܻ − ௔ܻ (2.11) 

 

Furthermore, the terms ̇ݍℓ and ߱̇జ provide two-way coupling in mass and energy. Their 

construction from the solid phase is given in Section 2.1.2 and their discrete implementation 

in Section 2.2.4. 

 

The dimensionless numbers are: 

 The reference Reynolds number, comparing inertial and viscous effects: 
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ܴ݁ = ଴ߤ଴ܮ଴ܷ଴ߩ  (2.12) 

 

 The heat capacity ratio ߛ = ௣଴ܥ ⁄జ଴ܥ ; to avoid additional nonlinearity, ߛ is held 

constant at 1.4, the commonly accepted value for dry air: 

ߛ  = ௣଴ܥ ⁄జ଴ܥ  (2.13) 

 

 The reference Prandtl number, comparing momentum and heat diffusion; here it is 

taken constant and set to 0.7, representative of air: 

ݎܲ  = ௣݇ܥ଴ߤ  (2.14) 

 

 The reference Mach number M is defined as: 

ܯ  = ܷ଴ܽ଴  (2.15) 

             

            where the reference speed of sound ܥ଴ is: 
 ܽ଴ = ඥܴߛ௦ ଴ܶ (2.16) 

            

            ܴ௦ denotes the ratio: 

 ܴ௦ = ܴ௨ܯఠ (2.17) 

 

where ܴ௨ is the universal gas constant and ܯఠ is the molar mass (݇݃ ⁄݈݋݉ ). For dry 

air,  ܴ௦ = ܬ 287 ⁄(ܭ.݃݇) . 
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2.1.2 Solid Phase Equations 

A Lagrangian approach is employed to track the particles. Particles are assumed spherical and 

monodisperse at injection. The solid phase is taken in thermal equilibrium with the carrier gas; 

thus, the particle temperature ௣ܶ equals the gas temperature ܶ. The particle position is obtained 

by integrating: 

ݐ௣݀ݔ݀  = ,௣ݔ)ݑ  (2.18) (ݐ

 

Here ݑ is the fluid velocity evaluated at the particle location ݔ௣. 

 

The Stokes number ܵݐజ = ߬జ ⁄଴ݐ  compares the particle relaxation time ߬జ to the characteristic 

flow time ݐ଴. For submicron particles, ߬జ is extremely small (typically 10ି଺ − 10ିସ s), while 

the flow timescale remains of the order of 10ିଶ s. Consequently, ܵݐజ ≪1, indicating that 

particles rapidly adjust to local velocity fluctuations and closely follow the carrier phase. So, 

the particle velocity is assumed equal to the local fluid velocity (ݑ௣ =  .(ݑ

 

Maxwell’s continuum description assumes vapor and temperature fields remain continuous up 

to the particle surface and yields the classical diffusive/conductive limits at ݎ =  ௣. For smallݎ

particles, however, this assumption fails when the near-surface length scale becomes 

comparable to the mean free path ߣ. Experiments by Langmuir (1915) and the analysis of  

Schäfer (1932) and Fuchs (2013) showed that diffusion equations apply only outside a thin, 

near-surface Knudsen layer, within which transport is molecular (ballistic). Following the 

transition formulation of Fukuta and Walter (1970), we therefore correct the continuum flux 

by a factor ( ଷ݂ఉ) that accounts for molecular transport and the mass accommodation 

coefficient. The expression used here is given next in Equation (2.19)–(2.20); it recovers the 

continuum limit ଷ݂ఉ → 1 for ݎ௣ ≫  and smoothly bridges toward the free molecular behavior ߣ

as ݎ௣ decreases (Radiative transfer is neglected.) 
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Particle growth occurs when turbulent mixing with ambient air cools the jet and produces 

supersaturation, leading to heterogeneous nucleation and condensation of water vapor onto the 

particles. Under these saturation conditions, gravitational settling is neglected because of the 

small particle size (order of 1–2 μm). The ice crystal size, assumed spherical, evolves with the 

local temperature and relative humidity. The particle mass evolution is computed following 

the condensation/evaporation formulations of François Garnier et al. (2014): 

 ݀݉௣݀ݐ = జܴܯజܦ௣ݎߨ4 ௉ܶ ଷ݂ఉ( ௪ܲ − ௦ܲ௔௧) (2.19) 

ଷ݂ఉ = ௣ݎ௣ݎ + జܴܯߨజට2ܦ ௉ܶ
 

(2.20) 

 

Here ݉௣  is the particle mass; ܦజ the molecular diffusivity of water vapor in air; ܯజ the molar 

mass of water; ଷ݂ఉ a correction factor accounting for the gas–liquid density contrast; ௪ܲ the 

partial pressure of water vapor; and ௦ܲ௔௧ the saturation vapor pressure of water. ܦజ is related 

to the Schmidt number by ܵܿజ = ߤ ⁄(జܦߩ) .The preceding equation can be rearranged to 

express the rate of change of particle radius as: 

ݐ௉݀ݎ݀  = ௉ܴݎజܯ జܦ ௉ܶߩ௉ ଷ݂ఉ( ௪ܲ − ௦ܲ௔௧) (2.21) 

 

Accordingly, the particle radius evolves following the Fukuta and Walter (1970) growth law, 

with the numerator modified in this thesis to account for water activity via κ-Köhler theory: 

௉ݎ  ݐ௉݀ݎ݀ = ܵ௪ − ܵ௞ܥ௧ܵ௞ +  ௉ (2.22)ܥ

 

with: 
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ܵ௪ = ுܲమை,௔௖௧௨௔௟௦ܲ௔௧( ௉ܶ)  (2.23) 

ܵ௞ = ௪ߙ . expቆݎ݁ܭ௣ ቇ = ௣ଷݎ − ௣ଷݎௗଷݎ − ௗଷ(1ݎ − (ߢ exp (ݎ݁ܭ௣ ) (2.24) 

௧ܥ = )଴ܷ଴ܮଶݎ̅ ௉݇௚ܴ ௉ܶଶߩజܯଶܮ ଷ݂ఈ) (2.25) 

௣ܥ = )଴ܷ଴ܮଶݎ̅ ܴ ௉ܶߩ௉௦ܲ௔௧ܦజ ܯజ ଷ݂ఉ) (2.26) 

ଷ݂ఈ = ௣ݎ௣ݎ + ݇௚ඥ2ܯߨ௔ܴ ௉ܶܲ(ܥ௉,௔ − ܴ 2⁄ ) 
(2.27) 

 

Here, ܵ௪, is the actual saturation ratio of water vapor determined based on the local available 

water vapor content in the environment, which varies due to the mixing between the jet plume 

and the ambient atmosphere. ܵ௞ is the equilibrium saturation ratio which depends on the local 

properties of each particle and ߙ௪ is the water activity in the droplet solution. ܥ௧ and ܥ௣ are the 

coefficients governing growth and evaporation. ଷ݂ఈ is the non-continuum heat transfer 

correction; thermal accommodation α is taken as unity (no explicit coefficient). Moreover, κ 

(kappa) is a dimensionless hygroscopicity parameter in κ-Köhler theory that collapses particle 

composition into one number describing how readily a particle takes up water (Petters & 

Kreidenweis, 2007).  

 

The sink/source of water vapor in an Eulerian control volume ܸ is obtained from the parcel 

mass change ݉̇௣. Using ݉̇௣ = ௣ଶݎߨ௣4ߩ ௗ௥೛ௗ௧ , the volumetric source in the vapor transport 

equation is: 

 

߱జ(ݔ) = ௦ଷ௪ܻݎ . ௉ଶݎߨ௉4ߩ௉෍݊(ݔ)1ܸ ௡ುݐ௉݀ݎ݀
௞ୀଵ  (2.28) 
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where ௪ܻ is the water mass fraction, ݎ௦ a dimensionless number depending on the initial radius 

of the soot particles and ݊௉ is the number of particles with a density of ߩ௉ contained in a 

volume ܸ(ݔ). 

 

The heat released/absorbed by phase change follows the particle-scale energy balance, where 

latent heat exactly balances conductive heat away from the interface. Aggregating to the 

Eulerian cell gives the latent-heat source: 

 

ℓݍ̇ = ݊௉ܸ(ݔ)෍ܮ௣( ௣ܶ,௦)݀݉௉݀ݐ௡ು
௞ୀଵ  (2.29) 

 

where ܮ௣( ௣ܶ,௦) is the latent heat of sublimation evaluated at the particle surface temperature, 

௣ܶ,௦. With ௗ௠ುௗ௧ > 0 (condensation/icing, particle mass increases), ̇ݍℓ > 0 — heat is released to 

the gas; if  ௗ௠ುௗ௧ < 0 (evaporation/sublimation), ̇ݍℓ < 0. In the jet phase, ̇ݍℓ is usually negligible 

compared with advective–diffusive energy terms because ice mass remains small and the 

supersaturation is short-lived; accordingly, energy two-way coupling is often omitted while 

the vapor mass source is retained. 

 

2.2 Numerical Method 

2.2.1 LES Formulation & SGS 

At the high Reynolds numbers considered, turbulence spans a broad range of scales. Energy-

containing eddies at the integral scale ݈ transfer kinetic energy downscale through a 

Kolmogorov cascade to dissipative scales ݈௞, where viscosity removes it. The scale separation 

follows ݈௞ ݈⁄ = ܴ݁௟ି ଷ ସ⁄ , so the number of dynamically relevant scales—and thus the grid 

demand—grows as ܱ(ܴ݁௟ି ଷ ସ⁄ ) per spatial direction, making DNS infeasible. Consequently, 

we adopt LES: large structures are resolved, while unresolved motions are represented by a 

sub-grid scale (SGS) closure derived from the spatially filtered Navier–Stokes equations. Only 
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the fundamental definitions are recalled. The idealized case of homogeneous, isotropic 

turbulence is considered, following E. Garnier, Adams, and Sagaut (2009). The filter is 

assumed translation- and rotation-invariant, and a uniform cut-off length Δ, identical in all 

directions, is adopted. 

 

For any flow variable ݂, the decomposition is: 

 ݂ = ݂̅ + ݂ᇱ (2.30) 

 

Scale separation is achieved by applying a low-pass spatial filter (i.e., removing high-

wavenumber content) to the exact field. ݂ ̅denotes the low frequency, large scale component 

of ݂, and ݂ᇱ its complementary high-frequency part. The filtering operation is represented in 

physical space as a convolution. Thus, the resolved part ݂ ̅is formally defined by: 

 ݂̅ = න ݔ)∆ܩ − ஐ(ߦ)݂(ߦ  (2.31) ߦ݀

 

This relation is written symbolically as ݂̅ =  :so that ,݂∆ܩ

 ݂ᇱ = (1 −  (2.32) ݂(∆ܩ

 

The convolution kernel ܩ∆ characterizes the filter; it depends on the cut-off length Δ and 

satisfies the following normalization relation: 

 න ݔ)∆ܩ − ஐߦ݀(ߦ = 1 (2.33) 

 

Filters commonly used in LES include the box (top-hat), Gaussian, and spectral cut-off filters. 

To permit manipulation of the Navier–Stokes equations after filtering, the filter must preserve 

constants, be linear, and commute with spatial differentiation. In other words: 



52 

തܽ = ܽ ݂݅ ܽ = Φ (2.34) ݁ݐݏܿ + Ψതതതതതതതത = Φഥ + Ψഥ  (2.35) ߲Φതതതത߲ݏ = ߲Φഥ߲ݏ , ݏ = ,௜ݔ ݅   ݐ = 1,2,3 (2.36) 

 

Filters that satisfy the three properties stated above are, in general, not Reynolds operators; 

hence the idempotence property does not hold: 

 Φന = ଶΦ∆ܩ ≠ Φഥ = Φ (2.37) Φഥᇱ∆ܩ = 1)∆ܩ − Φ(∆ܩ ≠ 0 (2.38) 

 

In this case the filter operator is, in principle, invertible: the null space (kernel) of ܩ∆ is trivial, 

ker(ܩ∆) = {0}, so a single filtering does not irretrievably remove information. By contrast, a 

Reynolds operator is idempotent and acts as a projection; its null space contains the sub-grid 

component, and information is therefore lost by filtering. 

 

The filter cut-off length is most commonly defined following Deardorff as (∆= ∆௜௦௢): 

 ∆௜௦௢= (∆௫∆௬∆௭)ଵଷ (2.39) 

 

where ∆௫, ∆௬, and ∆௭ are the grid spacings in the ݕ ,ݔ, and ݖ directions. For an isotropic grid 

(∆௫=∆௬=∆௭), ∆௜௦௢ reduces to the common spacing. 

 

In compressible-flow LES, density-weighted filtering (Favre averaging) is employed ((Cécile 

Ferreira Gago, 2002; E. Garnier et al., 2009)). It is defined by: 

തതതത݂ߩ  = ߩ̅ ሚ݂ (2.40) 

 

Hence, any scalar or vector field is decomposed as: 
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݂ = ሚ݂ + ݂ᇱᇱ (2.41) 

 

where (.)̃ denotes the Favre-filtered quantity and (.ᇱᇱ) the Favre fluctuation. The tilde operator 

is linear but, in general, does not commute with temporal or spatial differentiation: 

 ߲෪߲݂ݏ ≠ ߲ ሚ݂߲ݏ  , ݏ = ௜ݔ , ,  ݐ ݐ = 1,2,3 (2.42) 

 

Here, the Navier–Stokes equations used in LES are obtained by applying the spatial filter. The 

nonlinear products generate sub-grid terms, which are gathered on the right-hand side; the left-

hand side is kept in terms of resolved quantities only. 

 

Here, the Navier–Stokes equations used in LES are obtained by applying the spatial filter. The 

nonlinear products generate sub-grid terms, which are gathered on the right-hand side; the left-

hand side is kept in terms of resolved quantities only. 

 

Continuity equation 

Applying the spatial filter to the mass conservation Equation (2.2) gives: 

ݐ߲ߩ߲̅  + ߲൫ݑߩఫതതതതത൯߲ݔ௝ = 0 (2.43) 

 

By adopting Favre filtering, a form free of sub-grid terms is obtained, which is the main 

motivation for the change of variables, this yields: 

ݐ߲ߩ߲̅  + ߲൫̅ݑߩఫ෥ ൯߲ݔ௝ = 0 (2.44) 

 

Momentum equation 

Filtering the momentum equation leads to: 
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ప෥ݑߩ̅)߲  ݐ߲( + ௝ݔ߲(෤௝ݑ෤௜ݑߩ̅)߲ + ߲ ത߲ܲݔ௜ − ௝ݔపఫෞ߲ߪ߲ = − ௝ݔ߲߲ ൫߬௜௝൯ + ௝ݔ߲߲ పఫതതതതߪ) −  పఫෞ) (2.45)ߪ

 

where the additional right-hand-side term is the sub-grid scale (SGS) stress divergence. The 

SGS stress tensor is defined by: 

ଵܣ  = ߬௜௝ = ఫ෦ݑపݑ)ߩ̅ − ఫ෥ݑప෥ݑ ) (2.46) 

 

The viscous stress is evaluated from resolved fields (for constant ߤ the term is closed; with ߤ(ܶ) it is computed using the resolved temperature). 

 ଶ is defined as the difference between the filtered viscous stress and the viscous stress builtܣ 

from Favre‐filtered fields, and ሚܵ௜௝ is the Favre strain rate tensor: 

ଶܣ  = ൫ߪపఫതതതത − పఫෞ൯ߪ = (ܶ)ߤ పܵఫതതതതതതതതതതܴ݁ − )ߤ ෨ܶ) ሚܵ௜௝ܴ݁  (2.47) ሚܵ௜௝ = ௝ݔ෤௜߲ݑ߲ + ௜ݔ෤௝߲ݑ߲ − 23 ௜௝ߜ ௞ݔ෤௞߲ݑ߲  (2.48) 

 

The two sub-grid contributions, ܣଵ and ܣଶ, arise respectively from the non-linear convective 

term (SGS stress divergence) and from the viscous term with temperature-dependent viscosity 

in Equation (2.3). Closure requires that they be expressed in terms of the resolved variables, 

here ߩ෤ݑ෤௜. 
 

Energy conservation equation 

 Filtering Equation (2.4) yields: 
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ݐ෠߲ܧ߲ + ௝ݔ߲߲ ൛൫ܧ෠ + തܲ൯ݑ෤௝ൟ − ௝ݔ߲߲ ൫ߪపఫෞݑ෤௜൯ + =௝ݔఫෝ߲ݍ߲ ଵܤ− − ଶܤ − ଷܤ − ସܤ − ହܤ − ଺ܤ −  ଻ܤ

(2.49) 

 

with: 

෠ܧ  = തܲߛ − 1 + 12  ෤௜ (2.50)ݑ෤௜ݑߩ̅

ఫෝݍ = )ߤ− ෨ܶ)(ߛ − ଶܯݎܲ ܴ݁(1 ߲ ෨߲ܶݔ௝  (2.51) 

 

The B terms collect the sub-grid contributions generated by filtering (turbulent transport, 

pressure–velocity correlations, viscous work, and heat flux) and must be modeled by an SGS 

closure: 

ଵܤ  = ߛ1 − 1 ௝ݔ߲߲ ൫ܲݑఫതതതതത − തܲݑ෤௝൯ (2.52) 

ଶܤ = ܲ ௞തതതതതതതതݔ௞߲ݑ߲ − തܲ ௞ݔ෤௞߲ݑ߲ ଷܤ (2.53)  = ௝ݔ߲߲ ൫߬௞௝ݑ෤௞൯ (2.54) ܤସ = ߬௞௝ ௝ݔ߲߲ ହܤ ෤௞ (2.55)ݑ = ௞ఫߪ ఫݔ߲߲ ௞തതതതതതതതതതതതതݑ − ௞ఫതതതതߪ ௝ݔ߲߲ ଺ܤ ෤௞ (2.56)ݑ = ௝ݔ߲߲ ෤௜ݑపఫതതതതߪ) − ଻ܤ ෤௜) (2.57)ݑపఫෞߪ = ௝ݔ߲߲ ఫഥݍ) − ఫෝݍ ) (2.58) 
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The pressure–velocity correlation term ܤଵ represents the action of sub-grid turbulence on the 

scale-resolved pressure forces. The pressure dilatation term ܤଶ accounts for purely 

compressible effects and vanishes in the incompressible limit. The pair (ܤଷ −  ସ) correspondsܤ

to the transport of kinetic energy from resolved to sub-grid scales. The sub-grid dissipation ܤହ 

measures the conversion of kinetic energy into internal energy by viscous action. The last two 

contributions, ܤ଺ and ܤ଻, arise from the non-linearities of the viscous work and heat-flux terms. 

 

Vapor Conservation Equation 

Filtering the vapor transport equation yields the following equation, in which the sub-grid 

scalar flux appears; its definition is given in: 

ݐ߲ܼߩ߲̅  + ௝ݔ෤௝߲ݑܼߩ߲ − ݎܲ 1ܴ݁ ௝ݔ߲߲ ቆߤ(ܶ) ௝ቇݔ߲ܼ߲ + ܵே̅ = ௝ݔଵ߲ܥ߲− + ଵܥ ଶ (2.59)ܥ = ఫ෪ݑܼ)ߩ̅ − ෨ܼݑ෤௝) (2.60) ܥଶ = ݎܲ 1ܴ݁ ௝ݔ߲߲ ߤ) ఫതതതതതതതݔ߲ܼ߲ − ߤ ෨ܶ ߲ ෨ܼ߲ݔ௝) (2.61) 

 

Filtering of the coupling term introduces the notion of a numerical particle (Leboissetier, 

Okong'o, & Bellan, 2004). The number of particles used in the numerical resolution is therefore 

reduced, while maintaining the same physical density: 

 

ܵே̅ = 10ଷ̅ݎଷܼ଴ 1௖ܸ௘௟௟ ݊௧௥௔௡௦෍ ݉̇௞∗௡೛
௞ୀଵ  (2.62) 

 

where ܼ଴ is the reference vapor mass fraction, ௖ܸ௘௟௟ is the control volume, ݊௧௥௔௡௦ is the number 

of physical particles represented by one numerical particle, and ݉̇௞∗  denotes the mass transfer 

rate associated with each particle. 
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SGS Model 

Building on the filtered forms derived above, attention is now turned to the closure of the SGS 

contributions. In the filtered momentum Equation (2.45) two SGS terms appear: ܣଵ, written 

through the SGS stress tensor ߬௜௝ and originating from the nonlinear convection, and ܣଶ, 

associated with the viscous term when the viscosity depends on temperature. Consistent with 

common LES practice—and with Vreman’s assessment in shear layers—the effect of ܣଶ is 

neglected. The modeling therefore focuses on ߬௜௝, for which a hybrid Smagorinsky formulation 

(functional eddy viscosity + structural scale similarity) is adopted following Cécile Ferreira 

Gago (2002). 

 

A functional (eddy-viscosity) approach is adopted, consistent with the direct cascade of energy. 

The transfer from resolved to sub-grid scales is represented analogously to molecular diffusion: 

the anisotropic (deviatoric) part of the SGS stress is taken proportional to the resolved strain-

rate tensor through an eddy viscosity ߥ௦௠. With the usual decomposition: 

 ߬௜௝ = ߬௜௝ூ + ߬௜௝஽  (2.63) ߬௜௝ூ = 13 ߬௞௞ߜ௜௝ (2.64) 

 

the deviatoric part is modeled as: 

 ߬௜௝ − 13 ߬௞௞ߜ௜௝ = ߬௜௝஽ = ௦௠ߥߩ2̅− ௜ܵ௝(ݑ෤) (2.65) 

 

In compressible flows the trace of ߬௜௝ is dominated by thermodynamic effects and is therefore 

absorbed into the filtered pressure rather than modeled explicitly. Historically, the 

Smagorinsky model was the first SGS closure proposed; the eddy viscosity depends on the 

filter width Δ and on the instantaneous energy flux across the cut-off, which may be written 

abstractly as: 
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௦௠ߥ = ௦ܸ௠(∆,  (2.66) (̇ߝ

 

A dimensional analysis in the inertial range, under the hypothesis of local spectral equilibrium 

௞ߝ) =  :leads to ,(ߝ

௦௠ߥ  ∝ ଵߝ  ଷ⁄ Δସ ଷ⁄  (2.67) 

 

Moreover, in the case of isotropic homogeneous turbulence, the rate of kinetic energy 

dissipation is evaluated as: 

ߝ  ∝ ∆ଶ|ܵ(ݑ෤)|ଷ (2.68) 

 

Assuming that the flow is in a situation of constant spectral equilibrium (ߝଵ = ̃ߝ =  and ,(ߝ

substituting Equation (2.68) into Equation (2.67) gives: 

௦௠ߥ  = ଶ|(෤ݑ)ܵ| (2.69) |(෤ݑ)ܵ|ଶ(∆௦ܥ) = 2 ௜ܵ௝(ݑ෤) ௜ܵ௝(ݑ෤) (2.70) 

 

The deviatoric SGS stress is then modeled by: 

 ߬௜௝ = |(෤ݑ)ܵ|ଶ(∆௦ܥ)ߩ2̅− ௜ܵ௝(ݑ෤) (2.71) 

 

The constant ܥ௦ is often adjusted to improve results; values around ܥ௦ ≅ 0.2 are commonly 

reported in the literature (Bardina, Ferziger, & Reynolds, 1980; Pope, 2000). 

 

The principal shortcoming of the constant coefficient Smagorinsky model is its excessive 

dissipation. Because the eddy viscosity depends solely on the resolved strain rate, regions with 

strong shear (large |ܵ|) produce very large ߥ௦௠, which can drain energy too rapidly, impede 

laminar–turbulent transition, and overdamp near-wall motions. Moreover, the model does not 

account for anisotropy of the sub-grid stresses, nor for possible backscatter (energy transfer 
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from sub-grid to resolved scales). These limitations motivate the use of dynamic, or hybrid 

formulations presented next. 

 

The Smagorinsky component relies on a proportionality hypothesis between the SGS stress to 

be modeled and the resolved strain-rate tensor; it therefore represents mainly the dissipative 

effect of the unresolved scales on the resolved field, without attempting to reproduce the small-

scale structure. In contrast, a structural approach seeks to model the SGS stress directly. Unlike 

the Smagorinsky model, it requires information about inter-filter interactions so that the 

organization of the small scales can be represented and the SGS tensor ߬௜௝ can be approximated 

more faithfully. 

 

The structural model adopted here follows the scale-similarity hypothesis of Liu–Meneveau–

Katz (LMK). In this approach, the SGS tensor at the grid scale Δ is approximated by the stress 

built from the resolved field observed at two nearby filter levels. Let (. ̅) denote grid filtering 

at Δ and (. ̂ ) a test filter of larger width Δ෡ > ∆ (implemented with a compact 1–2–1 top-hat 

stencil in each Cartesian direction). For compressible LES, Favre filtering is employed, ߶෨ തതതത߶ߩ= ⁄ߩ̅ , and the isotropic trace of ߬௜௝ is absorbed into the filtered pressure. Under these 

conventions, the deviatoric LMK approximation is written as: 

 ߬௜௝௅ெ௄,஽ = ቈ(̅ݑߩ෤పݑ෤ఫ෣ ) − ෣(పതതതതതݑߩ) ෢(ߩ̅)෣(ఫതതതതതݑߩ) ቉஽ (2.72) 

 

This term transfers structure from the test-filtered resolved field to the modeled SGS tensor 

and permits limited backscatter. The similarity idea traces to Bardina et al. (1980), with LMK 

providing experimental support and a multiband interpretation. The discrete (1–2–1) test filter 

and use of two levels of filtering follow standard dynamic LES practice. In compressible LES, 

density-weighted (Favre) filtering and the handling of the SGS trace via a modified pressure 

are standard; these conventions are used here. 
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To combine the correct dissipation level of eddy viscosity closures with the improved structural 

fidelity of similarity models, a mixed form is employed: 

 ߬௜௝஽ = ௜௝௅ெ௄,஽߬ߙ − 2(1 − |(෤ݑ)ܵ|ଶ(∆௦ܥ)ߩ̅(ߙ ௜ܵ௝(ݑ෤) (2.73) 

 

with: 

 

௜ܵ௝(ݑ෤) = 12 (߲௜ݑ෤௝ + ௝߲ݑ෤௜) (2.74) ⌊ܵ⌋ = ඥ2ܵ௠௡ܵ௠௡ (2.75) ∆= ଵ(ݖ∆ݕ∆ݔ∆) ଷ⁄  (2.76) 

 

This “mixed” construction—similarity plus a dissipative Smagorinsky term—has been widely 

used; compressible generalizations formulate the similarity and eddy viscosity parts in Favre 

variables as written above (Winckelmans, Wray, & Vasilyev, 1998). 

 

Typical constants used in practice are ܥ௦ ≈ 0.17 − 0.2, and (unless otherwise stated) ߙ = 0.5 

is adopted for equal weighting of structural and dissipative effects. Constant-coefficient 

Smagorinsky closures are known to be overly dissipative—particularly in strong-shear or near-

wall regions—which motivates the mixed strategy used here (Lévêque, Toschi, Shao, & 

Bertoglio, 2007). 

 

A compact 1–2–1 top-hat test filter is applied direction-wise (yielding መ݂௜ = ଵସ ௜݂ିଵ + ଵଶ ௜݂ +ଵସ ௜݂ାଵ); the ratio ∆෠ ∆⁄  is chosen per the discrete filter’s effective width and is larger than one 

(commonly around two in practice). Results are known to be only weakly sensitive to moderate 

changes of this ratio in dynamic-type formulations (Sagaut & Grohens, 1999). 
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2.2.2 Discretization & Numerical Scheme 

This section presents the numerical methods used to solve the filtered Navier-Stokes equations 

(LES). The velocity, pressure, temperature and density variables are discretized on a Cartesian 

mesh of m nodes with: 

 ݉ = ݉ଵ × ݉ଶ × ݉ଷ 

(2.77) 

,ݕ,ݔ] [ݖ = ,ݔ] ,ݕ ,݅) [ݖ ݆,݇) ݅ = 1,݉ଵ ݆ = 1,݉ଶ ݇ = 1,݉ଷ 

 

Spatial Discretization 

Discretization of the Convective Terms: A compact scheme of order 6 is used for the 

discretization of the convective terms present in the equations of continuity, momentum, 

energy and water vapor. In order to facilitate reading, the direction x will be taken as a 

reference, the expressions of the derivatives remaining the same whatever the direction 

considered. For node i, the approximation of the first derivative, ߶௜ᇱ , is written in the form: 

௜ିଵᇱ߶ߙ  + ߶௜ᇱ + ௜ାଵᇱ߶ߙ = ܾ ߶௜ାଶ − ߶௜ିଶ4ℎ + ܽ ߶௜ାଵ − ߶௜ିଵ2ℎ  (2.78) 

 

where h denotes the spatial step defined by: 

 ℎ = ௜ାଵݔ −  ௜ିଵ (2.79)ݔ

 

The coefficients ܽ, ߙ and ܾ are obtained by equalizing the coefficients of the truncated Taylor 

expansions of successive orders. 

 First case: 3 ≤ ݅ ≤ ݉ଵ − 2 ∶ ߙ  = 1 3⁄ ,ܽ = 14 9⁄ ,ܽ݊݀ ܾ = 1 9⁄ . The scheme is of 

order six and the truncation error is 4 7⁄ ! × ℎ଺ × ߶௜ . 
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 Second case: ݅ = 2 ܽ݊݀ ݅ = ݉ଵ − ߙ  :1 = 1 4⁄ ,ܽ = 3 2⁄ ,ܽ݊݀ ܾ = 0.  The scheme is 

of order four and the truncation error is 1 5⁄ ! × ℎସ × ߶௜. 
 Third and fourth case: ݅ = 1 ܽ݊݀ ݅ = ݉ଵ: 

The processing of boundaries by a compact scheme can be done to order four, three or 

two. Among these three possibilities, we opted for the scheme of order three. Indeed, 

for the even-order schemes the truncation error is of dispersive type while, for the third-

order scheme, it is dissipative. It should also be noted that the dissipative part of the 

error associated with the compact scheme of order three is concentrated at large 

wavenumbers. 

 

The approximation of the first derivative at node ݅ = 1 is written: 

 ߶ଵᇱ + 2߶ଶᇱ = 1 ℎ⁄ [2߶ଶ + 0.5߶ଷ − 2.5߶ଵ] (2.80) 

 

The scheme is of order three and the truncation error is 1 12⁄  × ℎଷ ×  ଵ. Theݑ

approximation of the first derivative at node ݅ = ݉ଵ is written: 

 ߶௠భᇱ + 2߶௠భିଵᇱ = 1 ℎ⁄ [2.5߶௠భ − 2߶௠భିଵ − 0.5߶௠భିଶ] (2.81) 

 

The scheme is of order three and the truncation error is 1 12⁄ × ℎଷ × ߶௠భ. 

 

To minimize aliasing error (energy pile-up at high wavenumbers that can produce oscillations 

and degrade the solution), a semi-conservative formulation of the convective terms is used 

(Blaisdell, Spyropoulos, & Qin, 1996): 

∗ݔ߲(∗ݑݍ∗௚ߩ)߲  = 12 ቈ߲(ߩ௚∗ݑݍ∗)߲ݔ∗ + ݍ∗௚ߩ ∗ݔ߲∗ݑ߲ + ∗ݑ ∗ݔ߲(ݍ∗௚ߩ)߲ ቉ (2.82) 
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where ݍ denotes a scalar. Note that these schemes can also be used on non-uniform grids; 

Gamet, Ducros, Nicoud, and Poinsot (1999) describe a fourth-order compact scheme for such 

meshes. 

 

Discretization of Water Vapor Transport (Convection–Diffusion): Normalizing the water 

vapor mass fraction defines the passive scalar Z bounded between 0 and 1. Treating the 

convection of a scalar is delicate because this quantity must remain bounded in [0,1]. In the 

presence of strong gradients, the use of a high-order scheme—such as a compact scheme—can 

produce non-physical oscillatory behavior (aliasing) (Tamamidis & Assanis, 1993). 

 

As evidence, Stéphane Brunet (1999) performed a calculation using a compact scheme for 

scalar convection in a vortical velocity field. In this test, the tracer concentration profile was 

initialized as a Gaussian bounded between 0 and 1. Brunet observed that, during the simulation, 

the passive-scalar field showed negative values of order −0.1. Nevertheless, front-resolution 

problems can be remedied by using a flux limiter. In this context, Brunet carried out a 

comparative study and showed that the MSOU Superbee limiter (Monotonic Second-Order 

Upwind) (Sweby, 1984) offered the most suitable behaviour for the convection of a Gaussian 

and a square profile of a passive scalar in a vortical flow. For this reason, that limiter is 

employed here for the convective terms associated with the passive-scalar field. A very brief 

description of the principle of this limiter is recalled below. Comprehensive discussions of the 

Superbee limiter are provided in Hirsch (1990), Sweby (1984), and Tamamidis and Assanis 

(1993). 

 

To simplify the explanation, a one-dimensional (1D) case is considered in the ݔ direction. The 

convective term then takes the form: 

∗ݔ߲(∗ݑܼ∗௚ߩ)߲   (2.83) 

 

Using the finite-volume method, this expression can be approximated by: 
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௜ାଵ(∗ݑܼ∗௚ߩ) ଶ⁄ − ௜ିଵ(∗ݑܼ∗௚ߩ) ଶ⁄ℎ = ௜ାଵܨ ଶ⁄ − ௜ିଵܨ ଶ⁄ℎ  (2.84) 

 

Using the MSOU Superbee limiter, we obtain: 

௜ାଵܨ  ଶ⁄ = ௜ାଵݑ) ଶ⁄∗ + หݑ௜ାଵ ଶ⁄∗ ห)2 ൤(ߩ௚∗ܼ)௜ + 12 ቂ൫ߩ௚∗ܼ൯௜ − ൫ߩ௚∗ܼݑ∗൯௜ିଵቃ ߮ோ஼(ݎ௜ି )൨
+ ௜ାଵݑ) ଶ⁄∗ + หݑ௜ାଵ ଶ⁄∗ ห)2 ൤(ߩ௚∗ܼ)௜ାଵ− 12 ቂ൫ߩ௚∗ܼ൯௜ାଶ − ൫ߩ௚∗ܼݑ∗൯௜ାଵቃ ߮ோ஼(ݎ௜ା)൨ 

(2.85) 

 

with: 

௜ାଵݑ  ଶ⁄∗ = 112 ∗௜ାଶݑ−] + ∗௜ାଵݑ)7 + (∗௜ݑ − ∗௜ିଵݑ ] (2.86) 

௜ିݎ = ൫ߩ௚∗ܼ൯௜ାଵ − ൫ߩ௚∗ܼ൯௜൫ߩ௚∗ܼ൯௜ − ൫ߩ௚∗ܼ൯௜ିଵ (2.87) 

௜ାݎ = ൫ߩ௚∗ܼ൯௜ାଵ − ൫ߩ௚∗ܼ൯௜൫ߩ௚∗ܼ൯௜ାଶ − ൫ߩ௚∗ܼ൯௜ାଵ (2.88) 

߮ோ஼(ݎ) = max (0, min(2ݎ, 1) , min(ݎ, 2)) (2.89) 

 

Discretization of the Viscous Terms: The diffusive terms are discretized by a centered 

scheme of order two, and the first derivative is approximated as follows: 

ݔ߲߶߲  (௜ݔ) = ∆௜ିଵ ∆௜(߶௜ାଵ − ߶௜) + ∆௜ିଵ ∆௜(߶௜ − ߶௜ିଵ)⁄⁄ ∆௜ିଵ + ∆௜  (2.90) ∆௜ିଵ= ௜ݔ −  ௜ିଵ (2.91)ݔ
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These definitions make it possible to discretize the cross terms present in the diffusive part of 

the Navier-stokes equation such as డడ௫೔ ߤ డథడ௫ೕ with ݅ ≠ ݆. However, for the case ݅ = ݆, strong 

oscillations appear. Therefore, the following definitions are used: 

 

If the mesh is constant: 

ݔ߲߲  ߤ ݔ߲߶߲ (௜ݔ) = 12∆௜ଶ ௜ߤ)] + ௜ାଵ)߶௜ାଵߤ − 2 ቀߤ௜ + ௜ିଵߤ − ௜ାଵ2ߤ ቁ߶௜+ ௜ିଵߤ) −  ௜)߶௜ିଵ] (2.92)ߤ

 

otherwise: 

ݔ߲߲  ߤ ݔ߲߶߲ (௜ݔ) = 1∆௜ିଵ + ∆௜ ௜ାଵߤ)] + ௜)߶௜ାଵߤ − ߶௜∆௜ − ௜ିଵߤ) + ௜)߶௜ߤ − ߶௜ିଵ∆௜ିଵ ] (2.93) 

 

The Equations (2.92) and (2.93) are second order as long as the stretching of the mesh remains 

weak between two consecutive meshes when one uses the expression (2.93). 

 

Temporal Discretization 

Temporal integration is done using a Runge-Kutta scheme of order three and requires only two 

storage arrays per variable. This scheme is easy to implement and it offers a good compromise 

between accuracy, stability, storage cost and computation time. 

 

For the sake of readability, the equations are written in the symbolic form: 

ݐ߲߶߲  = (߶)ܪ = (߶)ܥ− + (߶)ܦ − ܲ(߶) (2.94) 
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where ߶ represents the conservative variables [ݑߩ,ߩ௜  and the operators C, D and P ்[ܧ,

represent the convection, diffusion and pressure terms respectively. Taking n as the time 

increment, the Runge-Kutta scheme is written as follows: 

 ߶଴ = ߶௡ 

(2.95) 

߶ଵ = ߶଴ + ଴ܪ             ଴ܪݐ∆ଵߛ = ଶ߶          (଴߶)ܪ = ߶ଵ + ଵܪ               ଵܪݐ∆ଶߛ = (ଵ߶)ܪ + ଴ ߶ଷܪଵߝ = ߶ଶ + ଶܪ              ଶܪݐ∆ଷߛ = (ଶ߶)ܪ + ଵ ߶௡ାଵܪଶߝ = ߶ଷ 

 

To have an order three, the coefficients ߛ௞ and ߳௞ must satisfy the following system: 

ଵߛ  + ଶ(1ߛ + (ଵߝ + ଷ[1ߛ + ଶ(1ߝ + [(ଵߝ = 1 

(2.96) 
ଶߛଵߛ + ଵߛ]ଷߛ + (1 + (ଶߝ + ଶ(1ߛ + [(ଵߝ = ଶߛଵଶߛ 1/2 + ଵߛ]ଷߛ + ଶ(1ߛ + [ଵ)ଶߝ + ଶߝଷߛଵߛ = ଷߛଶߛଵߛ 1/3 = 1/6 

 

The values recommended by Maglaras (2007) (low memory footprint method) are: 

ଵߛ  = 12 

(2.97) 

ଶߛ = ଷߛ 0.9106836025229591 = ଵߝ 0.3660254037844387 = ଶߝ 0.6830127018922193− = −4/3 

 

The Courant number or the Courant-Fredrichs-Levy (CFL) condition is used to establish the 

stability of a numerical scheme. In the case of the study, the stability is given by the following 

condition: 
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ݐ∆ ≤ ݔ∆|ଵݑ|) + ݕ∆|ଶݑ| + ݖ∆|ଷݑ| + ඨܯ1 1∆௫ଶ + 1∆௬ଶ + 1∆௭ଶ)ିଵ (2.98) 

 

2.2.3 Particle Microphysics Algorithm  

Before introducing the microphysical formulations, several simplifying hypotheses are 

adopted to reduce the computational complexity while preserving the essential physics of the 

problem: 

1. Gravitational effects are neglected in both the gas and particle phases, since buoyancy 

and sedimentation forces are insignificant compared with inertial and aerodynamic 

forces in the high Reynolds number jet flow. 

2. Chemical reactions were not included in the microphysical model. The scheme 

accounts only for water-phase mass and heat transfer (condensation/evaporation and 

deposition/sublimation) around inert particles, without gas-phase chemistry or 

heterogeneous reactions. 

3. Particle–particle interactions and hydrodynamic coupling are ignored because the 

suspension is highly dilute; the low number concentration ensures that collisions, 

coagulation/aggregation, and mutual flow disturbances between particles are 

negligible. Each particle therefore evolves independently within the carrier-phase 

fields. 

4. Condensation and evaporation kinetics are treated under the quasi-steady assumption. 

The rate of mass transfer at the particle surface is small compared with the characteristic 

flow timescale, allowing the droplet growth (or sublimation) to be modeled as a steady 

diffusion process around each particle. 

5. In our contrail microphysics, soot nuclei and entrained ambient aerosol are represented 

as spherical particles, so that surface area and growth depend only on particle radius, 

following common practice in near-field contrail modeling.  
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Calculation of the Position of the Particles 

It should be remembered that the particles are followed by a Lagrangian approach, which 

assumes that their position does not necessarily correspond to one of the points of the mesh. 

However, the velocity, the temperature, the pressure and the quantity of vapor are calculated 

at the nodes of the mesh. The first part consists in seeking the mesh in which the particle is 

located then an interpolation of the known parameters at the nodes of the mesh is made. As a 

reminder, Equation (2.18) is to be solved, and the particle velocity is now known. To solve this 

equation, the Adams-Bashforth multipoint method of sixth-order is used. For ease of reading, 

the 1D formula of the equation is used: 

ݐ݀ݔ݀  =  (2.99) ݑ

 

It should be noted that the position x at a given time ݐ௡, ݔ(ݐ௡), is written ݔ௡ in index format. 

The position of the particle at time n+1 is calculated by: 

௡ାଵݔ  = ௡ݔ + 1440ݐ∆ ௡ିଵݑ4277) − ௡ିଶݑ7923 + ௡ିଷݑ9982 − +௡ିସݑ7298 ௡ିହݑ2877 −  (௡ି଺ݑ 475
(2.100) 

 

At the time of the first moments of computation, the scheme order is reduced because there are 

no prior existing values to populate all stages. 

 

The update is applied component-wise to ܺ௣ = ,௣ݕ,௣ݔ)  ௣ the particle velocityݑ ௣), withݖ

obtained in the previous step (equal to the carrier velocity in the passive-tracer limit). At each 

time level, the host cell is located, and the required Eulerian fields are interpolated at ܺ௣ 

(trilinear on the containing hexahedron; bilinear in 2D). The sixth-order Adams–Bashforth 

scheme is used with a constant time step ∆ݐ; during start-up the order is degraded (Euler → 

AB2 → AB3 → AB4 → AB5) until a full history of velocities is available. To avoid particles 

skipping cells, ∆ݐ is chosen so that ฮݑ௣ฮ∆ݐ ≤ min (∆ݖ∆,ݕ∆,ݔ); otherwise, sub-stepping is 

applied. Boundary handling follows the Eulerian setup: directions treated as periodic cause 
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wrap-around, whereas open/non-reflecting boundaries allow particles to exit and be removed 

from the active list. The velocity history is updated after each advance and reinitialized for 

injected or reseeded particles. 

 

Thermodynamic Parameters: Computational Strategy 

Given the local gas state, particle type, and properties, the main steps for calculating the 

thermodynamic properties are as follows: 

 Vapor state: The vapor partial pressure was obtained as ௩ܲ = ܺ௩ܲ. Saturation vapor 

pressures over ice and liquid were then evaluated from standard correlations (Murphy 

& Koop, 2005) and the ratios: 

 

௜ܵ௖௘ = ௩ܲ௦ܲ௔௧௜௖௘(ܶ) , ௟ܵ௜௤ = ௩ܲ௦ܲ௔௧௟௜௤(ܶ) (2.101) 

 

were formed. These ratios denote the local saturation with respect to ice and liquid 

water, respectively; they were computed irrespective of the particle’s current phase, 

and the appropriate reference was selected after the phase diagnosis. 

 Phase selection: The condensed phase (ice or liquid) was determined from a freezing 

criterion based on the instantaneous cooling rate and droplet volume (ܶ < ܶ∗(ܶ̇,ܸ)); 

properties for the diagnosed phase were used thereafter. Equilibrium supersaturation 

 For the selected phase, the equilibrium supersaturation at wet radius was (Köhler–ߢ)

computed as: 

 ܵ௘௤(ݎ௣) = ௣ଷݎ − ௣ଷݎௗଷݎ − ௗଷ(1ݎ − (ߢ exp (  ௣) (2.102)ݎ ܶ ܴ (ܶ)ߩ௩ܯ (ܶ)ߪ2

 

with ݎௗ the dry-core radius and κ the hygroscopicity assigned by nucleus type. 

Consistent with the ߢ –Köhler equilibrium, the sign of the growth rate is governed by 

the departure of the local supersaturation from its equilibrium value; rewriting Equation 

(2.21) gives: 
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ݐ௣݀ݎ݀  = ௉ܴݎజܯ జܦ ௉ܶߩ௉ ଷ݂ఉ ௦ܲ௔௧௣௛௔௦௘(ܶ)ൣܵ − ܵ௘௤(ܶ)൧ (2.103) 

 

Hence, growth/condensation occurs for ܵ > ܵ௘௤, evaporation/sublimation for ܵ < ܵ௘௤, 

and the radius is steady for ܵ = ܵ௘௤ (with “evaporation” or “sublimation” determined 

by the diagnosed phase). 

 Thermophysical properties: Phase-consistent temperature-dependent fits were used 

to obtain the latent heat ܪ௩(ܶ) (vaporization or sublimation), condensed-phase density ߩ(ܶ), surface tension ߪ(ܶ), vapor diffusivity ܦ௩(ܶ,ܲ), and gas (and, for ice, solid) 

thermal conductivity ݇௚(ܶ)[݇௜(ܶ)]. 
 

The outputs ൛ ௦ܲ௔௧ , ܵ, ܵ௘௤,ܪ௩,ܦ,ߪ,ߩ௩,݇௚(,݇௜)ൟ are used for the growth step evaluating 

consistently with the diagnosed phase and nucleus type. 

 

Solving the Particle Growth Model 

To solve the particle growth equation (Equation (2.103)), the Runge-Kutta fourth-order method 

is used. With ܪ஍ denoting the right-hand side of Equation (2.103), the scheme is: 

଴ߔ  =  ௡ߔ

(2.104) 

ଵߔ = ଴ߔ + ଶߔ ଴ܪ௉ݐ∆ଵߛ = ଵߔ + ଷߔ ଵܪ௉ݐ∆ଶߛ = ଶߔ + ସߔ ଶܪ௉ݐ∆ଷߛ = ଷߔ + ௡ାଵߔ ଷܪ௉ݐ∆ସߛ =  ସߔ

 

With: ߛଵ = 1/6 
ଶߛ (2.105) = 1/3 
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ଷߛ = ସߛ 1/3 = 1/6 

 

It should be noted that the time step stability (CFL) used for the Navier–Stokes equations need 

not be satisfied for the particle update. For this, the stability limit of the resolution of the 

Fukuta-Walter equation is given by: 

 

ݐ∆ ≤ ଴ܷ଴(ܵ௘௤ܮ௉ଶݎଶݎ̅ ௉݇௚ܴߩఔܯଶܮ ௉ܶଶ ଷ݂ఈ + ܴ ௉ܶߩ௉௦ܲ௔௧ܦఔܯఔ ଷ݂ఉหܵ − ܵ௘௤ห ) (2.106) 

 

In the case where the time step to calculate the fluid part does not respect this last condition, a 

time step relative to the particles is introduced such that: 

௣ݐ∆.݊  =  (2.107) ݐ∆

 

and a displacement constraint that prevents particles from skipping cells: 

௣,௔ௗ௩ݐ∆  = ௗ௜௦௣ܥ min (Δݔ,Δݕ,Δݖ)ฮݑ௣ฮ  (2.108) 

 

with ܥௗ௜௦௣ ≤ 1 and ݑ௣ the particle velocity (equal to gas velocity in the tracer limit). Here n is 

an integer and corresponds to the number of particle sub-iterations performed per fluid step. 

Within each fluid step, the gas fields are frozen; thermodynamic properties are recomputed at 

every particle sub-step. 

 

Coupling Strategies: 3D Online vs 0D Offline 

Two complementary approaches were employed to couple plume dynamics with particle 

microphysics that share the same κ-Köhler activation, condensational growth/sublimation, and 

freezing scheme. 
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 3D Online: In FludiLES, Lagrangian particle parcels exchange mass and heat with the 

gas each LES time step. The parcel growth law gives a per-parcel mass rate ݀݉௣ ⁄ݐ݀ ; 

the corresponding cell-wise vapor sink/source ߱జ(ݔ,  is added to the water vapor (ݐ

transport equation and the latent heat term ̇ݍℓ = ௦൫ܮ ௣ܶ,௦൯ ݀݉௣ ⁄ݐ݀  to the energy 

equation. This will be explained in detail in Section 2.2.4. This resolves spatial 

heterogeneity, inter-parcel competition for vapor, and feedback (vapor-sink and latent-

heat) that can suppress later activation or even deactivate droplets—processes that 

depend on local mixing and cannot be represented by a single plume-mean trajectory. 

 0D Offline: A companion temporal LES without microphysics is run to diagnose 

plume-mean drivers: temperature തܶ௣(ݐ) and dilution/entrainment rate ࣞ(ݐ) (via a 

passive exhaust tracer). These histories are stored on the LES time grid and 

subsequently drive a time-dependent 0D box model that integrates the same 

microphysics as online. Gas-phase tendencies follow: 

 ݀ జܻ݀ݐ = ߱జߩ௚ ݐ݀ܶ݀ (2.109)  =  (2.110) (௚ܿ௣ߩ)ℓݍ̇

 

with ߱జ and ̇ݍℓ assembled from the parcel growth law; no spatial transport or feedback 

to the flow is applied. The box model thus isolates microphysics at plume-mean 

conditions and enables fast parametric sweeps, but it omits sub-grid variability, inter-

parcel mixing, and vapor-sink feedback. 

 

2.2.4 Coupling Term 

In the present work, the gas phase (air water vapor mixture) is advanced on an Eulerian grid, 

while particles are followed in a Lagrangian framework. The interphase interaction is 

introduced exclusively through right-hand-side source terms in the gas conservation laws, built 

from per-particle microphysical rates evaluated along trajectories inside a control volume V 
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containing ܰ particles. Particles are assumed in dynamic and thermal equilibrium with the 

filtered gas fields, so that their velocity and temperature equal the local gas values; this justifies 

omitting momentum coupling in the present work. 

 

Water vapor (mass transfer) 

Accounting for phase change at particles, the water vapor conservation reads: 

ݐజ߲ߩ߲  + ∇. (ݑజߩ) + ∇. జܬ = −݊݉̇ (2.111) 

 

with ߩజ =  జ the vapor diffusive flux, ݊ the local number density ofܬ ,௚ܻ the vapor densityߩ

particles, and ݉̇ the single-particle mass variation rate due to condensation/evaporation. The 

diffusive flux is modeled as: 

జܬ  = ∇జܦ௚ߩ− జܻ (2.112) 

 

where ܦజ is the water vapor diffusivity in the gas. 

 

The sign of ݉̇ is consistent with the total-mass and vapor equations: condensation increases 

particle mass (݉̇ > 0) and removes mass from the gas phase (−݊݉̇). 

 

Energy (latent & sensible exchange) 

The total-energy balance of the gas includes interphase heat exchange and the enthalpy carried 

by the mass flux at the particle surface. In compact form: 

ݐ௚߲ܧ߲  + ∇. ൫ܧ௚ݑ + ௚൯ݍ − ∇. (ݑߪ) = ௧௥ܨܸ− − ݊ܳ̇ − ݊ ݉̇ ℎజ,ௌ (2.113) 

 

where: 
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௚ݍ = −݇௚∇ ௚ܶ + (ℎజ − ℎ௔) ܬజ (2.114) ܬజ = ∇జܦ௚ߩ− జܻ (2.115) 

 ௚ is the heat flux,  ℎజ,ௌ denotes the vapor enthalpy at the particle surface, and ܳ̇ characterizesݍ 

sensible heat exchange between a particle and the gas (often expressed via a Nusselt 

correlation). In our regime, the momentum-exchange work term  ܸܨ௧௥ is not retained (dynamic 

equilibrium), while the latent and sensible energy terms are kept but remain moderate because 

(i) the vapor mass fraction is small, జܻ < 0.02, so ݎ௚ ≅ ௣,௚ܥ ௔ andݎ ≅  ௣,௔, and (ii) thermalܥ

Stokes numbers are small, driving ௣ܶ ≅ ௚ܶ. 

 

Discrete (cell-based) assembly of coupling source terms 

Each numerical particle represents ݊௧௥௔௡௦ physical particles (parcel multiplicity). Denote by  ௜࣪ the set of parcels whose support deposits into cell ݅ of volume ௜ܸ. Over one time step, the 

volumetric source terms injected into the Eulerian scalars are formed as: 

 Ω௒ഔ(௜) = − 1ܸ௜ ෍ ݊௧௥௔௡௦,௣ ݉̇௣ ܹ(ݔ௜ − ௣)௣∈࣪೔ݔ  (2.116) 

Ωா(௜) = − 1ܸ௜ ෍ ݊௧௥௔௡௦,௣ (ܳ̇௣ + ݉̇௣ℎజ,ௌ,௣) ܹ(ݔ௜ − ௣)௣∈࣪೔ݔ  (2.117) 

 

where ܹ is a partition-of-unity deposition kernel (e.g. NGP or trilinear CIC on the Cartesian 

mesh). These formulas are the discrete counterparts of the control-volume balances where the 

coupling terms appear on the right-hand side. The per-parcel ݉ ̇ ௣ comes from the microphysical 

growth law. The ܳ̇௣ is per-particle sensible heat exchange rate. These depositions guarantee 

global conservation of vapor mass and of energy (latent+sensible) provided the same ݊௧௥௔௡௦ 
and the same kernel W are used consistently for every parcel, and the gas equations are 

advanced with the assembled Ω-terms. 
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Time integration and operator split 

At each gas time step ݐ௡ →  ௡ାଵ, coupling is advanced by the following operator-splitݐ

sequence (all steps in passive form): 

1. Sampling: Gas fields required by microphysics (e.g. ௚ܶ, జܻ,ߩ௚) are evaluated at particle 

positions by grid interpolation. Dynamic/thermal equilibrium implies ݒ௣ =  ௚ andݑ

௣ܶ = ௚ܶ. 

2. Microphysics update (Lagrangian): Each parcel’s growth law is integrated to obtain ݉̇௣ (and, where used, ܳ̇௣) over [ݐ௡,  .[௡ାଵݐ
3. Deposition (Eulerian): Mass and energy sources Ω௒ഔ(௜) and Ωா(௜) are assembled using the 

parcel multiplicity ݊௧௥௔௡௦. 
4. Scalar updates: The vapor and energy equations are advanced with the sources and with 

diffusive/convective fluxes, using the existing solver and time integrator. The flux 

definitions of Equation (2.113) and below that are retained. 

 

2.2.5 Computational Framework & Setup 

2.2.5.1 FludiLES Architecture & Modules 

FludiLES is a high-order (sixth order in space; third order in time) compressible CFD code for 

solving the Navier–Stokes equations, supporting both DNS and LES, and was developed from 

the PEGASE code (Stéphane Brunet, 1999; Cécile Ferreira Gago, 2002). FludiLES was 

developed for contrail studies, resolving the high-Reynolds-number jet and the ensuing jet–

vortex interaction, with wake roll-up represented via a Lamb–Oseen initialization. Contrail 

ice-particle microphysics is incorporated into FludiLES through an online Lagrangian module. 

Originally implemented for soot particles, the module has been progressively refined and, in 

the present study, extended to include ambient aerosol as a second particle class. Gas–

microphysics coupling is performed primarily within the LES framework, as coupling to DNS 

would be computationally prohibitive. The variables in FludiLES are non-dimensionalized; the 
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gas follows the ideal-gas law, and dynamic viscosity depends on temperature via a power law 

(Sutherland-type).  

 

The solver workflow is outlined next, proceeding from core discretization to user-level controls 

and outputs: 

Numerical methods & stability 

Users select the order for diffusive-term discretization (second-order or a higher-order compact 

option). Time stepping must respect a CFL stability guideline (typically 0.6), with an example 

expression linking the time step to the smallest grid spacing and the Mach number. 

  

Run configuration (high-level switches) 

A single input file controls: DNS vs LES, diffusive-scheme order, activation of a selection 

function for sub-grid modeling, optional hybridization (for momentum, temperature, or passive 

scalar), choice of sub-grid model (Smagorinsky or Mixed-Scale), anisotropic cutoff correction, 

and an optional Bardina term. A consistency rule applies: when the Bardina option is enabled, 

hybridization flags must be off. 

 

Initialization, restart & checkpointing 

Runs may start fresh or resume from prior states. A configurable write interval produces 3D 

binary snapshots (“fort.101”, “fort.102”, …) plus a rolling latest snapshot, enabling long 

integrations with periodic data extraction and safe restarts. 

 

Physical & control parameters 

Key non-dimensional inputs include Reynolds, Mach, Prandtl, and Richardson numbers; users 

also set the total number of time steps, and the time step itself (bounded by the chosen CFL 

ceiling). 

 

 

 

 



77 

LES framework (filtering & cutoff length) 

For compressible LES, variables use Favre (density-weighted) filtering. The filter length can 

be defined isotropically from grid spacings or by an anisotropic expression suited to stretched 

meshes; both definitions are available in the implementation. 

 

Sub-grid scale (SGS) modeling 

Two SGS options are provided: 

 Smagorinsky: an eddy-viscosity model based on the magnitude of the resolved 

strain-rate tensor and the filter length. 

 Mixed-Scale: combines energy- and structure-based measures (e.g., velocity-

fluctuation energy and resolved gradients) to form the eddy viscosity. 

 

In-run statistics & diagnostics 

Users can compute running means/RMS after flow stabilization (with a one-step initialization 

followed by accumulation) and optionally streamwise “Vreman-type” averages. These are 

toggled independently in the input. 

 

Spectral probes 

A Fast Fourier Transform (FFT)-based probe performs spectral analysis along the periodic 

streamwise (y) direction. The number of retained modes (npfilt) must be a power of two and 

should be chosen as close as possible to—ideally equal to—the grid-point count in that 

direction. 

 

Output & post-processing 

During a run, 1D/2D field files and 3D snapshots are produced; a separate post-processor reads 

these binaries and exports Tecplot or CGNS files. It can also extract fixed planes or full 3D 

fields by specifying a “subzone” (I/J/K) or “none” for full volumes. 

 

Figure 2.1 presents a high-level schematic of the FludiLES architecture and workflow 

described above. 
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Figure 2.1 A schematic of the FludiLES code architecture and workflow 

 

2.2.5.2 Domain & Mesh 

A Cartesian, structured mesh is employed with the jet aligned to the ݕ-direction and the cross-

stream plane (ݕ,ݔ). All lengths are non-dimensionalized by the jet radius ݎ௝. The 

computational domain spans (ܮ௫, ,௬ܮ  ௥௘௚ܮ ௝. A uniform-resolution core of widthݎ ௭) in units ofܮ

is discretized with ∆= ∆௫= ∆௬= ∆௭ (here, ∆=  ௝); outside this region, optional meshݎ0.15

stretching can be used to limit the overall size, however in all cases of this thesis, the regular 

mesh without stretching used. Figure 2.2 presents a representative regular mesh; the example 

shown illustrates the spatial and temporal configurations. 
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(a) Spatial domain 

 

 

 

(b) Temporal domain 

Figure 2.2 The computational domains for both modeling strategies. Both are discretized 
with a uniform Cartesian mesh of cubic cells 

 

With uniform spacing Δ, the node counts (݉ଵ,݉ଶ,݉ଷ) were chosen to satisfy ݉௜ ≈ ௜ܮ ∆⁄ + 1 

based on the domain extents, and grid independence was verified. For the mesh-refinement 

study, the streamwise resolution ݉ଶ was increased in some cases until the solution met the 

convergence criteria. 

 

In the temporal formulation, the streamwise domain is truncated; consequently, ܮ௬ and ݉ଶ are 

set to roughly one-twelfth of the values used in the spatial formulation, where ܮ௬ (and thus ݉ଶ) is determined by the downstream extent to be modeled, from the inflow to the farthest 

measurement plane. 

 

Mesh adequacy was appraised from the kinetic-energy spectrum E(k) for all cases; as an 

example, Figure 2.3 presents the spectra for the CFM56, LEAP, and UHBR engines. In LES, 

acceptable resolution is indicated when an inertial subrange follows Kolmogorov’s law, ܧ(݇) = ଶߝ௞ܥ ଷ⁄ ݇ିହ ଷ⁄  (with ܥ௞ ≈  (mean dissipation rate; k wavenumber magnitude ߝ ;1.5
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(Pope, 2000), and when the spectra steepen at high ݇, consistent with the expected grid cut-off ݇௠௔௫ ≈ ߨ ∆⁄  (with Δ the effective grid/filter scale). In Figure 2.3 the curves display a segment 

quasi-parallel to the −5/3 reference and a pronounced high-݇ decay, indicating sufficient 

inertial-range coverage for inter-engine comparison. Furthermore, differences in level are 

attributed to turbulence intensity rather than mesh bias. 

 

 

Figure 2.3 Turbulent kinetic energy spectra for the CFM56, LEAP and UHBR engine 
configurations 

 

To sample the temporal jet into the temporal domain that contains both the jet and the vortex, 

the global domain extents (ܮ௫ , ,௬ܮ  ௭) are chosen to be identical to the larger wake box. Theܮ

size of this extended domain was defined as a rectangular box of 42ݎ௖ × ௖ݎ6 ×  ௖ (as shownݎ42

in Figure 2.4) where ݎ௖ is the Lamb–Oseen vortex core radius (distance from the vortex center 

to the peak azimuthal velocity). 

 

A jet subdomain is then defined for the hand-off. In practice, the subdomain spans the full 

cross-stream extents as below while the streamwise extent is truncated to the sampling 

window: 
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௫௝௠௜௡ܮ  = ௫2ܮ− ௫௝௠௔௫ܮ    , = + ௫2ܮ  

௭௝௠௜௡ܮ (2.118) = ௭2ܮ− ௭௝௠௔௫ܮ    , = + ௭2ܮ ௬௝௠௜௡ܮ  = ௬௝௠௔௫ܮ    ,0 =  ௬ܮ+

 

The jet axis is positioned at (ݔ௝௘௧, (௝௘௧ݖ ≠ 0 to reflect the seeding/location choice, whereas the 

Lamb–Oseen vortex pair is centered at the origin of the large box. As illustrated in Figure 2.4, 

the jet subdomain (dashed inner box) spans the full cross-stream extents of the larger 

wake/interaction domain, with the streamwise window truncated for sampling; the Lamb–

Oseen vortex pair is centered at the box origin, while the jet axis is offset by (ݔ௝௘௧,   .(௝௘௧ݖ
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Figure 2.4 Sketch of the computational domains for the jet and the interaction phases 

Adapted from Roberto Paoli et al. (2004, p. 6) 

 

To use a spatial jet as the initial condition for a temporal jet–vortex calculation, a full spatial 

simulation is first advanced to a (quasi) self-similar state. A streamwise sampling window—

matched to the temporal wake domain length—is then extracted by selecting a segment of ݉ଶ,௦௣ points from the spatial solution and centering it within the temporal grid of ݉ଶ points: 

 ݆௦௧௔௥௧,௦௣ = ௠మି௠మ,ೞ೛ଶ + 1,    ݆௘௡ௗ,௦௣ = ݆௦௧௔௥௧,௦௣ + ݉ଶ,௦௣ − 1 (2.119) 
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so that the embedded spatial segment aligns with the periodic ݕ-grid. At the sampling time ݐ௦, 
the selected spatial-jet segment is inserted into the temporal wake box (same as Figure 2.4), a 

Lamb–Oseen vortex pair is superposed to initialize the vortex phase, and the subsequent 

evolution proceeds with periodicity in ݕ. 

 

2.2.5.3 Initialization 

Flow field initialization 

Dynamic initialization of the flow field is performed on a computational domain oriented with 

the streamwise axis along ݕ and the cross-stream plane (ݔ,  All primitive and conserved .(ݖ

variables are initialized in non-dimensional form using the reference scales (ܷ଴, ଴ܶ,௥௘௙,ߩ଴, ଴ܲ,ܥ௣,଴) defined in the solver parameters. In all cases, the reference length is 

the radius R, defined as the position at the middle of the jet shear layer such that ܷ(ܴ) =(ܷ(0) + ܷஶ) 2⁄ , where ܷ(0) is the jet centerline velocity. The reference temperature is the 

initial jet temperature ଴ܶ,௥௘௙ = ଴ܶ,௝. The Reynolds and Mach numbers are based on these 

reference quantities. 

 

For parameters required to initialize the flow field in each case, the jet/ambient static 

temperatures ( ଴ܶ,௝, ௔ܶ௠௕), reference temperature ଴ܶ,௥௘௙, jet and ambient speeds (ܷ଴,௝,ܷஶ), 

swirl magnitude ܷఏ, non-dimensional core radius ݎ௖, specific heat ratio ߛ, Mach number M, 

and Prandtl number are user inputs. The shear-layer location (half-velocity radius) and 

thickness enter through the internal non-dimensional radial coordinate (ݎ)ߦ, which is used 

consistently for both velocity and temperature transitions. 

 

The ideal-gas relation and a tabulated/functional enthalpy ℎ(ܶ) are used to ensure 

thermodynamic consistency at ݐ = 0. The time variable can be either the physical time (in 

seconds) or the dimensionless time ݐ ⁄଴ݐ , depending on the need. In each case, the reference 

time is calculated using the reference length and velocity, defined as: 
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଴ݐ = ܴඥܯ ⁄ߛ ܴ ௝ܶ (2.120) 

 

where ߛ can be defined as ܿ௉ ܿ௩⁄ . A uniform ambient state is first prescribed. The static 

temperature is set to the ambient value ௔ܶ௠௕ (normalized by ଴ܶ,௥௘௙), and the static pressure is 

initialized uniformly consistent with the chosen reference ܯ and ߛ (uniform ܲ = 1 ⁄(ଶܯߛ)  in 

non-dimensional form). 

 

We consider a jet issuing from a nozzle of radius ݎ௝ with axial velocity ݑ௝  into a surrounding 

fluid whose axial velocity is ݑ௔. The region near the nozzle is commonly called the potential-

core region. In this region, the jet core coincides with a nucleus of fluid whose axial velocity 

remains equal to ݑ௝ . The flow therefore resembles an axisymmetric mixing layer between two 

streams of respective velocities ݑ௝  and ݑ௔. A unidirectional flow, whose velocity profile 

corresponds to the region of the potential core, is considered. This velocity profile is of the 

“top-hat” type, which closely follows a hyperbolic tangent law, commonly used for stability 

calculations. The temperature profile is initialized using the Crocco–Busemann law 

(Schlichting & Gersten, 2017): 

(ݎ)௬ݑ  = ܷ௔௠௕ + 12 (ܷ଴,௝ − ܷ௔௠௕)[1 − tanh  (2.121) [(ݎ)ߦ

(ݎ)ܶ = ௔ܶ௠௕ + 12 ( ଴ܶ,௝ − ௔ܶ௠௕)[1 − tanh  (2.122) [(ݎ)ߦ

 

Here (ݎ)ߦ is a non-dimensionalized radial coordinate that centers the transition around the 

half-velocity radius and controls the shear-layer thickness (the same control is used internally 

for the temperature transition). For cases configured with a bypass-like profile, Gaussian 

envelopes are used for optional auxiliary radial distributions (e.g., for a passive scalar marker). 

The cross-stream velocities are initialized with a small 3D perturbation scaled by the local axial 

profile and if swirl is enabled, an azimuthal field ݑ௫ = ௭ݑ ,(ݎ)ଶܿݖ =  ;is superposed (ݎ)ଶܿݔ−

the streamwise component remains ݑ௬(ݎ) = ௝ܷ(ݎ) (with perturbations). 
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An azimuthal component is superimposed to represent a weak initial swirl of magnitude ݑఏ. 

In cylindrical coordinates the tangential speed is prescribed as a regularized solid-body core 

that decays smoothly outside a non-dimensional core radius ݎ௖: 

(ݎ)ఏݑ  ∝ ݎ௖ݎ (1 − ݎ)ߚ−]݌ݔ݁ ⁄௖ݎ )ଶ] (2.123) 

 

with ߚ > 1 a decay constant. This field is mapped to Cartesian components as ݑ௫ = ఏݑ sin߶ 

and as ݑ௭ = ఏݑ− cos߶; so it can be said that the ܿଶ(ݎ) = (ݎ)ఏݑ ⁄ݎ . 

 

Building on this baseline, two spatial jet–initialization strategies were employed to introduce 

the jet smoothly along the streamwise direction ݕ. In both cases, the radial transition is 

controlled by the non-dimensional coordinate (ݎ)ߦ (implemented as ݅ݏݍ ∝ (௥ோ − ோ௥)), which 

shapes the hyperbolic-tangent velocity and temperature profiles in (ݔ,  A .ݕ at every (ݖ

streamwise blending function: 

(ݕ)ܨ  = 12 [1 − tanh(ܽ(ݕ௧௥ −  (2.124) [((ݕ

 

is used wherever a gradual ramp from ambient toward the target jet state is required. The 

Crocco–Busemann relation is applied for temperature (with optional core/bypass blending), 

and density is set consistently via the ideal gas closure. Small 3D perturbations are added with 

compact radial envelopes, as described earlier. 

 

In the first spatial initialization strategy, the jet develops spatially from near-ambient 

conditions: the axial velocity and temperature are blended from ambient to their cylindrical 

target profiles using (ݕ)ܨ. Concretely, the code forms the Crocco–Busemann temperature for 

the core/bypass and then applies the streamwise ramp: 
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,ݕ,ݔ)ܶ (ݖ ← (ݕ)ܨ ஼ܶ஻(ݎ) + [1 − [(ݕ)ܨ ஶܶ (2.125) 

 

and the axial velocity receives the same (ݕ)ܨ blending (with superposed small fluctuations). 

The passive scalar (jet marker) is initialized with a smooth radial tanh profile to aid diagnostics 

of dilution and nominal radius; it does not introduce discontinuities and can be treated as 

optional for the dynamics. 

 

In the second spatial initialization strategy, the axial velocity is ramped exactly as in the first 

strategy using the same (ݕ)ܨ, while the thermodynamic and marker fields are imposed 

cylindrically at ݐ = 0 across the domain: ܶ(ݔ, ,ݖ 0) = ஼ܶ஻(ݎ) and ܼ(ݔ, ,ݖ 0) = ௝ܼ(ݎ) 

everywhere. The initial mismatch between momentum and thermodynamics relaxes naturally 

as the velocity field grows, and the solution converges to a self-consistent jet/wake state 

without streamwise transients. 

 

To trigger shear-layer transition without introducing spurious transients, low-amplitude 

pseudo-random perturbations are superposed on the initialized mean field. Let ݎ =ඥ(ݔ − ௝௘௧)ଶݔ + ݖ) −  .௝௘௧)ଶ be the radial distance from the jet axis, and θ a thickness parameterݖ

Independent pseudo-random deviates are generated at each grid point and for each velocity 

component as: 

 ௜݂(ݔ) = 2 × ௡௨௠௕௘௥݁݉݋݀݊ܽݎ − 1 ∈  [−1,1],             ݅ ∈ ,ݕ,ݔ}  (2.126) {ݖ

 

this yields one turbulence realization of the fluctuation field. Two Gaussian-type envelopes 

weight the perturbations and confine them to the shear layer: 

(ݎ)ୄܩ  = ൤exp (− ߠ14 ( ݎܴ − ଶ)൨ଵ(ݎܴ ଶ⁄
 (2.127) 

(ݎ)∥ܩ = ൤0.95 exp ൬− ߠ14 ቀܴݎ − ܴቁଶ൰ + 0.05(1 − ൨ଵ((ݎ)ܷ ଶ⁄
 (2.128) 
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where ܷ(ݎ) is the non-dimensional mean axial profile (unity in the jet core and approaching 

zero in the ambient). With a chosen amplitude ܣ (fraction of a reference speed ௥ܷ௘௙), the 

component-wise perturbations are: 

௫ᇱݑ  = ܣ ௥ܷ௘௙ ௫݂ݑ         ,(ݎ)ୄܩ௭ᇱ = ܣ ௥ܷ௘௙ ௭݂ݑ              ,(ݎ)ୄܩ௬ᇱ = ܣ ௥ܷ௘௙ ௬݂(2.129)       (ݎ)∥ܩ 

 

and the initialized field is updated as ݑ௜ + ௜ᇱݑ → ݎ ௜. The envelopes peak nearݑ ≈ ܴ and decay 

toward both the jet axis and the far field, ensuring negligible perturbations outside the shear 

layer. Independent ௫݂, ௬݂, ௭݂ yield zero-mean, uncorrelated disturbances, so that no net 

momentum bias is introduced at ݐ = 0. 

 

Thus, in this setup the exit turbulence intensity is measured as ܶ(ݎ)ܫ = ௥௠௦ᇱݑ /(ݎ) ௥ܷ௘௙ and 

scales approximately as: 

(ݎ)ܫܶ  ≈  (2.130) (ݎ)௡ܩ ௙ߪ ܣ

 

where: 

௙ߪ  =  (2.131) {௜݂ ݀݁ݎ݁ݐ݈݂݅}ܵܯܴ

 

Consequently, ܶ(ݎ)ܫ varies with radius, scales approximately with the imposed amplitude A 

and depends on the chosen turbulence realization to shape the random field for a specific 

velocity profile. Because the exit TI is controlled by the scaling of the synthetic fluctuations, 

in this study, the perturbation amplitude ܣ was changed to match prescribed TI levels and to 

test sensitivity. This is standard in digital-filter/synthetic-inflow methods, where the 

fluctuation field is normalized so its RMS (and thus TI) follows the chosen scaling (Klein, 

Sadiki, & Janicka, 2003; Xie & Castro, 2008). For jets specifically, nozzle-exit turbulence level 

strongly affects development, so scanning ܣ (i.e., TI) is recommended (Christophe Bogey & 

Bailly, 2010).  
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To assess sensitivity, three turbulence amplitudes were tested: ܣ = {0.01, 0.05, 0.10} (i.e., 1%, 

5%, and 10%). Figure 2.5 reports the azimuthally averaged self-similar axial-velocity profiles 

for the spatial (Figure 2.5(a)) and temporal (Figure 2.5(b)) LES approaches. In both 

formulations, 1% under-trips the shear layer and deviates from the experiment near the core–

shear-layer shoulder. By contrast, 5% and 10% are nearly indistinguishable over the entire 

shear layer and both closely follow the measurements; residual differences between 5% and 

10% are small relative to experimental/numerical uncertainty. We therefore adopt 5% as the 

baseline exit fluctuation amplitude: it reproduces the data while avoiding unnecessary over-

energization of the near field. 

 

 
(a) 

 
(b) 

Figure 2.5 Self-similar mean axial velocity profiles versus radial with three nozzle exit 
fluctuation amplitudes A=1%, 5%, 10% for a) Spatial and, (b) Temporal jet 

 

After the velocity, temperature, and pressure fields are set, density is recomputed using the 

ideal-gas relation. The inverse density ݎଵ = 1 ⁄ߩ  is stored for efficiency. The conservative 

variables are formed as ݑߩ௫,ݑߩ௬,ݑߩ௭ and ݁ߩ௧௢௧ =  ,ℎ(ܶ). When a bypass flow is specifiedߩ

the appropriate Dirichlet condition is imposed on the inflow plane in the streamwise direction 

so that the initial field and boundary treatment are consistent. Furthermore, a passive scalar Z 

(stored in ݎߩௗ௜௟௨) is initialized to identify jet fluid. It is set to unity (or a specified core value) 
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near the axis and decays smoothly to zero in the ambient, typically via a Gaussian in ݎ. This 

marker is used later to quantify dilution and entrainment without introducing sharp initial 

gradients. 

 

When a far-wake or vortex initialization is requested, a Lamb–Oseen–type vortex pair is first 

generated on the (ݔ,  cross-section to provide a realistic wake background. The pressure field (ݖ

associated with the vortex is computed to satisfy the radial momentum balance, and (ߩ,ܲ) are 

made thermodynamically consistent with the velocity field. The jet subdomain defined above, 

is then embedded into this background by adding the jet–ambient differences (scaled to the 

global non-dimensional references and, where applicable, to the jet’s Mach number) so that no 

discontinuities arise at the patch edges. This yields a composite initial condition that already 

contains the large-scale wake structure around the issuing jet. 

 

Particle initialization 

The particulate matter is represented with Lagrangian simulation particles, split into soot and 

ambient aerosol populations, in this study. The total number of particles is ௣ܰ௔௥௧ =
௣ܰ௔௥௧,௦௢௢௧ + ௣ܰ௔௥௧,௔௠௕. Internally, each particle is tagged by a species flag ݁݌ݕݐ ,(ݐ݋݋ݏ)1}∋ ௣௔௥௧,௜௡௜௧ݎ and carries its (non-dimensional) initial radius {(ݐܾ݊݁݅݉ܽ)2 =  ௗ andݎ

current radius ݎ௣௔௥௧ along with position and velocity. At ݐ = 0, each particle is assigned a dry 

radius: soot uses its chosen effective dry size, and ambient ܰܪସܱܰଷ uses ݎௗ = 30 ݊݉. For 

convenience, soot particles are flagged as “already in the jet”, while ambient particles start as 

“not yet entrained”; a Boolean flag is toggled when ambient particles cross into the jet core. 

 

The emission index (EI) refers to the number of particles emitted per unit mass of fuel at the 

nozzle exit and depends on fuel composition, engine architecture, and operating condition. To 

obtain the initial number concentration at the nozzle plane, [#/݉ଷ], we convert the number-

based EI [#/kg−fuel] by mass–volume consistency. Burning 1 kg of fuel produces 

approximately (AFR+1) kg of exhaust (entrained air plus combustion products). For a 

jet/exhaust density ߩ௝, the corresponding exhaust volume per kilogram of fuel is: 
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௘ܸ௫௛ = ܴܨܣ) + ௝ߩ(1        (2.132) 

 

Hence (X. Vancassel, 2003): 

 ݊଴ = ܴܨܣ௝ߩ ܫܧ + 1        [# ݉ଷ⁄ ] (2.133) 

 

In FludiLES, the particle field is represented as a number concentration (#/݉ଷ), obtained by 

multiplying the number of numerical parcels (nb_part) by the physical particles (n_trans) per 

parcel. The nb_part count was held constant at 250,000 in all cases, and particle number 

concentration was varied solely by adjusting the n_trans. 

 

For temporal simulations, the field is initialized once at ݐ = 0 throughout the domain with ݊ =݊଴ (or with a prescribed profile) and then evolves due to transport and microphysics. For spatial 

simulations, the inflow boundary condition prescribes ݊ = ݊଴ (tanh profile), so particles are 

introduced continuously each time step via the inlet.  

  

In this study, the ambient aerosol entrained into the exhaust is represented by ammonium 

nitrate (ܰܪସܱܰଷ) with dry radius ݎௗ = 30 ݊݉ (Aitken mode) and number concentration ݊௔௠௕ = 100 # ܿ݉ଷ⁄ . A 30 nm particle lies squarely in the Aitken mode size range, which is 

widely used as background CCN in upper-tropospheric studies (Griffin, 2013). The adopted 

100 cm⁻³ baseline is within observed UT ranges from aircraft campaigns (typically 10ଶ −10ଷ (# ܿ݉ଷ)⁄  depending on hemisphere, latitude, and air-traffic influence) (Beer et al., 2020; 

Hermann et al., 2003; Voigt et al., 2022). 

 

In the temporal LES, the domain is initialized at ݐ = 0 with an ambient field outside the exhaust 

core. The turbulent mixing and dilution then draw these ambient particles into the plume 

exactly as background air is entrained. This follows the standard temporal-box representation 

of ambient aerosol as an environmental number density that mixes into the jet. In the spatial 

LES, ambient particles are added continuously via entrainment of background air across the 
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jet shear layer; operationally, the cumulative number entrained is advanced using the plume 

dilution factor ࣞ(t), so that the source of ambient particles scales with the fresh ambient air 

mixed in at each time step. 

 

The placement of particles supports three seeding modes as follows: 

 Random cloud (inside/outside jet core): 

The parcels are drawn uniformly at random. Soot is seeded inside the initial jet core of 

radius ݎ௖௢௥௘; ambient parcels are seeded outside that core in the remainder of the domain 

(rejection sampling excludes ݎ ≤  ௖௢௥௘). This mode naturally represents a temporalݎ

setup: at ݐ = 0 the plume core contains soot, while the surrounding fluid already 

contains ambient aerosol that is subsequently entrained. In the spatial formulation, soot 

is injected at the inlet with a radial hyperbolic-tangent profile centered on the jet radius, 

whereas ambient particles are treated as a uniform background (100 # ܿ݉ଷ⁄ ) across 

the domain and are continuously replenished by entrainment. 

 Unit square around the axis (diagnostic): 

For this, exactly one parcel is placed in each cell of a 1 × 1 (non-dimensional) square 

centered on the jet axis in every ݔ −  plane. This is a diagnostic/verification seeding ݖ

(e.g., to visualize advection and deformation near the axis) rather than a production 

configuration. 

 One-per-cell inside the initial jet (dense jet seeding): 

Here, exactly one parcel is placed in every cell inside the initial jet region (ݎ ≤  ;(௖௢௥௘ݎ

ambient parcels are not initialized in this mode. It is convenient for creating a dense, 

uniform soot sampling of the nascent jet (commonly used in spatial inflow–outflow 

runs where ambient aerosol is added later via entrainment). 

 

In all modes, positions are shifted by the specified jet center (ݔ௝௘௧, -௝௘௧), and parcels start coݖ

moving with the gas (zero initial slip). 
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2.2.5.4 Boundary Conditions 

Longitudinal Boundary 

A spatial simulation resolves the flow field as a function of position. However, when 

investigating phenomena that extend over hundreds of meters, the number of grid points 

required can become extremely large, leading to high computational cost. In the spatial 

formulation, the plume evolves downstream in physical space: the computational domain is 

bounded by an inflow plane at ݕ = 0 and an outflow plane at ݕ =  .௬ܮ

 

A temporal simulation overcomes this limitation by invoking Taylor’s hypothesis (LeBoeuf & 

Mehta, 1995; Taylor, 1935), according to which the time variable ݐ  and the streamwise spatial 

coordinate can be considered equivalent. The two are related by: 

ݐ  =  ଴ (2.134)ݕܸ

 

where ଴ܸ is the free-stream velocity (for example, the aircraft’s velocity). In other words, the 

computation is performed in a fixed reference frame (the Earth’s frame), while the aircraft 

moves at velocity ଴ܸ; in this frame, the flow is assumed to be periodic in the ݕ-direction (C 

Ferreira Gago et al., 2002; Poinsot, amp, & Lelef, 1992). This approach therefore allows, in 

principle, the representation of an infinite domain in space (Coppens, 1998). 

 

Given the large extent of the phenomena related to contrail formation (spanning several 

wingspans behind the aircraft), periodic conditions are thus applied to the longitudinal 

boundaries of the computational domain in the temporal approach. This corresponds to a 

simple two-point periodic formulation. 

 

The computational domain extends along the flow direction, with point indices from 1 to  ݉ଶ (mesh points) and ߮ represents any instantaneous variable in the computation. The 

boundary conditions are expressed as: 



93 

 ൜߮(1) = ߮(݉ଶ − 1)߮(݉ଶ) = ߮(2)  (2.135) 

 

It is important to note that the validity domain of the temporal simulation lies under Taylor’s-

hypothesis assumptions: longitudinal gradients must remain negligible compared to transverse 

gradients. 

 

Transverse Boundaries 

Transverse boundaries are applied to both temporal and spatial simulations. The ݔ and ݖ 

boundaries are treated with characteristic non-reflecting conditions plus a sponge layer to 

emulate an unconfined free jet and avoid artificial reflections. The definition of the boundary 

conditions on the transverse boundaries of the computation domain is tricky, because here it is 

necessary to simulate an unconfined jet, and the latter must in no case modify the physics of 

the jet. The formulation of the boundary conditions retained was that of the conditions of non-

reflecting and whose objective is to recreate with artificial boundaries the behavior of an 

unconfined free flow. The latter presents better results compared to those obtained with 

periodicity and symmetry conditions (Christophe Bogey & Bailly, 2002; Givoli, 1991). 

 

The principle of this method is to linearize at each time step the Navier-Stokes equation (i.e. 

equation of conservation of mass, momentum, energy and water vapor). Then, the method 

consists in studying the 1D characteristic variables normal to the border considered. The 

Navier-Stokes equation can be rewritten as follows: 

 ߲ ഥܷ߲ݐ + ܣ̿ ߲ ഥܷ߲ݔ + ധܤ ߲ ഥܷ߲ݕ + ̿ܥ ߲ ഥܷ߲ݖ = ܵ (2.136) 

 

With: 

 ഥܷ =  (2.137) ்[ܻ    ܲ    ݓߩ    ߥߩ    ݑߩ    ߩ]
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ܣ̿ = ⎣⎢⎢⎢
⎡ ݑଶܿ−ݓݑ−ߥݑ−ଶݑ−0

ଶݓܿߥݑ12
00ݑ00

0ݑ000
⎥⎥⎦ݑ0100
⎥⎤        

ധܤ = ⎣⎢⎢⎢
⎡ ߥଶܿ−ݓߥ−ଶߥ−ߥݑ−0

000ߥ0
ଶݓܿߥ2ݑ1

0ߥ000
⎥⎥⎦ߥ0010
⎥⎤      

̿ܥ = ⎣⎢⎢⎢
⎡ ݓଶ−ܿଶݓ−ݓߥ−ݓݑ−0

000ݓ0
00ݓ00

ଶܿݓ2ߥݑ1
⎥⎥⎦ݓ0001
⎥⎤ 

 

Here c stands for the speed of sound. 

ധܤ ,ܣ̿   and ̿ܥ are diagonalizable matrices. S contains the coupling terms, the viscous terms and 

the sub-grid terms. The propagation of information in a direction ݔ௜ gives the equation of the 

type: 

 ߲ ഥܷ߲ݐ + നܯ ߲ ഥܷ߲ݔ௜ =  ന (2.138)ܦ

 

where ܯന  indicates the matrix ̿ܤ ,ܣധ  and ̿ܥ according to the direction ݔ௜ considered. ܦന contains 

the derivatives with respect to the other variables, the viscous and coupling terms. 

 

By diagonalizing the matrix ܯന , the eigenvalues ߣ௜ and vectors ߰௜ appear. The multiplication 

of Equation (2.136) by ߰௜ gives a new function ௜ܹ which is defined such that for all i we have: 

 ݀ ௜ܹ = ߰௜ܷ݀തതതത (2.139) 

 

Equation (2.136) then becomes: 
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߲ ௜ܹ߲ݐ + ௜ߣ  ߲ ௜ܹ߲ݔ௜ = ߰௜(2.140) ܦ 

 ௜ܹ are defined as characteristic variables and are written as follows on the boundaries: 

 ݀ ଵܹ = ݌݀ − ܿଶ݀ߩ 

(2.141) 

݀ ଶܹ = ܷ݀.݊ଵ ݀ ଷܹ = ܷ݀.݊ଶ ݀ ସܹ = ݌݀ + ݀ ݊.෤ܷܿ݀ߩ ହܹ = ݌݀ − ݀ ෤ܷܿ݀ߩ ସܹ = ܻ݀ 
 

The eigenvalues ߣ௜ satisfy: 

ଵߣ  = ଶߣ = ଷߣ = ସߣ = ܷ.݊ 

ସߣ (2.142) = ܷ. ݊ + ହߣ ܿ = ܷ. ݊ − ܿ 

 

where ݊ଵ and ݊ଶ are orthonormal tangential unit vectors on the boundary, ܷ݀ =  ෤ is the density evaluated at the previous time step (“∼” remark). It canߩ speed of sound and ܿ ,(ݓ݀,ݒ݀,ݑ݀)

be said: 

 ܷ. ݊ = ௫݊ݑ + ௬݊ݒ +  ௭ (2.143)݊ݓ

 

The boundary conditions are calculated in three steps and in all directions ݔ௜. The first step 

consists in imposing boundary conditions of the Von Neumann type (zero slope) then 

computing the temporal variations of ݀ ௜ܹ for each characteristic variable at the boundaries. 

The second step consists of a correction of the boundary conditions. The latter consists in 

canceling the temporal variations such as: 
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௜ߣ∀ < 0, ݀ ௜ܹ = 0  (2.144) 

 

Finally, the third step consists in solving the system Equation (2.136) for solutions of the types: 

 ݀ܲ = ܲ௡ାଵ − ܲ௡, ܷ݀ = ܷ௡ାଵ − ܷ௡, ߩ݀ = ௡ାଵߩ −  ௡ (2.145)ߩ

 

and to look for all the variables at time step n+1 on the borders. In addition, a sponge zone is 

added to the non-reflecting boundary conditions to ensure the damping of turbulent 

fluctuations. The latter adds a source term to the Navier-Stokes equations in a predefined area. 

This source term is defined as ߪ(ܷ − ௥ܷ௘௙). ௥ܷ௘௙ designates the desired state for the outlet 

flow. In the context of our study, this is the initial state. Moreover, (ݔ)ߪ is defined such that: 

(ݔ)ߪ  = ) ߙ ݔ − ௙ݔ௘ݔ −  ௘)ఉ (2.146)ݔ

 

where the coefficient ߙ and the exponent ߚ denote integers fixed at each calculation 

configuration, ݔ௘ the abscissa of the beginning of the sponge zone and ݔ௙ the abscissa of the 

end of the domain. The sponge zone extends over 9 cells, with ߙ = 5 and ߚ = 3. 

 

All radial blends (tanh and Gaussian) are used to avoid discontinuities and Gibbs-type artifacts 

at ݐ = 0. If the sponge/diagnostic option is enabled, the initialized conservative fields are 

written to an auxiliary file to facilitate verification runs or sponge-layer spin-up. 

 

2.2.5.5 Validation 

The previously described numerical configuration is used to simulate the turbulent air jet using 

two LES approaches and the results are compared with experimental results by Hussein, Capp, 

and George (1994) and Amielh, Djeridane, Anselmet, and Fulachier (1996) as well as 

numerical data from D. Li, Fan, Luo, and Cen (2011). The discrepancy between numerical 

values from the LES simulation and experimental results was also observed by Lodato, 
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Vervisch, and Domingo (2009) and attributed to the sub-grid models used, thus indicating that 

the sub-grid model does not account for the transfer of energy from small scales to large ones. 

 

Mean Jet Flow Properties 

The decrease in the average axial velocity along the jet axis is shown in Figure 2.6. The velocity 

profile of the simulated air jet from the temporal and spatial approaches shows good agreement 

with the experimental results of Amielh et al. (1996). Since the results of the temporal 

modeling are presented in different time zones, the plume was reconstructed to ensure 

compatibility for comparison in the spatial domain on a physical length scale with the axial 

results. 

 

 

(a) Dimensionless axial velocity decay 
as a function of axial distance 

 

(b) The self-similar profile of the mean 
axial velocity 

Figure 2.6 Comparison of Spatial and temporal turbulence modeling results and experimental 
data from Amielh et al. (1996) and Hussein et al. (1994) as well as numerical data from D. Li 

et al. (2011) 

 

The spatial simulation aligns more closely with the measurements of Amielh et al. (1996) 

across most of the range. Both approaches exhibit a potential core of ~10 R, within which the 

velocity remains near the exhaust jet velocity, ௝ܸ. Downstream of the potential core, the 

temporal case underpredicts the centerline velocity relative to both the spatial case and the 
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data, likely due to strong axial gradients that weaken the time-to-space reconstruction 

assumption in the near-field. The rapid drop after the potential core followed by gradual decay 

downstream is consistent with canonical round-jet behavior (Ball, Fellouah, & Pollard, 2012).  

 

The centerline velocity scaled by mean axial velocity profile as a self-similar profile, ܸ ଴ܸ⁄ , is 

plotted as a function of the scaled radial coordinate at a distance beyond the developing region 

(y>20R), in Figure 2.6(b). This axial distance was to place the jet in the self-similar region. 

The mean velocity profile in the self-similar round jet are obtained as (Pope, 2000): 

 < ,ݕ)ܸ ,ݎ 0) >= ଴ܸ(ݕ)݂̅(ߞ) (2.147) ߞ = ݎ ଵݎ ଶൗ ⁄(ݕ)  (2.148) 

 

where ଴ܸ(ݕ) is the centerline velocity as a function of axial distance ( ଴ܸ(ݕ) = ,ݕ)ܸ 0,0)) and ݂(̅ߞ) is the similarity profile. As expected, the axial velocity decreases with radial distance. The 

results obtained from the numerical simulation of the spatial domain are found to be nearly 

superimposed on the findings of Hussein et al. (1994) and D. Li et al. (2011). However, in the 

temporal modeling, the curve initially exhibits good agreement, but the deviation gradually 

increases at larger radial distances. 

 

2nd Order Statistics of Turbulence 

To deepen the validation of the chosen numerical simulations, the second-order Reynolds 

tensors of the velocity field are presented in Figure 2.7 and compared with the experimental 

results of Hussein et al. (1994) and numerical data from D. Li et al. (2011). The profiles are 

presented in the similarity zone as explained in the previous section. Turbulent intensities begin 

to develop in the mixing layer between the jet and the surrounding medium, then the flow 

becomes fully turbulent. The results obtained on the turbulent fluctuations follow the trends 

shown in the literature (C Ferreira Gago et al., 2002; White & Majdalani, 2006). Indeed, the 

dimensionless axial turbulence intensity, here 〈ݒᇱݒᇱ〉, is greater than the transverse turbulence 

intensity 〈ݑᇱݑᇱ〉. This is due to the fact that large flow structures have a preferential direction, 

that of the flow, and because the turbulence field cannot be assumed to be isotropic in this 
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region. It should be noted that 〈ݑᇱݑᇱ〉 and 〈ݓᇱݓᇱ〉 are almost similar for the flow. Additionally, 

the temporal approach appears to overpredict, whereas the spatial approach aligns more closely 

with the experimental Reynolds stress tensor values reported by Hussein et al. (1994). 

 

  

 

Figure 2.7 Presenting second order Reynolds tensors in the self-similar zone. Comparison of 
Spatial and temporal modeling results as well as experimental and associated numerical 

results from literature (Hussein et al. (1994) and D. Li et al. (2011)) 
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2.3 Post-Processing & Metrics 

In-Code Analysis 

The workflow begins by ingesting simulation snapshots from unformatted binaries into 

consistently typed, analysis-ready arrays. Alongside the primary fields (density, velocity 

components, temperature, pressure, transport variables) the reader also loads coordinates, grid 

sizes, and run metadata (e.g., non-dimensional groups, time step, CFL). All arrays use a unified 

numeric convention—32-bit indices and 64-bit reals—to ensure stable I/O and reproducibility 

across compilers. 

 

Next, the code prepares differential operators and computes spatial derivatives. First 

derivatives are evaluated with centered finite differences in the interior and second-order one-

sided stencils at the domain faces; metric factors from the nonuniform grid are applied 

afterward. These operators feed the construction of derived kinematic fields, including the 

velocity magnitude, the vorticity vector and its Euclidean norm, and the azimuthal vorticity 

defined in the cross-stream cylindrical frame. 

 

Thermodynamic diagnostics are then assembled using a mixture-fraction framework for water 

vapor: end-member compositions (jet and ambient) are mixed linearly in mass fraction, 

converted to mole fraction, and combined with the reference pressure to form the vapor partial 

pressure. Supersaturation is obtained by normalizing with the saturation pressure given by 

standard formulae over liquid water or ice, depending on temperature. This approach can also 

form a domain-wide probability density of vapor mole fraction to verify the mixing envelope. 

 

To support comparisons and visualization, the pipeline provides plane-averaged projections 

and cross-stream radial profiles. Plane averages are computed by trapezoidal integration along 

the orthogonal coordinate and normalization by the domain span, yielding mean maps on the  ݕݔ,  for (ݎ)ఏതതതݑݎ planes for any scalar field. Radial profiles extract quantities such as ݖݕ and ,ݖݔ

circulation metrics and ܵ(ݎ) for thermodynamics, using the same sampling and saturation 
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model as the 3D diagnostics. Optional cut planes at prescribed indices can be generated in the 

same pass. 

 

Particle post-processing operates in two modes. For Eulerian, cell-centered statistics, the code 

aggregates per-cell activation into cross-sectional tallies and bins them into concentric annuli, 

producing radial distributions of activated versus non-activated particles. For Lagrangian lists, 

the reader exposes particle positions and attributes (radius, local thermodynamic state), from 

which PDFs/CDFs and joint distributions can be computed, as needed. 

 

At each time step, the code forms snapshot-level statistics. Field variables are volume-averaged 

over the plume sub-volume defined by the analysis mask, yielding 〈߶〉ܸ(ݐ). Microphysical 

quantities are ensemble-averaged over all particles present at that step, yielding 〈. 〉௣(ݐ) (e.g., 

mean radius, saturation fraction). For each microphysical process, the pipeline writes a 

dedicated, column-oriented time-series file at every step that records the timestamp and the 

corresponding plume-volume and/or particle-ensemble averages (optionally with min/max and 

standard deviation). These files provide clean inputs for downstream plotting, trend analysis, 

and ensemble aggregation. 

 

Finally, the assembled fields, diagnostics, and profiles are exported to self-describing formats 

suitable for analysis and archiving. Ordered, nodal datasets are written either as Tecplot binary 

files (BLOCK packing with variable/coordinate names and AUXDATA) or as CGNS files 

(structured zones with double-precision fields, vertex-based solution nodes, and proper 

base/zone metadata). The exporter follows an initialize → append → finalize pattern so that 

time-accurate sequences, planes, and profiles are appended consistently within the same 

artifact. Throughout, the pipeline prints range checks and maintains coherent naming of 

variables and coordinates so figures, tables, and metrics in the thesis can be generated directly 

from these outputs. 
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Post-Export Analysis 

After the in-code post-processing writes column-oriented time-series files and CGNS 

snapshots, the external analysis reconstructs physical units, aggregates ensemble statistics, and 

generates publication-quality figures. Two complementary tools are used: MATLAB for 

statistical time-series and distribution plots, and Tecplot for spatial fields stored in CGNS. 

 Inputs and unit reconstruction: All exported time-series are non-dimensional. Before 

plotting, time is mapped to seconds using the nozzle-exit acoustic scale: 

଴ݐ  = ௝ܯ௝ݎ ௝ܿ (2.149) 

௝ܿ = ඥܴߛௗ ௝ܶ (2.150) 

 

where ݎ௝ is the jet radius, ܯ௝ the exit Mach number, ߛ the ratio of specific heats, ܴௗ ܬ 287= ⁄ܭ ݃݇  for dry air, and ௝ܶ the exit temperature. Each engine/ambient 

configuration (UHBR, LEAP, CFM56; =215,220,225 K) has its own ݐ଴ and is applied 

consistently in the MATLAB parameter block. Particle radius is reported in 

micrometres using a fixed particle scale ݎ௥௘௙ = 20 ݊݉ =  implemented as) ݉ߤ 0.02

rapp_long). Other variables plotted (e.g., the mean ice saturation ratio) are 

dimensionless as exported. 

 Particle statistics and distributions: For selected physical times, spatial samples of 

particle radius are imported from the xyz files. Unique support points are constructed, 

and kernel density estimation (ksdensity) is applied to obtain smooth PDFs. A common 

bandwidth policy is maintained within each figure so that cross-case differences reflect 

physics rather than smoothing. Axes are unit-correct (radius in ݉ߤ; PDF in ߤ ݉⁄ ). 

 

For each snapshot file rayon_moy, the analysis reads non-dimensional time ߬, mean 

particle radius ̅ݎ௣, mean particle temperature തܶ௣, mean vapor pressure തܲజ, and mean ice 

saturation ratio ܵ௜̅௖௘. Time is dimensionalized (ݐ =  .௥௘௙ݎ ଴); radius is scaled byݐ߬
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Files nb_de_sat provide the number of saturated (activated/frozen) particles ݊௦௔௧(ݐ). 

Counts are normalized using the numerical-parcel representation: the total particle 

concentration (# ݉ଷ⁄ ) equals the number of numerical parcels times the physical 

particles carried by each parcel. Because a constant parcel weight is used here, 

normalization reduces to dividing by the total number of parcels (250,000). 

 3D fields and profiles: The external visualization uses the CGNS snapshots written by 

the solver, which group three zone types per time step: 

(i) 3D ordered volumes (I×J×K) for full fields; 

(ii) 2D ordered planes (I×J, I×K, or J×K) for extracted cut-planes or plane-averaged 

maps; and 

(iii) 1D ordered lines (I) for radial or centerline profiles. All variables are stored 

nodally in double precision, and each zone carries solution-time metadata so 

Tecplot can treat them as a linked time sequence. 

 

CGNS files are opened directly; Tecplot recognizes each zone’s dimensionality and 

coordinates. A small set of layout equations defines dimensionalization constants once 

(per engine/ambient case) and applies them to all zones regardless of dimension. 

 

Zone StrandID/solution time are used to synchronize animations and to ensure that 1D/2D/3D 

views at a given timestamp are directly comparable. Layout templates enforce common 

colormaps, tick marks, and legends; Tecplot equations guarantee that the same unit 

conversions are applied to every zone type in the file. Final figures (PNG/EPS) are exported 

from these templates so typography and scales match the MATLAB plots used for PDFs, 

mean-radius, and activation-fraction time series. 

 

2.4 Chapter Conclusion 

This second chapter establishes the methodological foundation for simulating near-field 

contrail formation from aircraft exhaust, integrating high-order compressible CFD with online 

microphysics in the FludiLES framework. The solver advances the Favre-filtered Navier–
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Stokes equations with sixth-order spatial accuracy and third-order Runge–Kutta time 

integration; it is purpose-built to resolve the exhaust jet and its transition into the wake regime, 

where a Lamb–Oseen vortex pair represents the rolled-up wake. Microphysics are treated in 

an online-coupled Lagrangian module (originally soot; extended here to include ambient 

aerosol as a second class), with coupling performed within the LES setting for tractability. 

Two-way coupling is applied to the vapor (mass transfer) and energy equations; momentum 

coupling is neglected, and even in energy the effect is small in the jet phase. 

 

Within LES, density-weighted (Favre) filtering and an explicit specification of the cut-off 

length are adopted, and hybrid (mixed) Smagorinsky/scale-similarity closures are available to 

accommodate different grid resolutions and shear-layer dynamics. Time stepping follows a 

conservative CFL guideline (~0.6) to maintain stability at relevant Mach numbers. Together 

these choices balance accuracy, stability, and computational efficiency for the present problem 

class. 

 

Two complementary domain strategies are employed. Spatial simulations resolve the full 

downstream development from a smooth nozzle-exit profile; temporal simulations truncate the 

streamwise extent and impose periodicity to follow the coupled jet/vortex evolution at reduced 

cost. Uniform Cartesian meshes and node counts are chosen from the required extents, and 

mesh-resolution studies verify grid convergence. Transverse boundaries use characteristic non-

reflecting conditions with thin sponge layers; the implementation follows a characteristic 

decomposition with a three-stage update (zero-slope prediction, correction to cancel spurious 

temporal variations, final characteristic solution) to ensure physically transparent outflow. 

 

Inflow perturbations consist of low-amplitude, shear-layer-confined synthetic fluctuations 

with amplitude ܣ that sets the nozzle-exit turbulence intensity ܶܫ. A brief sensitivity scan (A 

= 1%, 5%, 10%) shows that 1% under-trips the shear layer relative to measurements, while 5% 

and 10% yield nearly indistinguishable mean profiles in both spatial and temporal 

formulations; hence 5% is adopted as the baseline to match data without over-energizing the 
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near field. This choice sets inflow coherence and accelerates transition in a controlled manner 

for the subsequent physics analysis. 

 

Particles are represented by numerical parcels with constant multiplicity (physical particles per 

parcel). All particle-based tallies (e.g., activation counts) are normalized accordingly. A fixed 

parcel count of 250,000 is used across cases so that concentration changes reflect only the 

physical multiplicity. Post-processing reconstructs dimensional units, assembles time series of 

microphysical and thermodynamic statistics, and harmonizes spatial visualizations via 

CGNS/Tecplot export templates, ensuring consistent axes, conversions, and layout across 

1D/2D/3D output. 

 

The next chapters present results obtained with this framework, with the ultimate goal of 

simulating the exhaust jet and ensuing wake-vortex of an aircraft engine under cruise 

conditions using advanced microphysical modeling that accounts for gas–particle interactions 

involving soot and ambient aerosol.
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Abstract 

 

Condensation trails formed behind cruising aircraft engines contribute to climate change 

through radiative forcing. While most contrail studies consider parameterized single-jet 

profiles, this CFD study investigates dual-stream jets to characterize turbofan bypass effects 

on contrail microphysics. High-resolution large eddy simulations (LES) refined early plume 

dynamics for a dual-stream jet, consisting of a bypass jet and a core jet of air and water vapor 

(Eulerian phase) laden with soot particles (Lagrangian phase). Microphysical modeling 

employs a solubility model for soot activation, while the subsequent water vapor condensation 

processes on activated soot particles and ice growth on freezing particles are computed using 

a deposition model. The first comparison of a turbofan with its equivalent turbojet showed that 

the bypass jet enhances the mixing and cooling of the core jet, with a mean particle radius 

increase of up to 30%. Thereafter, three realistic turbofans—CFM56-5B3/3, LEAP-1A/33, and 

UHBR—classified respectively as medium, high, and ultra-high bypass ratio engines, were 

compared at ambient temperatures of 215 K, 220 K, and 225 K. The analysis showed that 

higher bypass ratios enhance jet mixing in the near field, increasing soot activation and droplet 

freezing processes, and resulting in initial contrail properties that are less sensitive to ambient 

temperatures. 
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3.1 Introduction 

According to the International Civil Aviation Organization (ICAO) (ICAO, 2022), one of the 

major impacts of aviation on the climate is attributable to non-COଶ emissions; specifically, 

Aircraft-Induced Clouds (AIC), which contribute to global warming. Depending on ambient 

conditions, contrails can form as soot particles, and water vapor emissions from cruising 

aircraft engines initiate the heterogeneous nucleation of water droplets (Kärcher et al., 2015). 

These droplets, after a limited growth, undergo homogeneous freezing to form ice particles, 

which continue to grow by accreting additional condensable matter. Persistent contrails in an 

ice-supersaturated area can trigger the formation of large cirrus clouds covering a wide 

horizontal area up to 50,000 ݇݉ଶ, for tens of hours (Haywood et al., 2009). By reflecting 

incoming and outgoing radiations, AIC produce a positive radiative forcing (warming) effect 

(Lee et al., 2010). Global assessments by Intergovernmental Panel on Climate Change (IPCC) 

estimated that the AIC impacts are three times greater than the aviation COଶ impact alone 

(IPCC, 2023). The most recent calculations of radiative forcing from global aviation covering 

the 2000 to 2018 period (Lee et al., 2021) showed that the impact of non-COଶ emissions 

constitutes about two-thirds of the net radiative forcing. Moreover, AIC, including persistent 

contrails and contrail cirrus, accounts for approximately 90% of aviation’s non-COଶ radiative 

forcing (Bernd Kärcher, 2018). As non-COଶ terms contribute about eight times more than COଶ 

to the uncertainty in net RF, the climate impact of AIC remains a major source of uncertainty 

(Lee et al., 2021). These non-COଶ effects, primarily resulting from contrail cirrus, contribute 

significantly to the overall climate impact of aviation. 

 

Despite extensive research, contrail formation remains very complex, with substantial 

knowledge gaps and uncertainties arising from the interaction of various aircraft and 

environmental factors, highlighting the need for further investigations (Voigt et al., 2010). 

Regarding the impact of ambient conditions, Jensen, Toon, et al. (1998) emphasized their role 

in contrail formation, noting that contrails only form and persist when there is substantial 

supersaturation with respect to ice. Flight campaigns, such as those reported by Jensen, Toon, 

et al. (1998) (SUCCESS campaign) and Voigt et al. (2021) (ECLIF1 and ECLIF2/ND-MAX 
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campaigns), have also highlighted the critical role of ambient temperature and humidity in 

contrail formation and persistence. Likewise, Jeßberger et al. (2013), Haglind (2008) and F 

Garnier and Laverdant (1999) highlighted the influence of aircraft type, design, and engine 

differences on contrail formation thresholds, on the long-term dependency of contrail 

properties on their lifetime, and on the mixing effects of the exhaust plume, demonstrating the 

combined effects of environmental and aircraft/engine factors. 

 

Regarding the impact of engine properties, the effect of the overall propulsion efficiency of the 

engine on contrail formation—called the η-effect—was investigated by Ulrich Schumann 

(2000). As an example of this effect, observations of contrail formations with a low (bpr=1.4–

2) and a medium bypass-ratio (bpr= 6.8) engine confirmed the theoretical conclusions from 

the revised Schmidt–Appleman criterion (Ulrich Schumann, 1996). These conclusions 

indicated that contrails form at lower altitudes (i.e., a higher ambient temperature) with higher 

bypass ratios, or with a more efficient engine. While the current trend in civil aviation engine 

developments is towards ultra-high bypass ratio engines (Barbosa, 2022), the impact of engine 

bypass in dual-stream jets on contrail formation remains unclear. Many studies, such as Dahm, 

Frieler, and Tryggvason (1992), Villermaux and Rehab (2000) and Van Hoot, Murugan, Mitra, 

and Cukurel (2021), have investigated the dynamic characteristics of the bypass flow, 

including the mixing effects in dual-stream round jets. However, most existing contrail models 

in the literature do not distinguish between core and bypass jets, but rather, consider a highly 

parametrized simple mixed jet. For example, Unterstrasser and Görsch (2014) used Gaussian-

like jet-plume profiles to characterize the impact of aircraft on contrail evolution. Such 

simplified representations of the exhaust jet do not provide a better understanding of the bypass 

jet effect in modern turbofan engines, as also highlighted by Detwiler and Jackson (2002). The 

bypass effect (Ferreira, Alonso, & Gorlé, 2024), as well as the engine size (D. C. Lewellen, 

2020), might have a significant impact on jet mixing, and hence, on the formation of ice 

crystals. This highlights the need to characterize the bypass effect on the microphysical 

properties of contrails. 
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Many studies highlighted the importance of investigating near field contrail properties 

(Kärcher, 2016; Kärcher et al., 2015). For instance, Ulrich Schumann et al. (2017) stated that 

the number of ice crystals nucleated in the near field is directly influenced by the engine 

exhaust conditions, and remains relatively constant throughout the contrail lifetime, as the 

subsequent evolution into contrail cirrus involves a series of successive dynamic and 

microphysical processes that are difficult to control or alter. Indeed, the impact of contrails on 

climate is a  function of the optical properties of ice particles, including their size and number 

(P. Yang et al., 2015). As such, a better characterization of near field contrail properties in the 

jet regime is crucial for designing aircraft engines with a reduced contrail impact. 

 

Given the high costs of in-flight experiments, there is growing interest in numerical 

investigations to characterize the exhaust-related factors influencing contrail formation. Such 

investigations—involving a coupling of fluid dynamics (e.g., mixing effects, aircraft wake 

interactions), thermodynamics (e.g., condensation and evaporation processes), microphysics 

(e.g., nucleation, particle growth and depletion), and chemistry (e.g., atmospheric reactions 

and post-ejection chemical transformations)—have been widely studied over the last few 

decades (Ferreira et al., 2024; J. Khou et al., 2017; D. C. Lewellen, 2020). As a dominant 

feature in this equation, the microphysical modeling can be accomplished either with 

trajectory-box models (Bier et al., 2022; X. Vancassel et al., 2014) or with 3D CFD models 

(Cantin et al., 2022; Ferreira et al., 2024; J. Khou et al., 2017; Ramsay, Tristanto, Shahpar, & 

John, 2024). While trajectory box models can provide valuable insights at larger scales, 

limitations may be encountered in accurately predicting contrail formation behind commercial 

aircraft, particularly due to the simplified representation of spatial variability in jet plumes 

(Bier et al., 2022; X. Vancassel et al., 2014). As such, X. Vancassel et al. (2014) compared 

different jet dilution calculations and coupling strategies: a multiple-trajectory box model 

(offline coupling with detailed microphysics) versus a 3D LES model (online coupling with 

ice-only microphysics). Even though plume-averaged characteristics results were in good 

agreement overall, a spatial non-homogeneity of the near field particle properties pointed to 

local discrepancies in the ice crystal size. Therefore, such, a coupled online microphysics-

dynamics approach is required to accurately account for jet-mixing inhomogeneities, 
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variations in local dilution rates, and temperature gradients (Cantin et al., 2022; Roberto Paoli 

et al., 2004). 

 

The main objective of this work is thus to characterize the engine bypass effect on near field 

contrail properties. To the authors’ knowledge, no previous study has investigated the impact 

of bypass flow using different turbofan exhaust conditions on the microphysical properties of 

ice particles. For the characterization herein, a high-resolution LES approach for turbulence 

was adopted to refine the representation of early plume dynamics, especially the mixing within 

jet shear layers. The paper is structured as follows. Section 3.2 provides an overview of the 

governing equations for both flow dynamics and ice particle microphysics. Section 3.3 presents 

the numerical setup as well as the initial and boundary conditions. Section 3.4 provides the 

results from three comparative studies, along with a detailed analysis of both bypass flow and 

bypass rate effects on near field contrail properties. 

 

3.2 Governing Equations 

The modeling approach incorporates an exhaust jet from an aircraft engine, composed of a 

gaseous mixture of air and water vapor (gas phase) laden with soot particles (solid phase) from 

the core flow and ambient air from the bypass flow. Ice particles can form later in the jet plume. 

First, the mathematical equations for the gas phase are presented in this section. Finally, the 

solid phase modeling for soot particles and ice crystals is presented, followed by a description 

of the microphysical model for contrail formation. 

 

3.2.1 Gas Phase Equations 

The bulk flow motion was simulated using a Eulerian-based Large Eddy Simulation (LES) 

approach. This method directly resolves the large energy-carrying scales of turbulence, while 

the behavior of the smaller, more isotropic, scales is accounted for using the hybrid 

Smagorinsky Subgrid-Scale (SGS) model (C Ferreira Gago, Garnier, & Utheza, 2003). This 

model is a linear combination of the Smagorinsky model (Smagorinsky, 1963) of the eddy 
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viscosity type, and the similarity model (Liu, Meneveau, & Katz, 1994), which better 

represents the energy backscatter (C Ferreira Gago et al., 2003). Furthermore, a spatial filter 

was used to extract the large scales from the flow field. Applying the former filtering operation 

to the nondimensional form of the 3D compressible Navier-Stokes equations yields the LES 

equations of the compressible gas-flow mixture, including the continuity equation, the 

momentum equation, and the total energy equation, presented in François Garnier et al. (2014). 

In this study, the water vapor transport equation, which includes the coupling term, is presented 

to emphasize the method of coupling between the gas and solid phases in the FludiLES code: 

 ߲ ቀߩ௚ ෨ܻ௩ቁ߲ݐ + ߲ ቀߩ௚ ෨ܻ௩ݑ෤௝ቁ߲ݔ௝ − ௝ݔ߲߲ ቆ ௚Re Pr߲ߤ̅ ෨ܻ௩߲ݔ௝ቇ + ߰ =  ௝ (3.1)ݔ௝߲ߦ߲

 

Where the Favre average defined as ሚ݂ =  ௚, was used to account for the compressibilityߩ /௚݂ߩ

effects, ߩ௚ denotes the gas phase density, ݑ෤௝  the velocity component along the j-direction, ߦ is 

the SGS vapor flux, and ෨ܻ௩ the water vapor mass ratio. The Reynolds number (Re) is based on 

the nozzle diameter and the exhaust jet velocity at the nozzle exit. The Prandtl number Pr and 

the ratio of specific heat ߛ are set equal to 0.7 and 1.4, respectively, i.e., the assumed values 

for air (Lenormand, 1999). 

 

 In Equation (3.1), the source term ߰ represents the rate of condensed water vapor, which is 

computed using both droplet and ice particle growth models. 

 

3.2.2 Solid Phase Equations and Microphysical Model 

Solid particles were tracked within the Lagrangian framework in which each particle is 

followed individually. Due to the relatively high number density of soot particles that initially 

form in an engine combustor (for example, in the order of 10ଵଷ–10ଵସ #/kg-fuel for the type of 

engines used in this study at sea level and cruise-level operation, according to the ICAO 

emissions databank (ICAO, 2024)), the simulation cost was alleviated by considering 
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numerical particles instead of physical particles. Each numerical particle, treated as a sphere 

of radius ݎ௣, represents the motion of ௣ܰ physical particles. Due to their relatively small size 

and mass, both particle drag and gravity forces are neglected. Hence, the particles are 

considered as passive tracers having the same velocity as the carrier phase. The starting point 

was the microphysical model described in François Garnier et al. (2014). In the LES approach, 

the filtered velocity field ݑ෤  was used in the particle-movement equation expressed as: 

ݐ௣݀ݔ݀  =  ௣൯ (3.2)ݔ෤൫ݑ

 

Where ݔ௣ is the particle position vector.  

 

Hydrophobic soot particles at the nozzle exit need to be activated in order to become water 

droplets (Kärcher et al., 1996). To model the activation of exhaust particles into water droplets, 

a solubility model that relies on the activation radius associated with the plume's saturation 

ratio (Kärcher et al., 2015) was employed. Soot particles—acting as condensation nuclei due 

to their shape and surface properties—become activated when the saturation ratio exceeds a 

critical threshold. As a result, they rapidly grow by taking up condensable matter (i.e., water 

vapor). Lastly, the cooling of the exhaust jet by mixing with the ambient atmosphere leads to 

water vapor condensation on soot particles, and hence, to contrail formation. The ice particle 

growth is dominated by heterogeneous nucleation in exhaust jets (K. Gierens, 2003). The 

physical parameter known as the saturation ratio, S, defined by Equation (3.3) as the local ratio 

between the partial vapor pressure ௩ܲ and the saturated vapor pressure ௦ܲ௔௧ with respect to 

liquid water (for water droplets) or ice (for ice particles), plays a crucial role in determining 

the formation and growth of these particles. This ratio is expressed as: 

 ܵ = ௩ܲ൫ ෨ܶ௣൯௦ܲ௔௧൫ ෨ܶ௣൯ (3.3) 

 

where ෨ܶ௣ is the local temperature at the particle interface. 
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As demonstrated by Kärcher et al. (2015), the likelihood of aerosol particles becoming 

activated into water droplets is significantly higher with increasing supersaturation levels of 

the plume above water bodies. Within this framework, the critical radius of dry aerosol 

particles (ݎ௔௖௧) depends on the saturation ratio (S), indicative of the transition point to activation 

under supersaturated conditions (Petters & Kreidenweis, 2007): 

 

݈݊(ܵ) = ඨ(ݎ௞ ⁄௔௖௧ݎ )ଷ54ߢ  (3.4) 

 

Where ݎ௞ is the Kelvin radius set at 1 nm, κ is the solubility parameter influenced by the 

solutes’ chemical nature, with values of 0.5 and 0.005, for fully soluble atmospheric aerosol 

and coated aircraft soot particles, respectively (Kreidenweis, Petters, & Chuang, 2009).  

 

In analyzing the droplet growth during contrail formation, the mass change equation for 

spherical droplets proposed by Bier et al. (2022) is computed, with modifications such as 

updating the formulas for saturation pressure based on Murphy and Koop (2005) to suit the 

specific conditions of this study: 

 ݉̇௪ = ݀݉௪݀ݐ = )௪ݎߨ4 ௩ܲ൫ ෨ܶ௣൯ − ௦ܲ௔௧൫ ෨ܶ௣൯)ܨெߚ௠ିଵ + ௧ିߚுܨ ଵ  (3.5) 

 

In this equation, ݉௪ is the droplet mass, ݎ௪ is the droplet radius, constants and terms such as ܨெ, ܨு, ߚ௠, and  ߚ௧ have specific physical interpretations related to mass and heat diffusion 

terms, respectively. 

 

In alignment with the slow growth regime defined by Kärcher et al. (2015) for homogeneous 

freezing, it is possible to deduce the freezing temperature, ∗ܶ, represented by the following 

equation: 
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∗ܶ ≅ 1ܽଵ [ln ቆܽଵܶ̇௪ܸ ቇ − ܽଶ] (3.6) 

 

where ܽଵ = ܽ and (ଵିܭ) 3.5714− ଶ = 858.719 are empirical constants (Riechers, Wittbracht, 

Hütten, & Koop, 2013), ܶ̇ is the plume cooling rate and ௪ܸ is the droplet volume. Once the 

droplets reach the freezing temperature, the size of the ice crystals that form becomes a function 

of the local temperature and relative humidity. The net mass change of ice per particle is 

computed using the Fukuta and Walter (1970) model as follows: 

 ݉̇௜௖௘ = ݀݉௜௖௘݀ݐ = ܵ) ௜௖௘ݎ௜௖௘ߩߨ4 − ܣ்ܥ(ܣ + ఘܥ  (3.7) 

 

Where ݉ ௜௖௘ is the ice particle mass, ߩ௜௖௘ is the particle density, and ܣ the Kelvin effect, defined 

as the ratio between the vapor pressure at the water droplet surface before freezing and the 

saturated vapor pressure over a flat surface at the droplet temperature. The two factors ்ܥ and ܥఘ control the water vapor temperature and air density above the particle surface. Their 

formulations can be found in the original paper (Fukuta & Walter, 1970). The model accounts 

for the reduction of water vapor through processes of condensation and vaporization onto 

existing particles, which effectively function as sink terms by reducing the water vapor content 

of gas phase. 

 

3.2.3 Numerical Setup and Testing 

A high order (six orders in space; three orders in time), compressible CFD code, FludiLES, 

was used in this study. This research code, based on the finite difference scheme with spectral-

like resolution (Lele, 1992), has been extensively used and validated for engine jet and aircraft-

wake applications (Bier et al., 2022; François Garnier et al., 2014; Labbe, Maglaras, & Garnier, 

2007; X. Vancassel et al., 2014). The code effectively captures key flow instabilities, such as 

the Kelvin-Helmholtz instability, a primary convective instability in jets, which can be 

modeled using a temporal approach, as demonstrated by Brancher (1996). Furthermore, the 
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temporal representation (temporal turbulence) can accurately reproduce the jet dynamics with 

fewer mesh points as compared to a spatial simulation (spatial turbulence) (D. C. Lewellen, 

2020). As such, the temporal evolution of turbulent hot jets from kerosene-fueled turbofan 

engines with different bypass ratios was examined. The temporal representation is based on 

the Taylor hypothesis (Taylor, 1935) also known as the frozen-turbulence approximation, 

according to which the time variable ݐ and the axis position y are linked by the relation ݐ ݕ= ܷ଴⁄ , where ܷ଴ denotes the aircraft speed. 

 

Two jet configurations from typical aircraft engines were considered, as shown in Figure 3.1, 

in which the coordinate system was associated with the cruising engine at speed ܷஶ. The 

exhaust jet profile in Figure 3.1(a) represents a turbofan configuration, referred to hereafter as 

“with bypass,” in which a portion of the inlet air is bypassed around the core jet. The latter 

drives the gaseous mixture of kerosene combustion products, while the bypass jet drives the 

ambient moist air, which is only slightly accelerated. Both exhaust jets are mixed with the 

freestream moist air downstream. The bypass ratio, or bypass rate, of a turbofan is defined as 

the ratio of the mass of air passing through the fan (bypass jet) ݉̇௕ to that crossing the core 

(core jet) ݉̇௖, as described by Equation (3.8): 

ݎ݌ܾ  = ݉̇௕݉̇௖  (3.8) 

 

The simple turbojet configuration without a bypass stream was also considered for comparison 

purposes, as shown in Figure 3.1(b), and is known below as “without bypass.” The equivalence 

between the two configurations (Figure 3.1(a) and (b)) was ensured by preserving the same 

momentum budget, as expressed by Equations (3.9) to (3.11), where F denotes the engine 

thrust. Equation (3.11) yields the exhaust velocity of the turbojet configuration. 

௧௨௥௕௢௙௔௡ܨ  = (݉̇௖ + ݉̇௕) ൬ ௖ܷ + ௕1ܷ ݎ݌ܾ + ݎ݌ܾ − ܷஶ൰ (3.9) ܨ௧௨௥௕௢௝௘௧ = ݉̇௦( ௦ܷ − ܷஶ) (3.10) 



117 

௦ܷ = ௖ܷ + ௕1ܷ ݎ݌ܾ + ݎ݌ܾ  (3.11) 

 

For the jet-regime simulation, the plume jet was solved within the rectangular box of 

dimensions ܮ௫ = ௬ܮ ,20ܴ = 12ܴ, and ܮ௭ = 20ܴ in the spanwise, streamwise, and vertical 

directions, respectively. The radius R defines the middle of the jet shear layer such that ܷ (ܴ) =(ܷ(0) + ܷஶ)/2, where ܷ(0) is the jet centerline velocity. Regarding boundary conditions, 

periodic boundaries were applied in the streamwise direction, while a nonreflective condition 

(Thompson, 1987) was applied to the remaining planes. The velocity field in the computational 

domain was initialized with the velocity profile of the exhaust jet. 

 

For the without bypass configuration (Figure 3.1(b)), the velocity field was initialized with the 

typical jet (hyperbolic tangent) profile expressed in cylindrical coordinates (ߠ,ݎ,  :as follows (ݖ

(ݎ)ܷ  = 12 ( ௦ܷ + ܷஶ) − 12 ( ௦ܷ − ܷஶ) tanhቆ14 θܴ ൬ܴݎ −  ൰ቇ (3.12)ݎܴ

 

The parameter θ denotes the momentum boundary layer thickness of the jet shear layer 

computed, as follows: 

 θ = න ൬ܷ − ܷஶ௦ܷ − ܷஶ൰൬1 − ܷ − ܷஶ௦ܷ − ܷஶ൰݀ݎஶ
଴  (3.13) 
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Figure 3.1 Schematic representation of the exhaust flow from typical jet engines: (a) with 
bypass (turbofan configuration); (b) without bypass (simple turbojet configuration) 

 

The jet parameter ܴ θ⁄  characterizes the jet velocity profile along the streamwise direction. A 

value of ܴ θ⁄ =10 was used, corresponding to the case of an unstable jet (Michalke & Hermann, 

1982). Random Gaussian-shaped perturbations were superimposed on the component of the 

initial velocity field. 

 

For the with bypass configuration (Figure 3.1(b)), the velocity field was initialized by the sum 

of two hyperbolic tangent profiles as follows: 

(ݎ)ܷ  = ܽ ଵܷ(ݎ) + ܾܷଶ(ݎ) (3.14) 

ଵܷ(ݎ) = 12 ( ௖ܷ + ܷஶ) − 12 ( ௖ܷ − ܷஶ) tanhቆ14 θܴ ൬ܿ ݎܴ − 1ܿ ݎܴ ൰ቇ (3.15) 

ܷଶ(ݎ) = 12 (ܷ௕ + ܷஶ) − 12 (ܷ௕ − ܷஶ) tanhቆ14 θܴ ൬݀ ݎܴ − 1݀ ݎܴ ൰ቇ (3.16) 

 

Where the constants a, b, c, and d depend on the engine exhaust parameters and are related to 

the core and bypass radii. For the with bypass configuration of the LEAP-1A/33 engine, a was 

taken equal to 0.63 and b set to 0.37, c set to 1.2, and d set to 0.5. The inlet velocity profiles 

for both the with bypass and the equivalent without bypass configurations for the LEAP-1A/33 

engine are plotted in Figure 3.2. The temperature field was initialized using the Crocco–
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Busemann relation (Schlichting & Gersten, 2017). As for the initial number of soot particles, 

the method implemented by Ahrens, Méry, Guénard, and Miake-Lye (2023) was used to 

determine the emission indices of soot particles at cruise altitude for all three engines, based 

on the ICAO Aircraft Engine Emissions Databank (ICAO, 2024). To ensure a fair comparison 

focused on the effect of bypass ratio, an average soot emission index of 4 × 10ଵଷ #/kg-fuel 

was adopted for all three engines, along with an initial mean soot particle radius of 20 nm. 

Additionally, Figure 3.14 presents a direct comparison between the LEAP-1A/33 and CFM56-

5B3/3 engines, highlighting the differences in their respective emission indices under cruise 

conditions. Further, Table 3.1 summarizes the primary input parameters for the three turbofan 

engines at varying ambient conditions, with ice relative humidity ranging from 100% to 140%, 

corresponding to the highest to lowest ambient temperatures, respectively. 

 

 
(a) 

 
(b) 

Figure 3.2 Initial jet-velocity profile for the LEAP-1A/33 engine: (a) with bypass 
configuration (realistic profile); (b) without bypass configuration (equivalent profile) 

 

LES simulations were carried out for 2 s of plume age, i.e., after nozzle emission, using high-

order schemes with a dimensionless time step ∆ݐ௝ = 0.02 for jet phase, i.e., CFL is less than 

0.6, where R and ܷ(ܴ) are the length and velocity scale used. Specifically, a sixth-order 

compact scheme (Lele, 1992) and a third-order Runge-Kutta scheme were respectively used in 
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space and time to solve the Eulerian phase equations. The particle position was computed from 

Equation (3.2) using a fourth-order Adams-Bashforth scheme, while a fourth-order Runge-

Kutta scheme was used to compute the particle radius. The cells have a constant grid size, ∆ݔ = ݕ∆ = ݖ∆ = 0.15ܴ and consists of 141×141×82 grid points. This mesh configuration was 

quantitatively assessed by checking the energy spectra in the jet plume as suggested by 

Georgiadis, Rizzetta, and Fureby (2010). 

Table 3.1 Input parameters for jet contrail simulations for three turbofan engines at cruise 
condition: CFM56-5B3/3 (medium), LEAP-1A/33 (high), and UHBR (ultra-high bypass-

ratio) 

Engine type CFM56-5B3/3 LEAP-1A A33 UHBR 
Ambient 

Conditions  
(35000 ft) 

215 K 220 K 225 k 215 K 220 K 225 k 215 K 220 K 225 k 

Bypass ratio, ܾ15 10.5 5.4 (-) ݎ݌ 

Core velocity, ௖ܷ (m.s-1) 548 552 554 409 415 420 377 382 387 

Bypass 
velocity, ܷ௕ 

(m.s-1) 
309 312 316 304 307 311 298 301 305 

Bypass static 
temperature, ௕ܶ (K) 

237 242 248 229 234 240 220 226 231 

Core static 
temperature, ௖ܶ (K) 

607 613 622 568 582 597 601 616 631 

 

Figure 3.3 presents the energy spectra of with bypass and without bypass simulations at 0.5 s. 

The range of turbulent scales covers the inertial zone where the energy transfer from large to 

small scales, i.e., small to large wavenumbers, follows the universal power-law rate, with a 

slope of -5/3. The results confirmed that the grid size used provided a well-resolved LES 

configuration in which the energy contained in small scales was three orders of magnitude 

below that of the large ones. 
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Figure 3.3 Turbulent kinetic energy spectra for the with bypass and without bypass 
configurations at 0.5 s under baseline ambient conditions ( ௔ܶ= 220 K) 

 

Numerical simulations of contrail formation in the literature mainly employ a temporal 

approach due to the high computational costs associated with the spatial modeling approach. 

In this approach, the length of computational domain is significantly reduced, allowing for a 

finer grid resolution in the cross-section, thereby enhancing the accuracy of turbulent mixing 

calculations between the hot exhaust and cold ambient air. The predictive capability of the 

proposed microphysical model, coupled with a temporal jet simulation, was demonstrated 

herein by evaluating the CFM56-3 engine under the baseline conditions described by D. C. 

Lewellen (2020). The simulation was conducted at an ambient temperature of  ௔ܶ=218.8 K, 

with a monodisperse distribution of soot particles and an initial emission index of soot ܫܧ௦௢௢௧ =10ଵ଺ (#/kg-fuel). Unlike the modeling approach of Lewellen (D. C. Lewellen, 2020), which 

initialized the temporal LES fields 1 m downstream using RANS and employed a binned 

microphysics model, the initialization employed in present study was different, as explained 

in Section 3.2, and an online detailed Lagrangian microphysical approach was utilized as 

detailed in Section 3.3. Differences in the initialization, in microphysical modeling, and in 

averaging may contribute to variations in results. Nevertheless, the results (Figure 3.4) showed 

a consistent trend with the findings from one of Lewellen’s turbulence realizations (D. C. 
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Lewellen, 2020), suggesting that both studies capture similar primary effects of mixing and 

subsequent moisture competition to reach the same ice emission index at around 0.23 s. 

 

 

Figure 3.4 Temporal evolution of the apparent ice number emission index under the baseline 
conditions of Lewellen (D. C. Lewellen, 2020) 

 

3.3 Results and Discussion 

3.3.1 Bypass Flow Effect: Comparison between Turbofan and Turbojet 

The near field contrail from the LEAP-1A/33 engine (bpr = 10.5) was compared to its 

equivalent turbojet configuration with the same specific thrust, as presented in Figure 3.1. 

Figure 3.5 presents the evolution of mean water vapor pressure (Figure 3.5(a)) and mean ice 

saturation ratio (Figure 3.5(b)), calculated by averaging over all particles in 3D domain at each 

time step along the exhaust jet, as functions of particle temperature, for both the with bypass 

and without bypass configurations. The results correspond to the time interval from 

approximately 0.23 to 2 s, starting from the onset of plume saturation. These figures illustrate 

differences in the vapor pressure and saturation behavior, particularly when the early plume 

condenses and becomes supersaturated. Based on Ulrich Schumann (2000), the bypass engine 

demonstrates greater overall propulsion efficiency by generating thrust more effectively by 



123 

moving a larger volume of air at a lower velocity. As a result, the mixing line slope is 

anticipated to be steeper, as shown in Figure 3.5(a). 

 

A further analysis of mixing lines as a function of temperature, depicted in Figure 3.5(b), 

reveals that the average mixing lines, with and without bypass flow, cool down and become 

ice-saturated at around 252-255 K. The formation threshold temperature for a water-saturated 

atmosphere falls within the freezing range defined in the figures of Kärcher et al. (2015). The 

results in Figure 3.5(a) and Figure 3.5(b) indicate that the bypass flow promotes higher mean 

water vapor pressure and mean ice saturation ratios. This highlights the role of engine bypass 

flow in the near field, as it influences the thermodynamic properties and potentially affects 

contrail formation. 

 

 
(a) 

 
(b) 

Figure 3.5 a) Mean saturation vapor pressure and b) mean ice saturation ratio as functions of 
temperature for with bypass and without bypass configurations at ௔ܶ=220 K 

 

Following the temperature-dependent results, Figure 3.6 illustrates the time evolution of the 

mean ice saturation, calculated over all particles, from plume release up to 2 s, comparing with 

bypass and without bypass configurations. After plume release, the ice saturation ratio rapidly 

increases, reaching a peak around 0.4–0.5 s, with the with bypass case peaking slightly earlier. 

The with bypass configuration exhibits a higher maximum value (~1.96) compared to the 
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without bypass case, reflecting enhanced moisture availability due to bypass flow entrainment. 

After the peak, both curves gradually decline and stabilize at values slightly above 1, indicating 

persistent supersaturation conditions that are conducive to ice crystal growth. 

 

 

Figure 3.6 Temporal evolution the mean ice saturation ratio along the exhaust jet for with 
bypass and without bypass configurations at ௔ܶ=220 K 

 

The bypass flow affects the mean saturation and particle activation, influencing the ice particle 

size in the engine near field. Similar to the behavior observed in coaxial jets, where the 

introduction of a secondary flow enhances the mixing efficiency (Van Hoot et al., 2021), the 

bypass configuration, as shown in Figure 3.7(a), results in a larger mean particle radius as 

compared to the engine without bypass. Figure 3.7(b) reveals that at up to 0.2 s, the bypass 

effect is minimal, reflecting the elongation of the potential core (as also illustrated in Figure 

3.6), which initially slows down the mixing process. However, after 0.2 s, the bypass flow 

accelerates the activation process due to enhanced mixing (Villermaux & Rehab, 2000), 

leading to a higher fraction of activated/freezing particles over a shorter time period. 
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(a) 

 
(b) 

Figure 3.7 Temporal evolution of a) mean particle radius and b) fraction of activated soot 
particles for with bypass and without bypass configurations at ௔ܶ=220 K 

 

From the comparison of the with and without bypass flow configurations, the key factors 

influencing these setups were identified as relating to mixing, which ties directly to the 

dynamics of the flow. Figure 3.8 presents the iso-surfaces of dimensionless vorticity magnitude 

at different time intervals during the temporal modeling of the with and without bypass 

configurations. It illustrates the temporal evolution of vorticity structures from 0.05 s to 0.075 

s. These instantaneous turbulent structures are generated by Kelvin-Helmholtz instabilities in 

the jet mixing layer, becoming less organized and persistent due to the complex dynamics at 

hand. As shown in Figure 3.3, the with bypass case exhibited a higher turbulent energy as 

compared to the without bypass case. For the same iso-surface values at different time steps, 

the higher turbulent energy associated with larger eddies resulted in a greater dimensionless 

vorticity magnitude for the with bypass configuration, as demonstrated in the comparison 

between Figure 3.8(a) and Figure 3.8(b). The vortex structures in the with bypass case are more 

dispersed and less concentrated, as observed from 0.3 s onward. This dispersion is due to the 

increased velocity ratio between the secondary and primary flows in the with bypass case (see 

Table 3.1 for the velocity values of core and bypass flows), which enhances mixing and 

promotes a greater radial development of turbulence (Villermaux & Rehab, 2000). As the 
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simulation progresses, the jet flow transitions to a fully turbulent state, characterized by the 

breakdown of large turbulent structures, into smaller, more chaotic ones. 

 

 

Figure 3.8 Iso-surfaces of coherent structures from dimensionless vorticity for the LEAP-
1A/33 at ௔ܶ=220 K, from 0.05 s to 0.75 for a) with and b) without bypass configurations 

 

3.3.2 Bypass ratio Effect: Comparison between Realistic Engine configurations 

The near field contrails from three realistic turbofan engines having different bypass ratios 

were compared: CFM56-5B3/3 (medium bpr=5.4), LEAP-1A/33 (high bpr=10.5), and UHBR 

(ultra-high bpr=15). 

 

To visually elucidate the contrail formation within the jet regime, Figure 3.9 shows the 

temporal evolution of temperature contours for the UHBR and CFM56-5B3/3 engines, under 

base ambient condition ( ௔ܶ= 220 K). Figure 3.9 illustrates the formation of activated/freezing 
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particles (white spheres) from soot (black spheres) within the jet mixing zone as it interacts 

with the surrounding (cooler) ambient air. The activation and freezing processes for particles 

initiate at the jet periphery, where molecular and turbulent diffusion mechanisms blend with 

the cold atmosphere, causing a drop in temperature. Conversely, in the central region of the 

jet, the temperature remains relatively higher, inhibiting the immediate formation of ice. 

Subsequently, as the plume progresses in the atmosphere, activation of soot particles and 

freezing of ice crystals occur within the core jet. This phenomenon is accelerated by turbulent 

mixing in the UHBR engine, as is evident from the contours (Figure 3.9(a)); no soot particles 

remain inactivated in the plume at 0.45 s, in contrast to the CFM56-5B3/3 engine. 
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a) UHBR 

 
b) CFM56-5B3/3 

Figure 3.9 Temporal evolution of temperature with particle distribution for (a) UHBR and (b) 
CFM56-5B3/3 at ௔ܶ=220K. Black particles represent soot, while white particles denote 

activating/freezing particles 

 

Figure 3.10(a) illustrates the temporal evolution of the mean particle radius along the jet plume 

for three different engines: UHBR, LEAP-1A/33, and CFM56-5B3/3 under base ambient 

conditions ( ௔ܶ=220 K). The mean particle radius for all three engines increases over time, 

demonstrating the particle growth process from activation to droplet formation, freezing, and 

subsequent ice particle growth, as the exhaust gases cool and mix with the ambient air. The 

growth curves of the mean particle radius begin to plateau around 0.6-0.8 s, indicating that a 
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balance has been achieved between the particle growth and the jet dispersion or dilution. 

Initially, the UHBR engine exhibits a slightly larger mean particle radius, which may be 

attributed to its high bypass ratio. However, after about 0.6 s, the influence of other factors 

related to the different exhaust conditions as discussed in Segalini and Talamelli (2011), led to 

the CFM56-5B3/3 surpassing the UHBR, thus exhibiting a greater mean particle radius. 

Different ambient conditions may affect these differences between engines, as will be 

discussed in Section 3.3.3.  

 

Figure 3.10(b) presents the evolution of activation/freezing fraction of soot particles over time, 

for the three engine configurations: UHBR, LEAP-1A/33, and CFM56-5B3/3. The slope of 

each curve represents how quickly soot particles undergo activation or freezing in different 

engine models under the same ambient conditions. The UHBR with the highest bypass ratio 

has the quickest response among the three engines. It rises sharply and reaches a near complete 

activated/freezing fraction around 0.3 s. 

 

 
(a)  

(b) 

Figure 3.10 Temporal evolution of a) the mean particle radius along the jet plume and b) the 
fraction of activated soot particles for three engines at ௔ܶ=220K 
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Figure 3.11 displays the Probability Density Functions (PDFs) for particle radii at two 

subsequent time intervals: 0.5 s and 1 s in plume age from the three studied engines at an 

ambient temperature of 220 K. As Jeßberger et al. (2013) reported, the total number 

concentrations and particle size distribution are influenced by the engine type. The comparison 

of the PDFs in both jet configurations over time confirms the findings in Figure 3.10(a), 

highlighting that bypass flow promotes the formation of larger ice particles under the same 

conditions. At 0.5 s, the PDFs for CFM56-5B3/3 and LEAP-1A/33 are broad, with peaks at 

1.5 μm and 1.94 μm, respectively, indicating particle size variabilities. In contrast, the UHBR 

shows a narrower distribution, with a peak at 2 μm, suggesting more consistent particle sizes. 

By 1 s (Figure 3.11(b)), CFM56-5B3/3 and LEAP-1A/33 continue to exhibit a wider range of 

particle sizes, while the UHBR still maintains a narrower range, with their peaks moving closer 

together, likely due to the homogenization effects of plume mixing and dilution over time. 

 

 
(a) 

 
(b) 

Figure 3.11 PDFs of particle radii at a) 05s, b) 1 s after exhaust emission for three engines: 
CFM56-5B3/3, LEAP-1A/33, and UHBR at ௔ܶ=220 K 

 



131 

3.3.3 Effect of ambient conditions 

Figure 3.12 illustrates the temporal evolution of the mean particle radius (ݎ௠) along the jet 

plume for three different engine types: UHBR (a), LEAP-1A/33 (b), and CFM56-5B3/3 (c), 

each subjected to three ambient temperatures: 215 K, 220 K, and 225 K. It is apparent from 

the three panels that lower ambient temperatures generally led to larger particle sizes for all 

engine types. However, the rate and extent of the particle growth vary between the engines. 

Notably, the engine with the highest bypass ratio (UHBR) exhibited the least variation across 

the range of ambient temperatures studied. Conversely, the engine with the lowest bypass ratio 

(CFM56-5B3/3) exhibited more pronounced differences in particle growth as a function of 

ambient temperature, suggesting the combined effects of ambient conditions and engine bypass 

ratio on the ice crystal size. 
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(a) 

 
(b) 

 
(c) 

Figure 3.12 Temporal evolution of the mean particle radius for three engine types: a) UHBR, 
b) LEAP-1A/33, and c) CFM56-5B3/3, under three different ambient conditions 

 

Figure 3.13 illustrates the temporal evolution of the fraction of activated/freezing particles over 

the total number of exhausted soot particles along the jet plume for three engines: UHBR (a), 

LEAP-1A/33 (b), and CFM56-5B3/3 (c), evaluated at three ambient temperatures: 215 K, 220 

K, and 225 K. The results revealed that a lower ambient temperature significantly enhanced 

the activation or freezing of soot particles. Similar to the trends observed in particle radius, the 

activation trends for the UHBR engine exhibited smaller differences across the various 
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temperatures. This suggests that contrail characteristics formed behind high bypass ratio 

engines, such as the UHBR, exhibit less sensitivity to variations in ambient temperature in the 

215 K-225 K range (i.e., below the contrail formation threshold). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3.13 Temporal evolution of the activation/freezing fraction of soot particles for three 
engine types: a) UHBR, b) LEAP-1A/33, and c) CFM56-5B3/3, under three different 

ambient conditions 

 



134 

To assess the sensitivity to variations in soot particle number emissions for the CFM56-5B3/3 

engine at an ambient temperature of ௔ܶ=220 K, simulations were conducted using two soot 

number emission indices (ܫܧ௦௢௢௧): 10ଵଷ(#/kg-fuel), corresponding to the LEAP-1A/33 engine, 

and 10ଵସ (#/kg-fuel), representative of the CFM56-5B3/3 engine. Figure 3.14 presents the 

associated evolutions of activated/freezing soot particles in plume age. The results were 

consistent with the findings of Ferreira et al. (2024), showing that soot particles compete for 

water vapor condensation, and as a result, higher soot number emissions lead to a lower 

fraction of activated particles under similar ambient conditions, ultimately forming smaller ice 

particles, as highlighted by H-W Wong et al. (2013). 

 

 

Figure 3.14 Temporal evolution of the fraction of activated soot particles for two emission 
indices representing LEAP-1A/33 and CFM56-5B3/3 engines at cruise temperature ௔ܶ=220 

K 

 

The contrail characteristics from the CFM56-5B3/3 engine exhibited greater variations across 

the different ambient temperatures, as shown in Figure 3.12 and Figure 3.13. The contour plots 

in Figure 3.15 illustrate the instantaneous temperature fields within the exhaust plume of a 

CFM56-5B3/3 engine at different ambient temperatures (215 K, 220 K, and 225 K) at 0.3 s in 
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plume age, highlighting the behavior of dry soot (black spheres) and activating/freezing 

particles (white spheres). The contours are taken in the spanwise direction, perpendicular to 

the jet axis. At the lowest ambient temperature of 215 K, the white particles exhibited complete 

activation/freezing. Increasing the ambient temperature to 220 K and then to 225 K resulted in 

a lower fraction of soot particles being activated or freezing, especially in the jet core. Notably, 

Figure 3.15(c) ( ௔ܶ=225 K) shows predominantly non-activated/freezing black soot particles at 

0.3 s, although some particles near the cooler edges of the jet begin to activate/freeze. These 

observations qualitatively demonstrated how the ambient condition locally affects contrail 

formation for the same engine operating at the same thrust level. 
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(a) ௔ܶ=215 K 

 
(b) ௔ܶ=220 K 

 
(c) ௔ܶ=225 K 

Figure 3.15 Temperature field with soot (black) and activating/freezing particles (white) at 
0.3 s for CFM56-5B3/3 at a) ௔ܶ=215 K, b) 220 K, and c) 225 K 
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3.4 Conclusion 

Large eddy simulations were performed with a Eulerian-Lagrangian approach to investigate 

the engine bypass effect on the characteristics of turbofan near field contrails at cruise 

conditions. The 3D CFD research code, FludiLES, developed and validated for jet contrail 

applications, was used. Ice crystal formation was modeled as a sequential process: starting with 

the activation of soot particles using a solubility model, followed by droplet growth, and then, 

homogeneous freezing with subsequent ice crystal growth. 

 

A comprehensive analysis of the bypass effect was carried out via two comparative studies. In 

the first, the jet plume from the LEAP-1A/33 turbofan engine was compared to its equivalent 

turbojet configuration having the same specific thrust to isolate the bypass flow effect on early 

plume characteristics. The bypass flow enhanced the mixing of the core jet, leading to an 

increase of up to 30% in the mean ice particle radius as compared to the equivalent single jet 

(turbofan) configuration. In the second study, the bypass rate effect was investigated by 

comparing near field contrails formed behind three realistic turbofan engines: CFM56-5B3/3 

(bpr= 5.4), LEAP-1A/33 (bpr= 10.5) and UHBR (bpr= 15), characterizing low, medium, and 

high bypass ratio engines, respectively. The results demonstrated that each engine exhibited 

distinct contrail characteristics, namely, the fraction of activated soot and the size of formed 

ice crystals, across varying ambient temperatures (215 K, 220 K, and 225 K). Notably, 

lowering the ambient temperature generally led to larger particle sizes for all engine types. 

However, the rate and extent of the particle growth varied between the different bypass ratio 

engines. Notably, the characteristics of the contrails formed behind the UHBR engine exhibited 

the least variation across the range of ambient temperatures studied. Conversely, the engine 

with the lowest bypass ratio (CFM56-5B3/3) exhibited more pronounced differences in ice 

crystal growth and in the fraction of activated/freezing particles as a function of the ambient 

temperature. Quantitatively, the UHBR engine led to a fraction of activated/freezing particles 

(over the exhaust soot particle number) of approximately 1 at 0.3 s in plume age, as compared 

to only 0.75 and 0.4 for both medium and low bypass ratio engines, respectively. This indicated 

that the modern high-efficiency engine (with a high bypass ratio) increased the rate of 
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activation and freezing processes in the near field. These observations are only relevant to the 

jet regime without wing vortex interactions; after 0.6 s in plume age, the microphysical 

properties of contrails formed behind the three engines showed minor differences in terms of 

mean particle radius and fraction of activated/freezing particles. It is important to note that 

different engines indirectly affect the intensity of generated wake vortices through various 

factors, including the flight mission, thrust level, and engine/aircraft configuration. These jet-

vortex interactions and mixing, which were not considered in this study, could greatly 

influence the subsequent evolution of the microphysical characteristics of contrails, warranting 

the need for further investigations. 

 

In this regard, the proposed model can serve as the foundation for more advanced simulations, 

including jet-vortex interactions with microphysical transformations of aerosols, thereby 

enabling a comprehensive assessment of the water vapor emission impact from hydrogen-

fueled aircraft engines as a promising alternative to conventional-fueled engines. 
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Abstract 

 

Aircraft contrails form through ice crystal nucleation initiated primarily by engine-emitted 

particles. These ice crystals can lead to persistent contrails, contributing to climate warming, 

thus making understanding their activation a key target for mitigation strategies. This study 

presents large eddy simulations (LES) coupled with a refined soot activation model. The 

microphysical scheme incorporates solute effects through the hygroscopicity parameter (κ), 

enabling a more realistic representation of water activity during soot particle activation. These 

numerical simulations utilized a LEAP-1A engine under realistic cruise conditions, examining 

three scenarios: (i) varying κ (0.0005, 0.005, 0.0142), corresponding to an equivalent fuel 

sulfur content (FSC) of 50, 410, and 1270 ppm, respectively; (ii) varying initial soot emission 

indices (10ଵଷ–10ଵହ– #/kg-fuel), and (iii) varying initial soot core radii (10–30 nm). The results 

indicated that reducing κ from 0.0142 to 0.0005 slightly reduced particle radii, yet increased 

the activation fraction by ~20% due to enhanced water vapor availability. Reducing the initial 

soot number in two successive steps, from 10ଵହ to 10ଵଷ #/kg-fuel, increased the mean particle 

radius from ~0.3 μm to 2.4 μm in 1 s and elevated the activated fraction by ~66%. Larger initial 

soot core radii enhanced activation by ~20%, with mean particle radius differences reaching 

~80% in around 0.4 s and narrowing to ~10% by 1s. Additionally, the results highlighted the 

importance of 3D LES with online-coupled microphysics, whereas the 0D offline box model 

overpredicted activation and misrepresented the κ sensitivity.  
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Keywords: Contrails, activation, soot particle, microphysics, water activity, hygroscopicity 

parameter 

 

4.1 Introduction 

An initial contrail forms when moist exhaust mixes with cold ambient air. Depending on 

surrounding atmospheric conditions, it can be short or long lived, spreading and increasing 

cloudiness and affecting Earth’s radiation balance ((IATA), Report, 2024; Bernd Kärcher, 

2018). Mitigating contrail impacts requires both comprehensive data and improved models, 

which allow to evaluate possible trade-offs between alternative strategies. Recent advances in 

measurements and modeling now allow contrail formation to be investigated at smaller scales, 

bridging detailed process-level studies and large-scale models (Bernd Kärcher, 2018). 

 

The dynamics of the exhaust plume, together with ambient atmospheric conditions, are among 

the key factors influencing near-field contrail formation (Roberto Paoli, Nybelen, Picot, & 

Cariolle, 2013). However, uncertainties remain about how the mixing of the aircraft engine 

exhaust plume with ambient air affects microphysical processes during contrail development. 

Addressing this gap is crucial, as mixing can control initial ice crystal properties, influencing 

contrail evolution under given ambient conditions (Singh, Sanyal, & Wuebbles, 2024). Early 

evaluations of plume mixing lines began with the Schmidt-Appleman criterion, which 

established the fundamental conditions for contrail formation and threshold temperatures 

(Appleman, 1953; Schmidt, 1941). Ulrich Schumann (1996) later refined this framework by 

defining the slope of the mixing line based on engine parameters. However, jet plume mixing 

and cooling are more complex processes, influencing the evolution of individual exhaust 

particles while preserving their unique physical properties throughout plume development. A 

detailed examination of mixing processes under diverse conditions poses challenges in 

experimental campaigns, underscoring the role of numerical studies in providing 

comprehensive insights. To incorporate additional physical processes, three-dimensional (3D) 

simulations resolve plume dynamics using turbulence modeling (D. C. Lewellen, 2020), 



141 

capturing the inhomogeneity of plume mixing in the radial directions. In contrast, zero-

dimensional (0D) mixing models simplify plume dynamics through parameterized or plume-

averaged mixing (Kärcher et al., 2015). In recent decades, numerous numerical studies have 

contributed to understanding the dynamics and mixing processes in the jet and vortex phases 

of contrail formation. For example, J.-C. Khou et al. (2015) conducted 3D simulations to 

investigate early contrail development in the near-field of a realistic commercial aircraft, 

focusing on mixing processes in the bulk plume and achieving alignment with experimental 

data.  

 

Accurately predicting contrail properties requires coupling exhaust plume mixing dynamics 

with microphysical processes. Such coupling occurs either through online integration within 

each time step, enabling real-time interactions, or through offline sequential processing once 

plume dynamics have been computed. To add complexity while managing computational 

costs, some studies, such as Roberto Paoli et al. (2008), opted for offline microphysical 

modeling. However, for improved accuracy, studies like J. Khou et al. (2017) utilized 3D 

online Reynolds Averaged Navier Stokes (RANS) coupling with an Eulerian approach for ice 

particle growth, capturing detailed interactions in contrail formation. Furthermore, D. C. 

Lewellen (2020) ran large eddy simulations (LES) of the exhaust plume and bin-resolved 

Eulerian microphysics, and then initialized the offline wake/vortex stage from a precomputed 

2D RANS wake field. Subsequently, Bier et al. (2022) conducted a Lagrangian particle 

microphysics box model (LCM) offline along trajectory ensembles extracted from a FludiLES 

3D LES and compared it against Lewellen’s 3D LES (D. C. Lewellen, 2020) with online 

microphysics. The offline ensemble yielded a higher ice emission index (ܫܧ௜௖௘) because inter-

parcel mixing in the full 3D LES suppresses subsequent activation—an interaction absent from 

the offline ensemble. X. Vancassel et al. (2014) also noted that the online approach provided 

immediate feedback and improved the accuracy of dynamic growth and ice formation 

predictions as compared to the offline approach. 

 

Aircraft engine exhaust releases a complex mixture of emissions that contribute to contrail 

formation, either directly, as condensation nuclei, or indirectly, through chemical reactions that 
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enhance the process. Soot particles can play a major role in the exhaust plume, particularly 

under soot-rich conditions, by competing with liquid plume particles and ambient aerosols for 

the formation of contrail ice particles (Kärcher & Yu, 2009). However, soot particles are 

inherently hydrophobic (Popovicheva et al., 2008). A portion of the fuel sulfur in the exhaust 

plume is converted into sulfuric acid, which condenses onto the soot surfaces, enhancing their 

hygroscopicity and promoting water uptake through heterogeneous nucleation (U Schumann 

et al., 1996). Thus, the presence of sulfuric acid influences aircraft exhaust composition and 

contrail formation. Ulrich Schumann et al. (2002), as part of SULFUR experiments (SULFUR 

1–7), demonstrated that at a fuel sulfur content (FSC) greater than 100 ppm, sulfuric acid 

becomes the dominant precursor for volatile aerosols, with conversion fractions of 0.34–4.5% 

for older engines and approximately 3.3 ± 1.8% for modern engines. The number of contrail 

ice particles correlated strongly with the soot particle number at lower sulfur contents, but 

became increasingly dependent on the fuel sulfur content as the FSC increased. Additionally, 

as (Fangqun Yu, Karcher, et al., 2024) indicated, the activation of non-volatile soot particles 

during contrail formation is primarily influenced by the primary soot particle size, rather than 

the soot aggregate size, which accounts for the lower-than-expected fraction of soot particles 

forming ice. The authors also acknowledged large uncertainties regarding the contribution of 

volatile particles, particularly due to the unaccounted role of organic species in nucleation and 

growth. However, they noted that under soot-poor and low-FSC conditions, as well as in soot-

rich regimes, the influence of volatile particles on ice formation is limited. On the other hand, 

reducing soot number emissions, the primary factor controlling ice particle formation in 

contrails, remains a key area of interest, with numerous campaigns evaluating different 

strategies. Mitigation approaches, such as using alternative fuel blends with lower aromatic 

content, are particularly relevant for this purpose (Bräuer et al., 2021; Voigt et al., 2021).  

 

Beyond particle type, incorporating particle activation in theoretical and numerical studies 

provides the basis for activation theory in contrail microphysics. Petzold et al. (2005) 

experimentally investigated how the fuel sulfur content affects the Cloud Condensation Nuclei 

(CCN) activation of soot, interpreting measurements with classical Köhler theory. They 

concluded that a higher FSC (via increased sulfuric acid (ܪଶܵ ସܱ) and sulfate coating) increases 
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the soluble fraction and decreases the activation diameter (i.e., lowers the critical 

supersaturation). Subsequently, Petters and Kreidenweis (2007) introduced a method to 

describe the relationship between the particle dry diameter and CCN activity using a single 

hygroscopicity parameter (κ). They provided hygroscopicity values ranging from highly 

soluble to non-hygroscopic components. The model effectively predicts CCN activity for 

mixed particles, including those containing surface-active materials, with results agreeing 

within uncertainties of measured values. The κ-Köhler activation method has thus been used 

in several numerical studies and modeling efforts, such as those by D. C. Lewellen (2020), 

Bier et al. (2022) and Fangqun Yu, Karcher, et al. (2024). However, in each of these cases, 

including challenges remained in modeling, particularly with respect to the coupling strategy 

and the representation of fully 3D mixing. 

 

As such, this study aims to integrate the κ-Köhler theoretical model into an online-coupled 

microphysical model within the FludiLES high-order LES code. It focuses on the activation of 

soot particles within 1s of plume age under different κ, simulating different levels of FSC, as 

well as varying initial soot number emission indices (ܫܧ௦௢௢௧) and initial dry soot core radii. To 

the authors' knowledge, no prior study has numerically evaluated these scenarios while 

simultaneously coupling soot particle activation online with the 3D plume dynamics. 

 

The paper is structured as follows: Section 4.2 details the numerical methodology adopted, 

covering both the dynamic and microphysical models. Section 4.3 presents the parametric 

microphysical analysis in four subsections. The first examines the effect of fuel sulfur content. 

The second investigates initial soot number emission indices, and the third explores variations 

in the initial dry soot core radius. Lastly, the fourth subsection compares a 0D offline box 

model with 3D LES with online-coupled microphysics to evaluate how explicitly resolving 

plume dynamics influences microphysics. 
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4.2 Numerical Methodology 

The modeling approach simulates an exhaust jet, with a gas phase (air and water vapor) 

containing soot particles from the core flow. The exhausted particles compete for activation, 

leading to ice particle formation within the plume. This section presents the mathematical 

framework for the flow dynamics of the jet gas phase, followed by solid phase modeling for 

soot particles and their microphysical pathways in contrail formation. 

 

4.2.1 Dynamic Flow Model 

Jet flow is simulated using an Eulerian-based temporal LES approach with a high-order 

compressible computational fluid dynamic (CFD) code, FludiLES. The 3D Navier-Stokes 

equations for the gas-flow mixture and the numerical setup in FludiLES were detailed in 

Afkari, Chouak, Cantin, and Garnier (2025). The LES method filters large-scale turbulence 

while modeling smaller scales using a subgrid-scale hybrid Smagorinsky model. Given the low 

mass ratio between the solid phase (soot, ambient, and ice particles) and the gas phase (air and 

water vapor mixture), no coupling terms are included in the continuity and momentum 

equations. Thermal exchanges from particles to the gas phase are included in the energy 

equation, as latent heat release from ice particle growth modifies the local temperature field 

and contributes to thermal coupling. Furthermore, mass exchange is included via the mass 

transfer term, where the source term in the water vapor mass fraction conservation equation 

represents the condensation rate, calculated using an ice particle growth model detailed in the 

microphysical section (4.2.2). This research code, based on the finite-difference scheme with 

spectral-like resolution, has been extensively used and validated for engine jet and aircraft 

wake applications (S Brunet et al., 1999; C Ferreira Gago et al., 2002; C Ferreira Gago et al., 

2003; F Garnier, Brunet, et al., 1997; F Garnier et al., 2003; François Garnier et al., 2014; 

Labbe et al., 2007; X. Vancassel et al., 2014). 

 

The velocity field (U(r)) is initialized as the sum of two hyperbolic tangent profiles, based on 

the core and bypass jet flow parameters described in Afkari et al. (2025). The initial 



145 

temperature profile is obtained using the Crocco-Busemann relation, whose validity has been 

numerically verified for jet flow (Panda, Zaman, & Seasholtz, 2004). To initiate the 

development of turbulent phenomena, low-amplitude pseudo-random perturbations, weighted 

by a Gaussian profile and centered at the jet half-width radius, are added to the velocity 

components, such that: 

௫,௭ᇱݑ  = ܣ × ݂ × ݌ݔ݁) ቊ− ൤14 ߠܴ ൬ܴݎ − ൰൨ଶቋ)ଵݎܴ ଶ⁄  (4.1) 

௬ᇱݑ = ܣ × ݂ × ݌ݔ݁ 0.95) ቊ− ൤14 ߠܴ ൬ܴݎ − ൰൨ଶቋݎܴ + 0.05(1 − ଵ(((ݎ)ܷ ଶ⁄  (4.2) 

 

The terms ݑ௫,௭ᇱ  represent the transverse velocity components, and ݑ௬ᇱ  represents the velocity 

component in the flow direction. In the Cartesian coordinate system, the radial distance r is 

given by ݎ = ଶݔ√ +  denotes the boundary layer thickness of the jet shear layer, R ߠ ,ଶ. Hereݖ

defines the center of the jet shear layer, A represents the amplitude of the perturbations (set to 

around 5%), and f is a pseudo-random function generated by the random_number subroutine: 

 ݂ = 2 × ݎܾ݁݉ݑ݊_݉݋݀݊ܽݎ − 1 (4.3) 

 

f depends on each point in space and spans the [−1;1] interval. It should be noted that the values 

taken by f for each velocity component are, a priori, different and uncorrelated. 

 

A realistic LEAP-1A engine at cruise conditions is considered under a supersaturation ambient 

condition, followed by a detailed microphysical study, which is presented in the next section. 

The engine parameters considered for the dynamic simulation are summarized in Table 4.1. 
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Table 4.1 Input parameters for dynamic simulations of LEAP-1A engine 

Parameters Values 
Core velocity, ௖ܷ (m.s-1) 400 

Bypass velocity, ௕ܷ (m.s-1) 306 

Bypass static temperature, ௕ܶ (K) 233 
Core static temperature, ௖ܶ (K) 580 

Molar fraction of jet core water vapor, (ܺுమை)ೡషೕ೐೟  0.0394 
Cruise altitude (ft) 35000  

Ambient temperature (K) 218.8 
Ice relative humidity  110% 

Molar fraction of ambient water vapor, (ܺுమை)ೡషಮ  10.5 10ିହ 
 

In order to discretize the convective terms in the equations of continuity, momentum, and 

energy, a compact scheme of order 6 is used (Lele, 1992). Aside from being accurate in terms 

of truncation error, this scheme is also highly precise in terms of pseudo-spectral accuracy 

(dispersive error) over a wide range of scales. This resolution is quantified from a Fourier 

analysis described by Vichnevetsky and Bowles (1982). Also, the dissipation terms are 

discretized by second-order centered schemes. Time discretization is performed using a 

compact three-step Runge-Kutta scheme. This scheme is third-order accurate, and requires 

only two storage arrays per variable (DeVries, DeVries, & Hasbun, 2011). 
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Figure 4.1 Initial state of the computational domain at time zero, showing the temperature 
distribution on an x-slice plane and the initialized soot particles. The inlet and periodic 

boundary planes are indicated, defining the domain's flow conditions 

 

The temporal domain comprises approximately 3 million cells with a structured grid of size 

Δx = Δy = Δz = 0.15R and a maximum Courant number of 0.6. Grid errors are evaluated using 

the Grid Convergence Index (GCI) method proposed by Celik, Ghia, Roache, and Freitas 

(2008), comparing this case with finer and coarser meshes. The analysis, based on axial 

velocity within the mixing layer, resulted in ܫܥܩ௙௜௡௘ଶଷ ≈ 0.21% and ܫܥܩ௖௢௔௥௦௘ଵଶ ≈ 0.45%, 

confirming mesh convergence.  

 

The initial configuration of the computational domain is depicted in Figure 4.1, showing the 

temperature initialization on an x-slice plane along with the soot particles distributions. At time 

zero, the inlet condition is applied, while the outlet follows a periodic condition. For 

subsequent times, periodic boundary conditions are enforced at both the inflow and outflow 

faces, ensuring flow continuity by reintroducing outgoing structures at the inflow boundary. 

Non-reflective boundary conditions are imposed on the remaining surfaces, and a sponge zone 

is introduced to dampen turbulent fluctuations. 
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4.2.2 Microphysical Model 

The microphysical model in this study builds upon the framework established in Afkari et al. 

(2025), incorporating an improved activation method for each particle and accounting for the 

solute effects of the fuel sulfur content by modeling water activity through the hygroscopicity 

parameter (κ). In the modeling framework, numerical particles each represent a packet of 

physical particles.  

 

Based on the κ-Köhler theory introduced by Petters and Kreidenweis (2007), the equilibrium 

saturation ratio over a droplet or ice crystal surface can be expressed using Equation (4.4). This 

equilibrium depends on the Kelvin effect (Equation (4.5)), the water activity in the droplet 

solution, ߙ௪ and the droplet radius: 

݁ܭ  = ுమைܴܯ௪ߪ2 ௣ܶߩ௉  (4.4) 

ܵ௞ = ௪ߙ . exp ቆݎ݁ܭ௣ ቇ = ௣ଷݎ − ௣ଷݎௗଷݎ − ௗଷ(1ݎ − (ߢ exp (ݎ݁ܭ௣ ) (4.5) 

 

where ݎ௣ represents the droplet radius and ݎ௣ denotes the initial dry core radius of particles. On 

the other hand, the actual saturation ratio of water vapor, ܵ௪, is determined based on the local 

available water vapor content in the environment, which varies due to the mixing between the 

jet plume and the ambient atmosphere. It is defined as: 

 ܵ௪ = ுܲమை,௔௖௧௨௔௟௦ܲ௔௧( ௉ܶ)  (4.6) 

 

where ௦ܲ௔௧  is the saturation vapor pressure at particle temperature, ௉ܶ, computed based on the 

equations provided by Murphy and Koop (2005), and ுܲమை,௔௖௧௨௔௟ is the partial pressure of 

available water vapor determined by the mole fraction of water vapor, ܺ௩, in the environment 

and the local atmospheric pressure, P: 
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ுܲమை,௔௖௧௨௔௟ = ܺ௩  × ܲ (4.7) 

 

The mole fraction ܺ௩ depends on the water vapor mass fraction, ܺ௩, and the ratio of molar 

masses of water vapor (ܯுమை) and dry air (ܯ஺௜௥). Since mass fractions are typically more 

accessible in atmospheric modeling, the molar fraction is obtained by: 

 ܺ௩ = ௩ܻ
௩ܻ + (1 − ௠ܻ௜௫).ܯுమைܯ஺௜௥  

(4.8) 

 

The mass fraction ௩ܻ reflects the mixing between the ambient air and the jet plume, and varies 

spatially based on the degree of dilution between these two sources. The governing equation 

can therefore be written as: 

 

௩ܻ = ࣞ൫ ௩ܻ,௝ − ௩ܻ,௔൯ + ௩ܻ,௔ (4.9) 

 

where D is the plume dilution factor, which equals 1 at the jet exhaust and decreases toward 0 

as the ambient entrainment dominates. ௩ܻ,௝ is the water vapor mass fraction of the jet exhaust, 

and ௩ܻ,௔ is the water vapor mass fraction of the ambient atmosphere. 

 

The initial water vapor content of the ambient air and the jet plume are prescribed based on 

their respective mole fractions and the molar mass ratio of water vapor to dry air. So, each 

particle in the microphysical model has its own equilibrium saturation ratio, ܵ ௞, which depends 

on its local properties. By applying the Fukuta-Walter model (Fukuta & Walter, 1970) for 

particle growth and modifying its equilibrium saturation, which was previously based solely 

on the Kelvin effect, the equation can be expressed as follows: 

௉ݎ  ݐ௉݀ݎ݀ = ܵ௪ − ௧ܵ݇ܥ݇ܵ +  ௉ (4.10)ܥ

௧ܥ = ௉݇௚ܴ ௉ܶଶߩுమைܯଶܮ ଷ݂ఈ (4.11) 
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௉ܥ = ܴ ௉ܶߩ௉௦ܲ௔௧ܦఔ ܯுమை ଷ݂ఉ (4.12) 

ଷ݂ఈ = ௣ݎ௣ݎ + ݇௚ඥ2ܯߨ஺௜௥ܴ ௉ܶߙ ஶܲ(ܥ௉,௔ − ܴ 2⁄ ) 
(4.13) 

ଷ݂ఉ = ௣ݎ௣ݎ + ߚ௩ܦ ට2ܯߨఔܴ ௉ܶ
 

(4.14) 

 

where ܥ௧ and ܥ௉ are factors related to particle growth and evaporation, and ߩ௉ represents the 

particle density, calculated using the correlation for water and ice phases as presented by 

Pruppacher and Klett (1979). The term ଷ݂ఈ is a correction factor that accounts for the 

temperature difference between the particle and the surrounding air. ஶܲ represents the fluid 

pressure in the region far from the particle, beyond the boundary layer, where the influence of 

the particle on the fluid flow is negligible. ܦఔ denotes the diffusivity of vapor in air, while L is 

the reference length scale, also used in the calculation of the Reynolds number. ܥ௉,௔ refers to 

the specific heat capacity of air at constant pressure, R is the universal gas constant, and ݇௚ 

represents the thermal conductivity of the gas. 

 

The coefficient α (thermal accommodation coefficient) characterizes heat transfer at the 

interface between the gas and the condensed phase, describing how effectively molecules 

exchange energy upon collision, with a value of 1 being used in this study (Y. Li, Davidovits, 

Kolb, & Worsnop, 2001). The parameter β represents the fraction of molecules that condense 

(or deposit) upon impacting the surface, commonly referred to as the condensation coefficient 

(or deposition coefficient, depending on the phase change). Observations indicate that β can 

range from 0.01 to 1, with a value of 1 being used in this case (Mozurkewich, 1986). 

 

Furthermore, freezing is determined by the calculated freezing temperature for each particle, 

as given by Equation (4.15) (Kärcher et al., 2015): 

 

∗ܶ ≅ 1ܽଵ [lnቆܽଵܶ̇௪ܸ ቇ − ܽଶ] (4.15) 
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where ܽ ଵ = ܽ and (ଵିܭ) 3.5714− ଶ = 858.719 are empirical constants (Riechers et al., 2013), ܶ̇ is the plume cooling rate, and ௪ܸ is the droplet volume. 

 

Overall, the microphysical activation and growth strategy for aerosol particles begins with 

particles in their initial state as dry aerosols possessing a fixed core radius (ݎௗ). Each particle 

experiences local environmental conditions, notably the saturation ratio (ܵ௪). Since the 

equilibrium saturation ratio (ܵ௞) depends on particle growth and starts off undefined, it is 

initialized considering only Kelvin effects. Activation occurs once the environmental 

saturation exceeds this threshold (ܵ௪ > ܵ௞), triggering water condensation and marking the 

transition from a dry to a wet state. As the particle grows, even a slight increase in radius causes 

the water activity effects described by κ-Köhler theory to become more pronounced, 

decreasing the equilibrium saturation ratio below that predicted by the Kelvin effect alone; this 

reduction indeed indicates particle activation. Particle growth continues as long as the 

environmental saturation, linked to dynamic mixing, remains above the recalculated 

equilibrium saturation ratio (ܵ௪ > ܵ௞), with the growth rate governed by diffusion-driven 

processes. If ܵ௪ falls below ܵ௞, evaporation or sublimation may occur. However, particles are 

constrained from evaporating or sublimating to sizes smaller than their original dry core, 

thereby conserving the aerosol nucleus. Additionally, the strategy accounts for both liquid and 

ice phases by incorporating phase-specific properties such as surface tension, density, 

saturation vapor pressure, and the heat of vaporization or sublimation. Here, the particle's phase 

is determined by local temperature conditions, ensuring a comprehensive and physically 

realistic representation of aerosol particle evolution from activation through subsequent growth 

while maintaining numerical stability. 

 

Initially, a scenario is investigated in which three different FSCs are analyzed at a soot emission 

index of ܫܧ௦௢௢௧ ≈ 10ଵସ (#/kg-fuel). This emission index was adopted to reflect the lean-burn 

design of the LEAP-1A (ICAO, 2024). Also, the initial dry soot core radius is fixed at 20 nm. 

Building on the experimentally established correlations between FSC and the soluble volume 
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fraction (ߝ௦௢௟) of sulfuric acid (Petzold et al., 2005), three distinct FSC levels are considered, 

as follows: 

 Low FSC (50 ppm): ߝ௦௢௟ < 0.1% 

 Medium FSC (410 ppm): 0.8% < ௦௢௟ߝ < 1.2% 

 High FSC (1270 ppm): 2.7% < ௦௢௟ߝ < 3% 

 

For the effective κ, based on the work of Petters and Kreidenweis (2007) on the hygroscopicity 

for mixed particles, where ߢ = ∑ ௜௜ߢ௜ߝ , it can be expressed as: 

ߢ  = ௦௢௟ߝ × ௦௢௟ߢ + (1 −  ௜௡௦௢௟ (4.16)ߢ(௦௢௟ߝ

 

where ߢ௦௢௟ and ߢ௜௡௦௢௟ denote the hygroscopicity parameter of the soluble and insoluble 

fractions, respectively. It is assumed that the contribution of each component to the overall 

hygroscopicity is proportional to its volume fraction. For soot particles coated with diluted 

sulfuric acid, ߢ௦௢௟ is taken as 0.5 (Kärcher et al., 2015), while ߢ௜௡௦௢௟ is considered 0, reflecting 

both the absence of the modeled insoluble material associated with the soot particle surface 

and its inherently insoluble, hydrophobic nature. When κ approaches 0, the particle becomes 

effectively hydrophobic, meaning it does not induce solute-driven water uptake or activate as 

a CCN. The water activity tends toward unity (ߙ௪ ≈ 1), corresponding to the wetting of the 

dry particle by a pure water film. It behaves as an insoluble but wettable particle, forming a 

thin water layer without significant uptake, following the Kelvin equation for vapor pressure 

over a curved surface (Petters & Kreidenweis, 2007). Consequently, the κ for soot particles 

under varying FSC conditions, calculated using Equation (4.16), is presented in Table 4.2. 
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Table 4.2 Hygroscopicity parameters (κ) for soot particles at varying FSC levels 

Fuel Sulfur Content 

Level 

Soluble Volume Fraction of 

Sulfuric Acid 
κ of Coated Soot Particles 

50 ppm ߝ௦௢௟ ≈ 0.1% 0.0005 

410 ppm ߝ௦௢௟ ≈ 1% 0.005 

1270 ppm ߝ௦௢௟ ≈ 2.85% 0.0142 

 

To further assess the parametric study of the microphysical model, the effects of varying soot 

particle numbers are analyzed for a low FSC content (50 ppm), which has the smallest κ for 

coated soot particles, with an initial dry soot core radius set at 20 nm. A low FSC level of 50 

ppm is selected in a bid to minimize the contribution of volatile particle activation, which is 

not considered in this study, particularly in soot-poor regimes, as emphasized by Fangqun Yu, 

Karcher, et al. (2024). An analysis was conducted for the following soot number emission 

indices: 

 Low soot number: ܫܧ௦௢௢௧ ≈ 10ଵଷ (#/kg-fuel) 

 Moderate soot number: ܫܧ௦௢௢௧ ≈ 10ଵସ (#/kg-fuel) 

 High soot number: ܫܧ௦௢௢௧ ≈ 10ଵହ (#/kg-fuel) 

 

Finally, in the last parametric study, the effects of the initial dry soot core radius are evaluated 

at a soot number emission index of ܫܧ௦௢௢௧ ≈ 10ଵସ (#/kg-fuel) under a low FSC (50 ppm). The 

three selected dry core radii of soot particles are as follows: 

 Small initial soot particles radius: ݎௗ = 10 ݊݉ 

 Medium initial soot particles radius: ݎௗ = 20 ݊݉ 

 Large initial soot particles radius: ݎௗ = 30 ݊݉ 

 

Therefore, this integrated methodology ensures a comprehensive analysis by examining all 

three critical aspects of the behavior of the particles that may influence their activation and 

alter the microphysical pathway in contrail formation. 
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To compare 3D LES with online-coupled microphysics to a 0D offline box model for contrail 

formation, a temporal 3D LES without microphysics was conducted to isolate jet-phase 

mixing. A passive exhaust tracer defines the plume, and at each time step, the plume mean 

temperature ܶത(ݐ) and the plume mean dilution/entrainment rate ωഥ(ݐ) are diagnosed from mass-

weighted averages of the tracer and thermodynamic fields and saved on the LES time grid. 

These stored temperature and entrainment histories then drive the time-dependent 0D offline 

box model, which computes microphysical source terms for phase change mass transfer and 

latent heat. The box model employs the same κ-Köhler activation, condensational growth, 

sublimation, and freezing scheme as in the online-coupled microphysics configuration 

described in Afkari et al. (2025), and is solved offline. The gas-phase water vapor mass fraction 

and temperature evolve according to below equations (Kärcher, 2016), driven by the തܶ(ݐ) and ωഥ(ݐ) exported from the LES: 

 തܻ̇௩(ݐ) = −ωഥ ൣ(ݐ) തܻ௩(ݐ) − ௩ܻ,௔൧ + (ݐ)ത̇ܶ (4.17) (ݐ)௉஼௠௜௖௥௢ߦ = −ωഥ −(ݐ)ഥܶൣ(ݐ) ܶܽ൧ + ܪ݅ܿ݉ܮߦ  (4.18) (ݐ)݋ݎ

 

where ௔ܶ is the ambient temperature and തܻ௩(ݐ) is calculated from Equation (4.9), and the mean 

plume dilution factor ഥࣞ(t) is obtained by integrating the LES-derived dilution rate ωഥ(ݐ) over 

time. The microphysical source term ߦ௉஼௠௜௖௥௢ represents the phase-change mass transfer 

(negative for condensation, positive for sublimation) obtained from the κ-Köhler activation 

criterion using the soot dry core radius and κ, followed by diffusional growth; the thermal term ߦ௅ு௠௜௖௥௢ accounts for latent heat release or uptake. The total ice number and mass moments 

evolve under the same activation, growth, and freezing parameterizations as in the online 

model. The offline box carries no spatial coordinates and applies no feedback to the flow; 

rather, it integrates these equations in time on the LES time grid using the stored drivers. 
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4.3 Results Analysis 

4.3.1 Effect of Particle Hygroscopicity 

The LEAP-1A engine with a fixed soot emission index of ܫܧ௦௢௢௧ ≈ 10ଵସ (#/kg-fuel) and an 

initial dry soot core radius of 20 nm has been considered for three FSC levels – low (50 ppm), 

medium (410 ppm), and high (1270 ppm) – to analyze the effects of the FSC on the activation 

of soot particles.  

 

Firstly, to visualize the 3D effects of jet microphysical properties, Figure 4.2 presents the 

evolution of actual water saturation (ܵ௪) over plume particles and along the central plane of 

the domain at various time steps, for a case with an initial ܫܧ௦௢௢௧ ≈ 10ଵସ (#/kg-fuel), an FSC 

of 410 ppm, and an initial dry soot core radius of 20 nm. As the jet mixes with ambient air, 

particles attain varying saturation levels, allowing uptake of ambient moisture. When the local 

saturation exceeds the particle equilibrium saturation, which occurs earlier for particles within 

the mixing region, droplet formation takes place. Over time, further cooling and 

supersaturation, particularly in regions of enhanced mixing, drive the transition from liquid 

droplets to ice crystals, shown as white particles. 
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Figure 4.2 Evolution of actual water saturation (ܵ௪) over particles and on the central plane at 
different plume ages. Colored particles indicate the particles before activation, while white 

particles represent ice crystals 

 

Figure 4.3 presents the temporal evolution of the mean actual saturation ratio (ܵ௪̅) and the 

mean equilibrium saturation ratio (ܵ௞̅), both calculated by averaging over all particles for three 

levels of fuel sulfur content: low, medium, and high, while maintaining a constant ܫܧ௦௢௢௧ of 10ଵସ (#/kg-fuel) and an initial dry soot core radius of 20 nm. At the initial stage, the actual 

saturation ratio increases as the jet cools and mixes with ambient air, reaching a peak 

corresponding to the maximum supersaturation, as shown in Figure 4.3(a). A higher FSC 

(larger κ) facilitates soot activation at lower supersaturation levels, leading to earlier droplet 

growth. These early-formed droplets reduce vapor pressure, causing the supersaturation peak 

to occur sooner and at a lower magnitude. In contrast, a lower FSC delays activation, resulting 
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in fewer activated particles in the early stages. This delay allows supersaturation to build to a 

higher peak and to remain elevated. 

 

It should be noted that the equilibrium saturation ratio depends on the particle radius (as 

defined in Equation (4.5)), and assigning the initial radius equal to the dry core radius yields 

an unrealistic value of zero. To address this, the Kelvin effect was incorporated at the start of 

the simulation, explaining the initial peak observed in Figure 4.3(b). The curves show that 

different κ lead to variations in the equilibrium saturation. A higher FSC results in a lower 

equilibrium saturation, indicating a lower critical saturation required for activation. This is due 

to increased particle solubility, which enhances the water uptake and keeps the equilibrium 

saturation consistently lower than for medium and low fuel sulfur cases. The equilibrium 

supersaturations observed across different FSC levels in this study are consistent with the 

findings of Petzold et al. (2005), who reported that lower fuel sulfur reduces the soluble sulfuric 

acid coating on soot, thereby increasing the equilibrium or critical saturations required for 

activation, whereas a higher FSC increases the soluble fraction and decreases the equilibrium 

saturation. 

 

 
(a) 

 
(b) 

Figure 4.3 Temporal evolution of (a) mean actual saturation ratio and (b) mean equilibrium 
saturation ratio for three FSC levels: low FSC = 50 ppm, medium FSC = 410 ppm, and high 
FSC = 1270 ppm, with a fixed ܫܧ௦௢௢௧ (#/kg-fuel) and an initial dry soot core radius of 20 nm 
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To examine the influence of the FSC on microphysical properties, Figure 4.4 illustrates its 

impact on soot particle growth and on the overall activation/freezing fraction, under a constant ܫܧ௦௢௢௧ of 10ଵସ (#/kg-fuel) and an initial dry soot core radius of 20 nm. Once activation begins 

(ܵ௪> ܵ ௞) for each particle, the mean radius increases rapidly as particles absorb water and grow 

into droplets (see Figure 4.4(a)). In Figure 4.4(b), a higher FSC facilitates earlier activation 

due to increased particle solubility, leading to faster initial growth of up to around 0.3 s and 

ultimately larger particle sizes, as shown in Figure 4.4(a). In contrast, a lower FSC delays 

activation, resulting in a slower growth rate. In the high FSC case, early activation and rapid 

growth quickly deplete the available water vapor, which limits further activation and leads to 

a lower final activated fraction. Conversely, in the low FSC case, delayed activation allows 

supersaturation to reach a higher peak and persist longer, resulting in a final activation fraction 

approximately 20 % higher than that in the high FSC case. These trends are consistent with the 

saturation behavior presented in Figure 4.3, highlighting the competition for activation driven 

by multiple interacting parameters. 

 

The findings align with two cases presented by Fangqun Yu, Karcher, et al. (2024), who 

included both soot and volatile particle activation in their microphysical model. Their results 

indicate that under nearly identical soot number emissions, the scenario with a lower fuel-

sulfur content (FSC≈70 ppm) exhibited a slightly higher soot-to-ice activation fraction as 

compared to the higher FSC scenario (FSC≈570 ppm). However, this trend was not 

consistently observed across all their cases. The authors acknowledged large uncertainties 

arising from multiple controlling variables (e.g., ܴܪ௜௖௘, temperature, particle size, and plume 

age), as well as additional complexities introduced by volatile particles and organic species. 
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(a) 

 
(b) 

Figure 4.4 Temporal evolution of (a) mean soot particle radius and (b) activation/freezing 
fraction of soot particles for three FSC levels: low FSC = 50 ppm, medium FSC = 410 ppm, 
and high FSC = 1270 ppm, with a fixed ܫܧ௦௢௢௧ of 10ଵସ (#/kg-fuel) and an initial dry soot core 

radius of 20 nm 

 

4.3.2 Effect of Initial Soot Emission Number 

This section analyzes three cases relating to the LEAP-1A engine, maintaining a fixed FSC 

level of 50 ppm (low) and an initial dry soot core radius of 20 nm. The study investigated three 

soot emission indices (ܫܧ௦௢௢௧≈ 10ଵଷ, 10ଵସ, and 10ଵହ#/kg-fuel) to assess the influence of the 

initial soot number on particle activation. Figure 4.5 presents the temporal evolution of actual 

and equilibrium saturation ratios. At high ܫܧ௦௢௢௧ (10ଵହ#/kg-fuel), the large number of particles 

competing for available water vapor leads to rapid condensation, resulting in a lower peak 

supersaturation, followed by an almost immediate plateau, as shown in Figure 4.5(a). This 

strong “condensational sink” prevents supersaturation from building up significantly. In 

contrast, at low ܫܧ௦௢௢௧ (10ଵଷ#/kg-fuel), fewer droplets form, causing less immediate vapor 

depletion. This allows the actual saturation ratio to reach a higher peak and remain elevated 

for a longer period. The intermediate soot number case (10ଵସ#/kg-fuel) falls between these two 

trends. Conversely, as shown in Figure 4.5(b), a higher ܫܧ௦௢௢௧ results in higher sustained 

equilibrium saturation ratios over time, thereby making soot activation more difficult. While 
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several factors influence this behavior, at the same sulfur content, a greater number of soot 

particles increased the total surface area available for condensation. As a result, the system 

required a higher actual saturation ratio to exceed the equilibrium threshold for activation, 

thereby reducing the activation efficiency. 

 

  

Figure 4.5 Temporal evolution of (a) mean actual saturation ratio and (b) mean equilibrium 
saturation ratio for three ܫܧ௦௢௢௧ of 10ଵଷ, 10ଵସ, and 10ଵହ (#/kg-fuel) at a fixed low FSC of 50 

ppm and an initial dry soot core radius of 20 nm 

 

The temporal evolution of the mean particle radius (averaged over all particles, including soot 

and condensed ice) and the activation/freezing fraction for different ܫܧ௦௢௢௧ is presented in 

Figure 4.6. As shown in Figure 4.6(a), higher ܫܧ௦௢௢௧ lead to increased competition for water 

vapor, limiting individual particle growth and resulting in smaller mean radii. Conversely, 

lower ܫܧ௦௢௢௧ allow more water vapor per particle, promoting larger droplet growth. This trend 

is further reflected in Figure 4.6(b), where stronger competition for water vapor at higher soot 

levels inhibits activation, yielding a lower final activation fraction of approximately 60 %. In 

contrast, lower soot cases support higher and more sustained supersaturation, leading to nearly 

full activation (up to 100 %) for 10ଵଷ (#/kg-fuel) and an activation fraction of about 80 % for 10ଵସ (#/kg-fuel). These findings follow the trend reported by Roberto Paoli et al. (2013), where 

higher ܫܧ௦௢௢௧ lowered the activated fraction from nearly complete activation at the lowest soot 

levels to roughly half at the highest levels. The absolute values are also consistent with those 
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reported by Kärcher (2016), particularly at ܫܧ௦௢௢௧ of 10ଵସ and 10ଵହ (#/kg-fuel)  for a plume age 

of 1 s. 

 

  

Figure 4.6 Temporal evolution of (a) mean soot particle radius and (b) activation/freezing 
fraction of soot particles for three ܫܧ௦௢௢௧ of 10ଵଷ, 10ଵସ, and 10ଵହ (#/kg-fuel) at a fixed low 

FSC of 50 ppm and an initial dry soot core radius of 20 nm 

 

Figure 4.7 presents the particle number emission index distribution (݀ܫܧே ⁄(௣ܦ)݃݋݈݀ (#/kg-

fuel)) as a function of particle diameter for different soot emission indices and FSC levels, with 

an initial dry soot core radius of 20 nm, at 1 s plume age. All cases clearly demonstrate distinct 

peaks separated by FSC levels, with higher FSCs shifting the peak toward larger particle 

diameters, but at lower ܫܧ௦௢௢௧, consistent with the results in Figure 4.4. However, increasing 

the ܫܧ௦௢௢௧ from Figure 4.7(a) to Figure 4.7(c) resulted in decreases differences between the 

FSC levels. Additionally, as the soot number increases, the particle distribution broadens and 

covers a wider range of diameters—a trend also reported by H-W Wong and Miake-Lye 

(2010). At ܫܧ௦௢௢௧≈10ଵହ(#/kg-fuel), the size spectrum thus becomes bimodal: a sub-100 nm 

mode of soot particles that never activate and a~1 μm mode of fully activated ice crystals. The 

very large soot surface area reduces the available vapor, leaving a fraction unactivated and 

producing the twin peaks noted. 
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(a) 

 
(b) 

 
(c) 

Figure 4.7 Particle number emission index distribution ݀ܫܧே ⁄(௣ܦ)݃݋݈݀  (#/kg-fuel) as a 
function of particle diameter for different FSC levels at 1s plume age, with an initial dry soot 

core radius of 20 nm for all cases, shown for four cases with varying initial soot number 
emission indices: (a) ܫܧ௦௢௢௧≈10ଵଷ (#/kg-fuel), (b) ܫܧ௦௢௢௧≈10ଵସ (#/kg-fuel), and (c) ܫܧ௦௢௢௧≈10ଵହ (#/kg-fuel) 
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4.3.3 Effect of Initial Dry Soot Core Radius 

The influence of the initial dry soot core radius on particle saturation is shown in Figure 4.8(a), 

where the peak in ܵ௪̅ occurs at different times, ranging from approximately 0.3 to 0.45 s, 

starting with the largest initial dry radius of 30 nm. This is followed by a decline as water 

condenses onto particles and the plume dilution progresses. The results demonstrate that 

smaller dry soot particles (e.g., 10 nm) lead to a higher peak in ܵ௪̅, whereas larger particles 

(e.g., 30 nm) exhibit a lower peak. This behavior stems from the fact that larger particles 

experience a reduced Kelvin effect (i.e., lower equilibrium/critical supersaturation), and 

therefore activate earlier, thereby depleting the available supersaturation. In other words, the 

presence of larger soot cores enhances early vapor uptake and reduces the degree of 

supersaturation available for further growth. In contrast, smaller particles, with a lower 

individual condensation capacity, allow the plume to maintain a higher saturation ratio for a 

longer duration, thereby increasing the potential for additional particle activation and growth.  

Smaller soot particles at 10 nm exhibit higher equilibrium saturation ratios ܵ௞̅, particularly in 

the early stages of plume evolution, as shown in Figure 4.8(b). These particles require a higher 

ambient supersaturation to activate. In contrast, larger dry particles at 30 nm have lower 

equilibrium saturation ratios and can activate at lower supersaturation levels. Over time, ܵ௞̅ 

decreases as the plume cools, water condenses, and particles grow in size, which reduces the 

Kelvin effect and lowers the required equilibrium saturation. This behavior is consistent with 

what is observed by Petzold et al. (2005), who demonstrated that increasing the particle size 

and soluble sulfuric acid coatings reduce the critical supersaturation needed for soot activation. 
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Figure 4.8 Temporal evolution of (a) mean actual saturation ratio and (b) mean equilibrium 
saturation ratio for three initial dry soot core radii of 10 nm, 20 nm, and 30 nm, with a fixed ܫܧ௦௢௢௧ of 10ଵସ (#/kg-fuel) and a low FSC of 50 ppm 

 

The impact of the initial soot core radius on particle growth and activation is further illustrated 

in Figure 4.9, using a soot emission index of ܫܧ௦௢௢௧ ≈ 10ଵସ (#/kg-fuel) and a low FSC level of 

50 ppm. As presented in Figure 4.9(a), all cases exhibit rapid growth between approximately 

0.2 and 0.6 s, driven by water vapor condensation in the supersaturated cooling plume. Larger 

initial soot particles (30 nm) grow more rapidly and reach a greater final size as compared to 

smaller ones (10 nm) within 1 s. This is because larger particles can activate and condense 

water more easily, requiring lower ambient supersaturation, as previously shown in the 

equilibrium saturation results (Figure 4.8(b)). Smaller particles experience delayed activation 

and slower growth due to their higher critical supersaturation requirements (Kelvin effect), 

which limits their ability to uptake water during the early stages. Furthermore, Figure 4.9(b) 

shows the temporal evolution of the activation/freezing fraction of soot particles for different 

initial dry soot core radii (10, 20 and 30 nm). The results show that activation begins shortly 

and increases rapidly between 0.2 and 0.45 s, coinciding with the peak in supersaturation (see 

Figure 4.8(a)). Larger initial soot particles at 30 nm activate earlier and more completely, 

reaching a higher final activation fraction of about 90%, as compared to smaller particles. 

Although smaller particles experienced higher actual saturation, their activation/freezing 

fraction was lower due to their higher equilibrium saturation requirement. The strong size 
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dependence of ܵ௞̅ meant that smaller particles needed a higher supersaturation to activate, 

resulting in fewer of them freezing, as compared to larger particles. 

 

  

Figure 4.9 Temporal evolution of (a) mean soot particle radius and (b) activation/freezing 
fraction of soot particles for three initial dry soot core radii of 10 nm, 20 nm, and 30 nm, with 

a fixed ܫܧ௦௢௢௧ of 10ଵସ (#/kg-fuel) and a low FSC of 50 ppm 

 

The instantaneous particle radius fields (shown as scatter) and actual saturation ratio (shown 

as contours) in a lateral view of the jet at a plume age of 0.5 s are presented in Figure 4.10 for 

three different initial dry soot core radii: (a) 10 nm, (b) 20 nm, and (c) 30 nm, under a soot 

emission index of ܫܧ௦௢௢௧ ≈ 10ଵସ (#/kg-fuel) and a constant low FSC of 50 ppm. The case with 

the largest initial dry soot core radius at 30 nm shows lower saturation levels (as previously 

shown in Figure 4.8(a)), as faster particle growth depletes water vapor more efficiently, 

reducing local supersaturation and accelerating the plume’s thermodynamic equilibration. 
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a) Initial dry soot core radius= 10 nm 

 
b) Initial dry soot core radius= 20 nm 

 
c) Initial dry soot core radius= 30 nm 

Figure 4.10 Distribution of particle radius (scatter) and actual saturation field (contours) in 
the lateral view of the exhaust plume at a plume age of 0.5s for three different initial dry soot 
core radii: (a) 10 nm, (b) 20 nm, and (c) 30 nm, with a fixed ܫܧ௦௢௢௧ of 10ଵସ (#/kg-fuel) and a 

low FSC of 50 ppm 
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4.3.4 Comparison of 3D Online-Coupled Microphysics and 0D Offline Box Model 

In the literature, 0D box models are widely used to investigate contrail formation and 

evolution, as they allow extensive parametric studies at relatively low computational cost as 

compared to LES. However, these models neglect strong fluctuations in temperature and 

saturation profiles, which can lead to significant prediction errors. To complement the 3D LES 

with κ-Köhler theory, a 0D offline box model is then analyzed to highlight how the resulting 

microphysics differs from that predicted by the LES.  

 

The conditions were adapted from the Lewellen's baseline case study (D. C. Lewellen, 2020), 

as detailed in Table 4.3 below: 

Table 4.3 Baseline Simulation Parameters from D. C. Lewellen (2020) study 

Parameters Values 
Specific Combustion Heat (J.kg-1) 4.29 10଻ 

Overall Propulsion Efficiency 0.325 
Exhaust Jet Temperature (K) 480 

Initial plume dilution 92 
Initial Plume Cross-Sectional Area (m2) 0.31 

Water Vapor Mass Emission Index (kg-w/kg-fuel) 1.25 
Soot Number Emission Index (#/kg-fuel) 10ଵ଺ 
Dry Core Radius of Soot Particles (nm) 20  

Soot Particle Hygroscopicity (κ) 0.005 
Ambient Temperature (K) 218.8 

Ice Relative Humidity 110% 
Ambient Pressure (Pa) 23840 

 

The simulation was conducted using a monodisperse size distribution for soot particles at 

initialization, with results presented in Figure 4.11(a). The turbulence realization closely 

matched Lewellen’s third turbulence realization, demonstrating excellent agreement between 

the results. Lewellen’s study employed a κ value of 0.005, corresponding to a medium FSC 

case; thus, three κ, representative of previously defined FSC levels, were examined here. As 
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illustrated in Figure 4.11(a), the lower κ value exhibits slightly higher activation fractions as 

compared to higher κ values, aligning with expectations and trends previously presented in 

Figure 4.4(b). Subsequently, the plume-averaged mixing fraction and cooling rate extracted 

from the 3D simulations were utilized to derive 0D offline results. All equations governing the 

microphysics of the 0D offline box model were identical to those implemented in the FludiLES 

code, as outlined in Section 4.2.2. 

 

Figure 4.11(b) illustrates a contrasting trend between offline and online simulations, wherein 

the higher κ value exhibits marginally greater activation fractions than the lower κ value. 

Moreover, the offline model overpredicts the total ice number because it cannot account for 

vapor-sink feedback and inter-parcel mixing, which in the online simulation, suppress later 

activation and cause deactivation of droplets. This comparison underscores the significance of 

3D online coupling, especially concerning sensitive parameters like κ, which critically 

influence the activation behavior. 

 

These findings align with those of Bier et al. (2022), who showed that neither ensemble 

trajectories offline from an LES nor a single averaged trajectory from a box model can capture 

online microphysical feedback, leading to overpredictions of ice number relative to a fully 

coupled 3D LES. Their κ-Köhler analysis also indicated that lower κ slightly reduces activation 

fractions—consistent with our 0D offline box-model trend (Figure 4.11(b)), while the particle-

resolving approach captures fluctuation-driven mixing and vapor-sink feedbacks. 
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(a) 

 
(b) 

Figure 4.11 Comparison of a) 3D online-coupled microphysics and b) 0D Offline box model 
for the D. C. Lewellen (2020) Baseline case at three FSC Levels: low FSC = 50 ppm, 

medium FSC = 410 ppm, and high FSC = 1270 ppm 

 

4.4 Conclusion 

This study investigates the effects of the particle hygroscopicity, soot emission indices 

 and initial soot core radius on the formation and growth of ice crystals in aircraft ,(௦௢௢௧ܫܧ)

contrails. A refined microphysical model for soot activation, coupled online with LES, was 

developed to simulate the near-field evolution of exhaust plumes from a LEAP-1A engine 

under realistic cruise conditions. The model explicitly accounted for solute effects by 

representing water activity through the hygroscopicity parameter, capturing the influence of 

sulfuric acid coatings on soot particle activation and growth. Numerical simulations were 

performed up to 1 s plume age, corresponding to the jet regime, where particle activation 

predominantly occurs.  

 

The following is a summary of the key findings from the study: 

1. Variations in the hygroscopicity parameter (κ), linked to FSC levels (low, medium and 

high), influenced both the particle size and activation behavior. Increasing κ (or FSC) 

produced larger mean particle radii but reduced activation fractions. Such trends 

occurred under conditions where soot particles alone contributed to microphysical 
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processes: a higher FSC enhanced the growth of already activated particles, depleting 

available water vapor, thereby hindering further activation. The results highlighted the 

complex interplay between sulfur-driven water vapor dynamics and particle activation. 

2. Variations in ܫܧ௦௢௢௧ significantly influenced the microphysical properties of soot-

derived ice particles. A lower ܫܧ௦௢௢௧ substantially increased both the mean particle 

radius and activation fraction, resulting in more uniform particle size distributions. 

These results underscored the importance of accurately representing ܫܧ௦௢௢௧, as 

variations affect particle activation, growth, and size distribution—key factors 

governing subsequent contrail development. 

3. Variations in the initial soot core radius along with increasing size produced larger 

mean particle sizes and higher activation fractions. In contrast, smaller soot core radii, 

being more resistant to activation due to the Kelvin effect, resulted in both lower 

particle sizes and reduced activation fractions. These results indicate that the initial soot 

core radius, as a key determinant of particle size at activation, should be explicitly 

parameterized in contrail microphysics. 

4. Comparisons of the 0D offline box model with 3D online-coupled microphysics 

revealed differences in the sensitivity of activation fractions to κ. These fractions were 

notably higher in the 0D offline box model, primarily as a result of using a single mean 

value per time step, which alters the κ sensitivity. The 0D offline box model exhibited 

an opposing trend, with slightly higher activation fractions at elevated κ values than at 

lower ones. By contrast, the 3D online-coupled microphysics, which resolves vapor 

uptake for each individual soot particle, consistently produced lower activation 

fractions for higher κ values during the initial stages of the plume. This comparison 

underscored the need for 3D online-coupled microphysics when parameterizing 

sensitive variables such as κ, owing to the nonlinear behavior inherent in the κ-Köhler 

theory. 

 

The study underscores the importance of detailed and accurate modeling of activation 

processes, as they strongly influence the soot-derived ice particle number and size distributions 

starting from the earliest stages of exhaust plume development, with implications for 
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subsequent plume evolution. Future work could extend this research by incorporating 

additional particle types, such as volatile and organic particles, to assess their contributions, 

particularly in scenarios involving SAFs with very low soot emission indices, which were not 

considered herein. Moreover, future investigations should examine downstream plume 

evolution into the vortex phase to provide a more comprehensive understanding of contrail 

dynamics. 
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Abstract 

 

Studying the near-field jet/wake is essential for contrail formation because it sets the ice crystal 

number and persistence. In contrail simulations, two large eddy simulation (LES) formulations 

are common: a spatial approach, which explicitly resolves spatial development but 

computationally intensive, and a temporal approach, which assumes frozen-turbulence 

hypothesis and is computationally efficient. Both approaches have been utilized in prior 

contrail studies; however, comparisons between them are limited. In this paper, temporal and 

spatial formulations of LES were compared to analyze near-field jet contrails under cruise 

conditions representative of an Airbus A320neo with a LEAP-1A engine. The wake-vortex 

was then initialized from both spatial and temporals jets at two plume ages (ݐ௝=0.12 s and ݐ௝=0.5 s) corresponding to the pre-development and developed microphysical stages, 

respectively. Microphysics were treated with an online-coupled Lagrangian scheme to evaluate 

ice activation and growth for (i) soot-only and (ii) soot+ambient nuclei. In the jet phase, 

temporal jet produced overall equivalent ice microphysical properties as spatial jet under rich-

soot plume and supersaturated conditions, with differences within the same order of magnitude 

for both mean ice radius and ice number-based emission index. In the vortex phase, ice number 

concentration was inherited from the jet phase, and differences between the temporal and 

spatial jet initializations diminished with plume age. Delaying the vortex onset led to relatively 
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smaller particle radii and a slightly higher ice number concentration. Overall, ambient aerosols 

increased ice number but slowed crystal growth via water vapor competition, thereby reducing 

sensitivity to vortex initialization. 

 

Keywords: contrails, jet/vortex interaction, wake vortex, ice microphysics, Large Eddy 

Simulations (LES) 

 

5.1 Introduction 

Contrails, commonly formed by aircraft at cruise, contribute to global warming that is 

comparable to that from aviation COଶ emissions, making them a critical non-COଶ driver of 

aviation’s climate impact. Mitigating contrail effects, alongside reducing greenhouse gas 

emissions, is therefore essential to limiting aviation induced climate change (Lee et al., 2021). 

However, uncertainties remain in the understanding of near-field contrails and subsequent 

evolution (Singh et al., 2024). While both experimental and numerical studies have examined 

contrail formation, the high cost of in-flight measurements and advances in computing have 

increasingly shifted attention toward numerical modeling to elucidate the contrail formation 

processes (Cantin et al., 2022; Saulgeot et al., 2023). 

 

According to the Schmidt–Appleman criterion, turbulent mixing of hot, moist exhaust with 

colder ambient air cools the mixture past saturation, triggering contrail onset in the near field 

of the exhaust (Appleman, 1953; Schmidt, 1941). The jet regime, dominated by turbulent 

dynamics, begins immediately after exhaust ejection, in which combustion products mix with 

ambient air and initiate microphysical processes such as particle activation and ice crystal 

formation (H. Hoshizaki & J. W. Meyer, 1972; Kärcher, 1994). Radial and axial jet expansion, 

influenced by Kelvin-Helmholtz instabilities, shapes the initial contrail structure (Hanasz & 

Sol, 1996). Ulrich Schumann and Heymsfield (2017) mentioned that the number of ice crystals 

is determined near the jet exhaust and remains relatively constant throughout the contrail's 

lifetime. Following the jet regime, contrail evolution enters the vortex phase governed by the 

counter-rotating wingtip vortices (Bier & Burkhardt, 2022; Unterstrasser, Gierens, & 
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Spichtinger, 2008). Shear-driven mixing at the wake periphery detrains surviving crystals and 

broadens the plume (Kärcher, Burkhardt, Unterstrasser, & Minnis, 2009; Unterstrasser & 

Sölch, 2010). 

 

Since jet/wake dynamics govern entrainment and dilution, ice formation proceeds through a 

sequence of coupled microphysical processes and depends primarily on the number 

concentration and physicochemical properties of available aerosol nuclei. Aircraft-emitted 

soot, initially insoluble, can become effective ice-nucleating particles after acquiring a sulfuric-

acid coating formed by fuel-sulfur oxidation, which increases hygroscopicity and water uptake 

(Kärcher, 1999). Ambient aerosols entrained during mixing supply additional heterogeneous 

nuclei (Kärcher et al., 2015). Kärcher et al. (2022) showed that even low concentrations of 

ambient ice-nucleating particles can draw down supersaturation, suppress homogeneous 

freezing, and thereby reduce ice crystal number. The magnitude of this ambient-aerosol effect 

depends on soot loading: Kärcher and Yu (2009) demonstrated that in soot-rich regimes ice 

formation is soot-controlled and entrained ambient aerosol plays a minor role, whereas in soot-

poor regimes ambient particles exert a stronger influence. Variability in ambient aerosol 

number and composition thus introduces significant uncertainty in contrail formation (Seinfeld 

& Pandis, 2016), because these particles compete for available water vapor and modulate ice-

nucleation pathways. Consequently, isolating the respective roles of soot and ambient aerosols 

requires simulations that explicitly resolve plume-scale turbulence and entrainment, which set 

the supersaturation history of the exhaust and, in turn, control the timing and efficiency of ice 

nucleation (Kärcher et al., 2015; Kärcher & Yu, 2009). 

 

In contrail modeling, two wake–vortex strategies are commonly employed. RANS/URANS 

full-aircraft simulations capture the complex aerodynamics around the lifting surfaces and 

allow the vortex wake to form self-consistently (J. Khou et al., 2017; Kolomenskiy & Paoli, 

2018; Ramsay et al., 2024). Complementarily, large eddy simulation (LES) of the wake 

resolves unsteady plume-scale turbulence and is often initialized with a prescribed Lamb–

Oseen vortex pair (e.g., Roberto Paoli et al. (2008); Unterstrasser (2014)). Contrail-relevant 

dynamics occur in the immediate near wake (≈1–2 wingspans), where vortex roll-up produces 
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strong jet–vortex interaction that weakens beyond a few spans as the pair separates and 

entrainment dilutes the plume (Kolomenskiy & Paoli, 2018). Consequently, early wake 

evolution largely reflects the jet-initialized plume, whereas farther downstream the spreading 

is governed by ambient turbulence and thermodynamic conditions (Paugam et al., 2010). 

Recent work (e.g., Pauen, Unterstrasser, and Stephan (2024)) has shown that early-contrail 

predictions are sensitive to how the wake-vortex system is initialized in LES, whether from 

RANS-derived slices of a full-aircraft solution or from an analytical Lamb-Oseen pair. 

Modeling practice varied in the timing of wake-vortex introduction relative to jet age: Roberto 

Paoli et al. (2013) initialized their temporal LES with a Lamb–Oseen wake field (0 = ݐ s) at an 

axial station where the jet half-width was ≈1 m; D. C. Lewellen (2020) advanced a jet-only 

temporal LES to ≈0.53 s (≈5 spans) before adding prescribed wake fields; and C Ferreira Gago 

et al. (2002) coupled the Lamb–Oseen pair earlier, at the first downstream station (≈0.11-0.12 

s), following a short jet-only temporal DNS. However, despite these differing practices, 

literature has not isolated the effect of wake-vortex initialization timing in a controlled, side-

by-side comparison. Because early-contrail predictions are sensitive to wake initialization, 

high-fidelity jet/vortex evolution is required for credible microphysical outcomes 

(Unterstrasser & Sölch, 2010). 

 

In this context, compressible jet flows and wake vortices demand robust numerical schemes to 

control instabilities and resolve steep gradients (Kaushik, Kumar, & Humrutha, 2015; Misaka, 

Holzäpfel, & Gerz, 2015). While LES is well suited, contrail studies with coupled 

microphysics remain computationally intensive, prompting simplifying assumptions that can 

degrade fidelity (Fritz, Eastham, Speth, & Barrett, 2020; Unterstrasser et al., 2008). A cost-

saving alternative is temporal LES, which shortens the streamwise domain and advances the 

flow in time under Taylor’s frozen-turbulence hypothesis (FTH), linking time signals at a point 

to spatial structure under a steady mean flow, supplemented by specific boundary conditions 

to preserve continuity (C Ferreira Gago et al., 2002; Roberto Paoli et al., 2008; Taylor, 1938). 

Temporal LES has been used to investigate jet/vortex coupling and contrail microphysics: 

Roberto Paoli and Garnier (2005) superimposed a Lamb–Oseen wake to study 

mixing/chemistry; Roberto Paoli and Moet (2018) showed jets accelerate shear-layer roll-up 
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and enlarge the merged core; Bier et al. (2022) coupled a Lagrangian cloud module to track 

microphysical evolution; and Roberto Paoli et al. (2008) generated parcel trajectories for 

contrail calculations, capturing dynamics even without temperature fluctuations. In contrast, 

spatial LES resolves streamwise development at higher cost, but can capture jet-regime 

structures (Kelvin–Helmholtz waves, vortex rings) with good experimental agreement (Zhang, 

Rong, Wang, & Wang, 2011). Notably, D. C. Lewellen (2020) compared temporal variants for 

the jet and early-contrail stages against a spatial LES (without microphysics) and found the 

spatial solution fell between the temporal cases with consistent age-dilution relations, 

supporting the temporal approximation. Overall, temporal LES offers scalable contrail 

modeling, with spatial LES providing a higher fidelity, albeit costlier, benchmark. 

 

This work compares temporal and spatial LES for the engine-exhaust round jet during the 

contrail jet phase, then quantifies how each jet-phase field initializes the wake-vortex phase 

under cruise conditions. The vortex phase is initialized from the jet phase at two ages to 

quantify sensitivity to jet history. The dynamical and microphysical properties of near-field 

contrails across the jet and early vortex phases were compared. To the authors’ knowledge, no 

prior work has assessed how temporal versus spatial LES formulations affect near-field 

contrail properties and the initialization of vortex-phase simulations. To address this gap, we 

use the high-order compressible CFD code FludiLES, employing LES to capture jet and wake-

vortex dynamics and coupling to an online Lagrangian microphysics model that represents 

both soot and ambient particles; soot-only and soot+ambient scenarios are run to isolate their 

respective roles. 

 

The paper is structured as follows: Section 5.2 details the methodology and simulation setup 

for dynamics and microphysics, including dynamics and microphysics modeling. Section 5.3 

presents results in two parts: (i) jet dynamics and microphysics, contrasting temporal vs. spatial 

LES and soot-only vs. soot+ambient cases; and (ii) jet/vortex interaction initialized from 

temporal and spatial jet fields, evaluating start-time sensitivity in both dynamics and 

microphysics as well as ambient particle effects. 
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5.2 Methodology 

5.2.1 Dynamic Modeling 

The contrail LES model described in previous work (Afkari et al., 2025) was employed as the 

baseline, utilizing an Eulerian-based method to simulate flow dynamics. The FludiLES code 

solves the unsteady Navier–Stokes equations within an LES framework to capture turbulent 

flow dynamics in jet exhaust and wake-vortex relevant to contrail formation. The equations 

are formulated in conservative form and non-dimensionalized using appropriate reference 

scales. LES implementation is based on the filtered equations, with sub-grid scale (SGS) 

stresses modeled using a hybrid Smagorinsky approach (François Garnier et al., 2014). 

Thermodynamic closure is provided by the ideal gas law, with specific enthalpy, internal 

energy, and heat capacity expressions accounting for both dry air and water vapor 

contributions. The exhaust jets from aircraft engines were characterized by a gaseous mixture 

of fuel combustion products (gas phase) laden with solid particles, specifically soot and 

ambient particles. The FludiLES code has been extensively applied to investigate contrail 

dynamics (jet/vortex) behind aircraft (C Ferreira Gago et al., 2002; C Ferreira Gago et al., 

2003; François Garnier et al., 2014; Labbe et al., 2007; X. Vancassel et al., 2014).  

 

Two LES modeling approaches were implemented in FludiLES: spatial and temporal. In 

spatial modeling, the objective was to encompass the entire computational domain, extending 

from the exhaust jet immediately downstream of the nozzle to the far outlet boundary, ensuring 

comprehensive domain coverage. The spatial approach required significantly higher mesh 

resolution and more computational time compared to temporal modeling. 

 

In contrast, temporal simulation involved computing the flow within a reference frame moving 

at the mean flow velocity, under the assumption of periodicity in the flow. This approach was 

based on the FTH (Taylor, 1938), assuming locally parallel flow and neglecting mean flow 

gradients over the short axial distances within the simulation domain. Convective instabilities 
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were naturally captured, but absolute instabilities could not be resolved (Roberto Paoli & Moet, 

2018).  

 

With both formulations established, differences in conservation and age mapping were 

accounted for. In the temporal representation, the integrated concentration of a conserved 

tracer per unit jet length is constant in time. In the spatial representation, that per-length content 

increases downstream because the plume decelerates relative to the airframe, producing an 

effective streamwise compression. In contrast, the conserved quantity downstream is the mean 

tracer flux through planes normal to the jet axis. At a fixed station, parcel ages can vary across 

the plume in the spatial case, whereas a uniform age characterizes the temporal case (D. C. 

Lewellen, 2020).  

 

The boundary conditions were formulated to minimize reflections and to emulate an 

unconfined free jet using artificial boundaries (C. Bogey, Bailly, & Juv´, 2003; Givoli, 1991). 

In the temporal jet, the flow is initialized with a top-hat (hyperbolic-tangent) axial-velocity 

profile representing the potential core, superposed with low-amplitude random perturbations, 

and evolved in a frame moving with the mean jet speed under periodic streamwise boundary 

conditions. In the spatial jet, the same profile is imposed as an inflow at the nozzle with 

synthetic turbulence, while a Thompson non-reflecting (characteristic) outlet is applied 

downstream (Thompson, 1987). A sponge layer was added on boundaries that use non-

reflecting conditions, namely the lateral faces in both approaches and the outlet plane of the 

spatial domain, to damp outgoing turbulent fluctuations. Figure 5.1 illustrates the schematic 

configuration of the computational jet domain used for both spatial and temporal jet modeling. 
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(a) 

 
(b) 

Figure 5.1 Schematic of the computational jet domain in a) temporal and b) spatial modeling 

 

The radius R is used to define the midpoint of the jet shear layer, where ܸ(ܴ) = ( ଴ܸ + ஶܸ)/2, 

with ܸ ଴ representing the jet centerline velocity. Reynolds and Mach numbers are based on these 

reference quantities. The study focused on a single value of the shape factor, ܴ ⁄ߠ = 10, which 

characterizes the ratio of jet radius to momentum thickness. This value was chosen based on 

the findings of Michalke and Hermann (1982), who identified it as corresponding to the most 

unstable velocity profile, exhibiting the highest amplification rate of disturbances. The 

computational domain features a square base tile with dimensions ܮ௫ = ௭ܮ = 21 ܴ in both 

cases. Nevertheless, the streamwise length varies: for the spatial case, it is ܮ௬ = 72 ܴ, whereas 

for the temporal case, it is ܮ௬ = 12 ܴ. The latter setup was implemented in the in-house CFD 

code FludiLES (Afkari et al., 2025).  

 

In this study, the mesh is uniform in all three directions of space for both approaches 

corresponding to ∆௫= ∆௬= ∆௭= 0.15 ܴ (C Ferreira Gago et al., 2003). Because the temporal 

domain is shorter, its total cell count is ≈2 million, whereas the spatial model uses ≈10 million 

cells. This mesh configuration provides a good resolution in the viscous core of the jet as well 

as a Courant number (CFL)=0.6. The OpenMP parallelization is implemented in the FludiLES 
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code to optimize computational costs of LES simulations (Hoeflinger, Alavilli, Jackson, & 

Kuhn, 2001). 

 

For the jet phase, the LEAP-1A engine was simulated using both temporal and spatial LES 

formulations. The ambient pressure and temperature were set to the standard atmospheric 

values at 10.5 km altitude, P = 23840 Pa and T = 218.8 K, respectively. The relative humidity, 

based on ice, was specified as 110%. The calculation parameters are summarized in Table 5.1. 

The velocity field was initialized using the typical mathematical jet profile, represented by a 

top-hat (hyperbolic-tangent) function, as expressed in the equation below for both cases: 

(ݎ)ܸ  = ஶܸ2 (ܽ + ܾ)൫1 + ଶܶ(ݎ)൯+ 12 (ܽ ௖ܸ + ܾ ௕ܸ)(1 − ଶܶ(ݎ)) (5.1) 

ଶܶ(ݎ) = tanhቆ14 ߠܴ ൬ܿ ݎܴ − 1ܿ ݎܴ ൰ቇ (5.2) 

 

Also, here the ௦ܸ can be defined as: 

 

௦ܸ = ௖ܸ + ݎ݌ܾ ௕ܸ1 + ݎ݌ܾ  (5.3) 

 

The constants a, b, c, and d are determined based on the engine exhaust parameters and are 

associated with the core and bypass radii. For example, for the LEAP-1A engine, the values of 

these constants were set as follows: a=0.63, b=0.37, c=1.2, and d=0.5. The velocities of the 

core jet and bypass jet are denoted by ௖ܸ and ௕ܸ, respectively. The initial temperature profile 

was derived using the Crocco-Busemann relation, whose applicability to jet flows has been 

numerically validated in previous studies (Panda et al., 2004). 
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Table 5.1 Input parameters used in the simulations for the LEAP-1A engine under cruise 
condition 

Parameters LEAP-1A/33 
Mach number (cruise) 0.8 

Reference radius, ܴ (m) 0.5 
Average mass of the aircraft in 

cruising flight ܯ଴, (kg) 65,700 

Aircraft wingspan, B (m) 35.8 
Aircraft speed, ௔ܸ௜௥௖௥௔௙௧ (m/s) 237 

Bypass ratio, ܾ10.5 (-) ݎ݌ 
Core temperature, ௖ܶ (K) 580 

Bypass temperature, ௕ܶ (K) 233 
Molar fraction of core water vapor 0.039 

 

To initiate shear-layer transition without spurious transients, low-amplitude pseudo-random 

perturbations were superimposed on the initialized mean field. Independent pseudo-random 

variates were generated at every grid point for each velocity component as follows: 

 

௜݂(ݔ) = 2 × ݎܾ݁݉ݑ݊_݉݋݀݊ܽݎ − 1 ∈  [−1,1],             ݅ ∈ ,ݕ,ݔ}  (5.4) {ݖ

 

This yields turbulence realization of the fluctuation field. Two Gaussian-type envelopes weight 

the perturbations and confine them to the shear layer: 

 

(ݎ)ୄܩ = ቈexp (−൤14 ߠܴ ( ݎܴ − ൨ଶ)቉ଵ(ݎܴ ଶ⁄
 (5.5) 

(ݎ)∥ܩ = ቈ0.95 expቆ− ൤14 ߠܴ ( ݎܴ − ൨ଶቇ(ݎܴ + 0.05(1 − ௝ܸ(ݎ)ܸ )቉ଵ ଶ⁄
 (5.6) 

 

where ܸ(ݎ) is the non-dimensional mean axial profile and θ momentum thickness parameter. 

With a chosen amplitude A (perturbation) (fraction of a reference speed ௥ܸ௘௙), The component-

wise velocity perturbations are: 

 



183 

௫ᇱݑ = ܣ ௥ܸ௘௙ ௫݂ݑ         ,(ݎ)ୄܩ௭ᇱ = ܣ ௥ܸ௘௙ ௭݂ݑ              ,(ݎ)ୄܩ௬ᇱ = ܣ ௥ܸ௘௙ ௬݂(5.7) (ݎ)∥ܩ 

 

and the initialized field is updated as ݑ௜ + ௜ᇱݑ → ݎ ௜. The envelopes peak nearݑ ≈ ܴ and decay 

toward both the jet axis and the far field, ensuring negligible perturbations outside the shear 

layer. Independent ௫݂, ௬݂, ௭݂ yield zero-mean, uncorrelated disturbances, so that no net 

momentum bias is introduced at 0=ݐ s (Christophe Bogey & Marsden, 2014). 

 

Because the imposed perturbation field is a zero-mean turbulence realization multiplied by a 

scalar amplitude A, changing A simply rescales the fluctuation magnitudes while leaving the 

mean profile ܸ(ݎ) and the envelope shapes ܩ௡(ݎ) (݊ = ∥ or ⊥) unchanged. Accordingly, the 

local rms fluctuation varies linearly with ݑ) ܣ୰୫ୱᇱ ∝  and the exit turbulence intensity adjusts ,(ܣ

in direct proportion to A with the same spatial weighting, consistent with turbulence intensity 

correlation ܶ(ݎ)ܫ ≈ ௥௠௦ᇱݑ ܣ  Different random .(Klein et al., 2003; Xie & Castro, 2008) (ݎ)௡ܩ 

seeds produce different realizations but with identical statistics for a given A; it is therefore the 

perturbation amplitude that deterministically sets the prescribed exit turbulence intensity (TI) 

at 0=ݐ s. 

 

The wake-vortex is initialized at the domain center and coupled to the precomputed jet field 

from both the temporal and spatial cases. The subsequent vortex simulation is performed in 

temporal mode owing to the high computational cost of a fully spatial approach. The realistic 

flow parameters were utilized by incorporating data from an Airbus A320neo aircraft at 

cruising altitude, powered by the LEAP-1A engine. The jet entrainment into the swirling wake-

vortex is characterized by a two-stage progression (C Ferreira Gago et al., 2002). First, jet-

only simulations are advanced to a quasi-steady state in the spatial case and to the target jet 

age in the temporal case, thereby obtaining dynamically consistent fields. Second, a vortex 

field is initialized at two jet ages (ݐ௝ =0.12 s and ݐ௝ =0.5 s), corresponding to streamwise 

distances of approximately 0.5–5 wingspans downstream (Stéphane Brunet, 1999; Labbe et 

al., 2007; D. C. Lewellen, 2020). These ages bracket regimes reported in the literature, with ݐ௝ =0.12 s representing a pre-microphysical development (C Ferreira Gago et al., 2002; 

Roberto Paoli & Garnier, 2005) and ݐ௝ =0.5 s corresponding to a microphysical development 



184 

(D. C. Lewellen, 2020). The resulting coupled jet/vortex system is then advanced in time, 

allowing entrainment to evolve dynamically until 6 s. 

 

Figure 5.2 illustrates the geometric reference adopted for the jet/vortex interaction study. 

According to Betz’s roll-up model (Betz, 1933), the two counter-rotating wing-tip vortices 

drift apart until their lateral separation approaches ݀జ = గସ ܤ ≈ 28.10 m; each vortex axis 

therefore lies at ± ௗഔଶ ≈ ±14.05 m from the aircraft centerline. Based on the A320neo 

characteristics document (Airbus, 2024) and the specified vortex positions, the engine core jet 

is positioned approximately 1.06 m below and 4.45 m inboard (to the right) from the wing-tip 

vortex axis (Figure 5.2). Therefore, the jet is positioned at a normalized offset from the domain 

center, defined as (ݔ௝௘௧, ݖ௝௘௧) = (8.9 R, 2.12 R). 

 

 

Figure 5.2 Geometric configuration of the A320neo showing the vortex separation and 
engine jet location, each vortex axis lies at ± ௗೡଶ  from the aircraft centerline (based upon the 

Airbus documentation (Airbus, 2024)) 



185 

 

The chosen jet location ensures it is situated just outside the viscous core of the vortex but 

within a region exhibiting significant tangential velocities ( ఏܸ), thereby guaranteeing strong 

yet physically realistic entrainment dynamics. Following the initial jet phase, segments of the 

computational domain containing the jet flow at two jet ages (ݐ௝ = ௝ݐ and ݏ 0.12 =  are (ݏ 0.5

transferred to the next computational domain. For comparability, the same reference length 

and the same extended computational domain were used for both the jet-only and the combined 

jet and vortex simulations. The domain extents were ܮ௫ = 42 ܴ, ௬ܮ = 6 ܴ, and ܮ௭ = 42 ܴ. 

 

It is noted that numerous numerical and experimental studies have demonstrated that the vortex 

becomes two-dimensional at a sufficient distance from the wing trailing edges and undergoes 

minimal evolution after its formation (S Brunet et al., 1999). For this reason, the Lamb-Oseen 

model, which is widely recognized as the most commonly used in wake-vortex simulations, 

was selected (Ahmad & Proctor, 2014; Misaka & Obayashi, 2017; Unterstrasser & Stephan, 

2020). The Lamb-Oseen vortex corresponds to an exact solution of the Navier-Stokes 

equations, the calculations of which are detailed in the study of Ahmad and Proctor (2014). 

The tangential velocity is written as: 

 

ఏܸ(ݎ) = ܽ ఏܸ௠௔௫ ݎ௖ݎ ൤1 −  ൨ (5.8)(ଶ(௖ݎݎ)ܾ−)݌ݔ݁

 

with  ݑఏ௠௔௫, the maximum tangential velocity of the turbulent flow and ݎ௖, the associated 

viscous core radius. a and b are two constant solutions of Equation (5.9) and (5.10) as below: 

 exp(ܾ) = 2ܾ + 1 (5.9) ܽ = 11 − exp (−ܾ) (5.10) 

 

To determine the maximum tangential velocity, the circulation formula was used. This is given 

by: 
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Γ(ݎ) = ݎఏݑߨ2 = ܽߨ2 ఏܸ௠௔௫ݎ௖ ൤1 − exp (−ܾ(ݎݎ௖)ଶ)൨ (5.11) 

 

The circulation at infinity of a wake-vortex is determined either by the weight and wingspan 

of the airplane (Thomas Gerz, Holzäpfel, & Darracq, 2002) or based on the maximum 

tangential velocity (C Ferreira Gago et al., 2002), as shown below: 

 Γ଴ = ௔௧௠௢௦ߩ଴݃ܯ 4ߨ ܤ ௔ܸ௩௜௢௡ = ܽߨ2 ఏܸ௠௔௫ݎ௖ (5.12) 

 

The parameter ܯ଴ represents the mass of the airplane, which, in this context, is the average 

mass of the aircraft at cruise level. This value is calculated relative to the maximum take-off 

weight of the aircraft. The gravitational acceleration, g, is taken as 9.78 ݉ ⁄ଶݏ , and the air 

density, ߩ௔௧௠௢௦, is approximately 0.38 ݉ ⁄ଶݏ  for the altitude under consideration. The airplane 

wingspan is denoted by B, and its speed is represented by ௔ܸ௩௜௢௡. Based on Table 5.1, the 

circulation at infinity is determined to be Γ଴=253 ݉ଶ ⁄ݏ  for the A320neo. Furthermore, among 

the theories available for estimating the viscous radius of a Lamb-Oseen vortex, the approach 

presented by S Brunet et al. (1999) has been adopted, which is expressed as follows: 

௖ݎ  ≈ 4ߨ116  (5.13) ܤ

 

In this study, the Lamb-Oseen vortex is characterized by a viscous core radius of ݎ௖ = 1.75 ݉ 

for the A320neo.  

 

5.2.2 Microphysics Modeling 

An online Lagrangian microphysics module was coupled to FludiLES, following the 

framework established in prior work (Afkari et al., 2025). Two particle populations were 

tracked—engine soot and background ambient aerosols—and two scenarios were simulated: 

soot-only and soot+ambient. Because mixing between parcels of different ages may alter 
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microphysical histories, both spatial and temporal jet modeling setups were compared. In the 

modeling framework, numerical particles, each representing a packet of physical particles, are 

initialized within the jet at time zero for both temporal and spatial configurations. At each time 

step, particle evaporation or condensation contributes a source term to the water vapor 

transport equation and a latent-heat source term to the energy equation; these terms are fed 

back to the flow solver before advancing the solution. Momentum coupling is one-way: 

particles sample the resolved velocity field, and their back-reaction on the momentum 

equations is neglected. In the temporal case, coupling acts on the particle field initialized at 0=ݐ s within the cylindrical core. In the spatial case, particles are injected at the nozzle once 

the dynamic field is developed, and the evolving scalar and thermal source terms update the 

downstream flow accordingly. 

 

Ambient particles are initialized uniformly throughout the computational domain, excluding 

the jet region. It is assumed that the initial jet plume contains no ambient particles, as their 

contribution is negligible due to the high temperature of the plume at 0=ݐ s. As evidence, 

Kärcher et al. (2015) noted that the entrainment term, which depends on the dilution factor (≈(1 − ࣞ)), approaches zero when ࣞ = ்ି்ೌబ்ି்ೌ  equals 1 at the engine exhaust. In this study, soot 

particles were seeded in the hot core (temporal) or injected at the nozzle (spatial), while 

ambient particles were initially placed outside the jet and were subsequently ingested solely 

through resolved mixing. Entrainment was quantified diagnostically via the evolution of the 

dilution factor ࣞ and ambient particle fluxes across control surfaces, rather than imposed, 

thereby avoiding correlation-dependent bias and keeping the temporal and spatial setups 

physically consistent. 

 

Activation was determined using κ-Köhler theory, with hygroscopicity (κ) parameterizing 

solubility. Super-cooled droplets grew by condensation in water-supersaturated exhaust air and 

froze into contrail ice crystals at the homogeneous freezing temperature. The homogeneous 

freezing temperature defined by Kärcher et al. (2015) was used as the criterion for droplet–ice 

conversion. The Fukuta and Walter microphysical model was used for particle growth, 

utilizing kinetic mechanisms to calculate radius evolution and particle mass (Fukuta & Walter, 
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1970). The soot emission index (ܫܧ௦௢௢௧) was set to 10ଵହ #/kg-fuel (forced rich-burn LEAP-1A 

scenario (Voigt et al., 2025)), and the ambient particle concentration in the domain was set to 

100 # ܿ݉ଷ⁄  (D. C. Lewellen, 2020). The initial dry core radii of soot and ambient particles 

were set to 20 nm and 30 nm, respectively. 

 

For soot particles coated with diluted sulfuric acid, and following the study of Petzold et al. 

(2005), a low fuel sulfur content corresponding to a soluble volume fraction of ߝ௦௢௟ = 0.1% 

was assumed in order to minimize the influence of volatile particles (Fangqun Yu, Karcher, et 

al., 2024), which were not considered in this study. The hygroscopicity parameter for the 

soluble coating, ߢ௦௢௟, is taken as 0.5 (Kärcher et al., 2015), while the hygroscopicity parameter 

for the insoluble fraction, ߢ௜௡௦௢௟, is assumed to be 0 due to the hydrophobic nature of soot. 

Accordingly, using the equation provided by Petters and Kreidenweis (2007), the effective 

hygroscopicity parameter, κ, for the soot particles is calculated to be 0.0005.  

 

To represent a worst-case high-solubility scenario, ambient particles were modeled as 

ammonium nitrate (NHସNOଷ). Ammonium nitrate, formed by the reaction between nitric acid 

(HNOଷ) and ammonia (NHଷ), is considered to be the dominant form of nitrate aerosols in fine-

mode particles due to the reduction of sulfate and the presence of abundant ammonia in the 

atmosphere (S. Yang et al., 2022). The mean soluble volume fraction for ammonium nitrate is 

0.67 (Petters & Kreidenweis, 2007), and, as a fully soluble aerosol, the hygroscopicity 

parameter was set equal to this value (Petters & Kreidenweis, 2007). Ambient temperature and 

relative humidity influence ammonium nitrate concentrations by controlling the partitioning of 

ammonium and nitrate between the gas and particulate phases (Seinfeld & Pandis, 2016). 

However, under the low-temperature conditions typical of cruise altitudes, ammonium nitrate 

is likely to remain in the solid phase, while still being a highly hygroscopic particle capable of 

facilitating heterogeneous nucleation (Martin, 2000; Tang & Munkelwitz, 1994). The 

interaction between ammonium nitrate and excess sulfuric acid, which could lead to a mixed 

solubility, is considered negligible for this analysis. 
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5.3 Results Analysis 

5.3.1 Comparison of Spatial and Temporal Jets 

5.3.1.1 Jet Phase Dynamics 

Dynamics properties are first examined as they primarily govern the evolution of contrail 

microphysical properties discussed thereafter. Figure 5.3 presents the centerline decay, defined 

as the axial velocity normalized by the jet exit velocity (ܸ ௝ܸ⁄ ), plotted against the streamwise 

distance from the nozzle exit plane normalized by the jet exit diameter (y/ܦ௝) for spatial and 

temporal modeling. To assess sensitivity, three perturbation amplitudes (A) were tested; 1%, 

5%, and 10%.  For the spatial jet, the inlet perturbation amplitude had no observable effect on 

the mean plume velocity (identical curves) once quasi-steady conditions were established. For 

the temporal jet, turbulence initialization at 0=ݐ s produced noticeable differences between 

amplitudes of 1% and 5%, while further increases beyond 5% had negligible impact. 
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Figure 5.3 Non-dimensional centerline velocity decay (ܸ ௝ܸ⁄ ) versus normalized axial 
distance (y/ܦ௝) for spatial and temporal jets at perturbation amplitudes 1%,5%, and 10% 

 

The axial normal (second-order) Reynolds stress 〈ݒᇱݒᇱ〉 ଴ܸଶ⁄  is plotted versus the self-similar 

radius ݎ ଵݎ ଶ⁄⁄  in Figure 5.4. All profiles decayed with ݎ ଵݎ ଶ⁄⁄  because the mean shear (and thus 

production of axial fluctuations) diminished outside the jet core and shear layer, so the variance 

relaxed toward ambient levels. An analogous behavior was observed for the streamwise and 

spanwise normal stresses, 〈ݑᇱݑᇱ〉 and 〈ݓᇱݓᇱ〉 (normalized by ଴ܸଶ), whose profiles nearly 

collapsed across cases and lied slightly below 〈ݒᇱݒᇱ〉 over the plotted range. The ordering 

reflects shear-layer thickness: higher initial perturbation intensities thickened the layer, 

reduced |߲ܸ ⁄ݎ߲ |, and lowered the stress peak. The spatial jet showed no measurable sensitivity 

across the tested amplitudes.  
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Figure 5.4 Axial normal Reynolds stress 〈ݒᇱݒᇱ〉 ଴ܸଶ⁄  versus normalized radius ݎ ଵݎ ଶ⁄⁄  in the 
self-similar region for spatial and temporal jets at perturbation amplitudes 1%,5%, and 10% 

 

In the literature, various criteria have been proposed for identifying vortices in turbulent flows. 

For this study, the ܳ criterion was selected, which is based on the second invariant of the 

velocity gradient tensor (∇ݑ). This means that ܳ is defined using the symmetric ( ௜ܵ௝) and 

antisymmetric (Ω௜௝) components of the velocity gradient tensor, which represent the rate of 

deformation and rate of rotation, respectively (Hunt, Wray, & Moin, 1988). These tensors are 

expressed as follows: 

 

௜ܵ௝ = ௝ݔ௜߲ݑ߲) +  ௜) (5.14)ݔ௝߲ݑ߲

Ω௜௝ = ௝ݔ௜߲ݑ߲) −  ௜) (5.15)ݔ௝߲ݑ߲

 

The ܳ criterion can then be defined as: 
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ܳ = 12 (Ω௜௝Ω௜௝ − ௜ܵ௝ ௜ܵ௝) (5.16) 

 

Using the Q criterion, vortex rings can be identified as regions where rotation dominates over 

strain in the shear layer, and these rings form due to Kelvin-Helmholtz instabilities in the 

interface between the turbulent jet and the stationary external medium (Sbrizzai, Verzicco, 

Pidria, & Soldati, 2004). In the spatial approach (Figure 5.5), the jet reached the self-similar 

region by ݕ ܴ⁄ > 20 (~0.34 s in convective time based on mean plume velocity). As such, 

instantaneous turbulent jet structures are illustrated at 1=ݐ s (convective time at quasi-steady 

state), showing a mature jet where visualized structures are largely dissipated downstream 

along the y-axis. 

 

Figure 5.5 Coherent turbulent structures visualized with iso-surfaces of ܳ criterion and 
colored by velocity magnitude at physical time of 1 s 
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Figure 5.6 Turbulence coherent structures visualized with iso-surfaces of ܳ criterion and 
colored by velocity magnitude, at different physical times for the temporal approach 

 

In Figure 5.6 (temporal approach), snapshots illustrate the evolution of the turbulent jet 

structures between t=0.25s and 1s starting from turbulence initialization at t=0s using 5% of 

perturbation amplitude. In the temporal approach, turbulent structures evolving from the initial 

condition appeared smaller and more fragmented than in the spatial case (Figure 5.5), where 

the turbulent jet attained a quasi-steady state. This difference in dynamics representation, 

temporal jet developing from an initial condition versus a spatial jet converged at a quasi-

steady state, may play a key role in driving contrail microphysics, as particle properties evolve 

alongside the jet dynamics properties. 

 

5.3.1.2 Jet Phase Microphysics 

Figure 5.7 compares the results from temporal and spatial simulations of the mean particle 

radius ̅ݎ௣ and the activated/ice number-based emission index ܫܧ௔௖௧,௜௖௘ (#/kg-fuel) for both soot-

only and ambient+soot particles, and shows that by 1 s the plume is past the soot activation 

phase. 
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In Figure 5.7(a) both jets show an induction period followed by growth of the ̅ݎ௣; the temporal 

jet increased earlier but reached equivalent ̅ݎ௣ to the spatial jet further downstream for soot-

only case. In Figure 5.7(b), adding ambient particles while it lowered ̅ݎ௣ in both temporal and 

spatial cases due to water vapor competition, it also increased the difference between temporal 

and spatial jets as compared to the soot only cases as illustrated in Figure 5.7(a). Consistent 

with the TI sensitivity presented for the jet dynamics in Figure 5.3-Figure 5.4, the 

microphysical response in Figure 5.7(c) is evaluated via the ܫܧ௔௖௧,௜௖௘ for three perturbation 

amplitudes (1%, 5%, 10%) in both spatial and temporal jets. Effects were most evident in the 

temporal jet, particularly between 1% and 5%, while differences diminished beyond 5%. The 

spatial jet was essentially insensitive over the 1–10% perturbation amplitude range. 

Accordingly, remaining results were provided at 5% of perturbation amplitude. Comparing 

Figure 5.7(c-d) shows that the temporal jet, whose dynamics evolve from an initial condition, 

produces a higher ice number by entraining more ambient particles than the spatial jet, whose 

microphysics develop within a quasi-steady state. Specifically, the temporal jet undergoes an 

early artificial supersaturation burst that activates soot and incorporates a larger contribution 

of ambient particles as compared to the spatial jet. 

 

Quantitatively, a closer agreement with the measurements of Voigt et al. (2025), where  ܫܧ௜௖௘ ≈4.5 × 10ଵସ #/kg-fuel at ܫܧ௦௢௢௧ ≈ 10ଵହ #/kg-fuel, was obtained with the spatial results, whereas 

the temporal predictions were slightly higher. Consistency with low fuel sulfur (HEFA-SPK) 

conditions was also indicated by Märkl et al. (2024): the median ܫܧ௜௖௘ (≈ 3 × 10ଵସ #/kg-fuel) 

was roughly one-half of the median ܫܧ௦௢௢௧ (≈ 6 × 10ଵସ #/kg-fuel). Moreover, as shown by 

Kärcher and Yu (2009), soot-rich plumes are soot-controlled at formation, implying that 

entrained ambient aerosol contributes little during the first second. Consistent with this, the 

spatial runs showed a smaller and more physically plausible difference between soot-only and 

soot+ambient cases than the temporal runs, reinforcing the spatial jet as the more realistic 

benchmark for near-field comparisons. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.7 Jet phase (up to 1 s) evolution for spatial jet (solid) and temporal jet (dashed) 
simulations. Top row: plume-mean particle radius for (a) soot-only and (b) soot+ambient. 

Bottom row: emission index of activated/freezing particles for (c) soot-only and (d) 
soot+ambient. Panel (c) includes perturbation amplitude sensitivity (1%, 5%, 10%); panels 

(a), (b), and (d) use 5% 

 

At an early plume age (~1 s), Figure 5.8 shows the particle number–size distributions ݀ܫܧே ⁄(௉ܦ)݃݋݈݀  for the temporal and spatial LES cases with soot-only and soot+ambient 

scenarios. Consistent with the initial dry core radii, 20 nm for soot and 30 nm for ambient 
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particles, the spectra exhibited a nucleation mode in the sub-0.1 μm range (peak ≈0.06–0.08 

μm) and a growth mode near 0.3–0.5 μm. In both frameworks, adding ambient particles 

increased the number of ice crystals, most prominently in the temporal jet case, where the 

transient supersaturation burst activated a larger fraction of nuclei as shown in Figure 5.7(c-d). 

In contrast, the mean particle radius ̅ݎ௣ was smaller with soot+ambient than with soot-only 

(Figure 5.7(a-b)): the larger activated population partitions condensable water and latent-heat 

release over more crystals, reducing per-particle growth. Thus, at 1=ݐ s the soot+ambient case 

yielded more particles but with a smaller radius, whereas soot-only yielded fewer particles with 

larger radius. These effects were stronger in the temporal jet owing to its sharper 

supersaturation history; the spatial jet showed the same tendencies but with a slower rise and 

lower plateaus as the reference modeling approach. 

 

 
(a) 

 
(b) 

Figure 5.8 Particle number–size distributions ݀ܫܧே ⁄(௉ܦ)݃݋݈݀  at 1=ݐ s for spatial jet (solid) 
and temporal jet (dashed) simulations. (a) soot-only case; (b) soot+ambient case 

 

Figure 5.9 illustrates temporal jet qualitatively for both soot-only (Figure 5.9(a)) and 

soot+ambient (Figure 5.9(b)) at 0.5=ݐ s. In both cases crystals clustered along the shear layer 

where ௜ܵ≳1, but the soot+ambient case displayed a denser crystal population and a 



197 

thinner/high-S layer. Conversely, the soot-only case showed fewer crystals and more unfrozen 

particles persisting in regions with lower ௜ܵ. 
 

 
(a) 

 
(b) 

Figure 5.9 Instantaneous field from the temporal jet at 0.5=ݐ s. The center-plane shows the 
ice saturation ratio ௜ܵ (colored slice), with Lagrangian particles overlaid: (a) soot-only and 
(b) soot+ambient. White spheres denote activated (frozen) ice crystals; colored spheres are 

unfrozen aerosol particles shaded by their local ௜ܵ 
 

Instantaneous fields from the spatial LES at 0.5=ݐs, contrasting soot-only with soot+ambient 

microphysics are shown in Figure 5.10. In both cases, the near-nozzle centerline was initially 

sub-saturated with respect to ice ( ௜ܵ<1); turbulent mixing subsequently raised ௜ܵ>1 and 

triggered soot activation. With ambient aerosols, the number of activated particles was higher 

and their distribution broader, reflecting the larger pool of nuclei. While in the soot-only case, 

activation was weaker, and crystals remained concentrated within the plume core. 
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(a) 

 
(b) 

Figure 5.10 Instantaneous field from the spatial jet at 0.5=ݐ s. The center-plane shows the ice 
saturation ratio ௜ܵ (colored slice), with Lagrangian particles overlaid: (a) soot-only and (b) 

soot+ambient 
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5.3.2 Vortex Phase: Effect of Initialization from Temporal vs. Spatial Jets 

5.3.2.1 Vortex Phase Dynamics 

At the onset of the vortex phase, an axisymmetric Lamb–Oseen vortex was superposed at the 

domain center onto the instantaneous jet fields from the temporal and spatial frameworks. Each 

jet solution was advanced to ݐ௝ =0.12 s and ݐ௝ =0.5 s prior to vortex initialization. Figure 5.11 

illustrates the imposed Lamb–Oseen field for the spatial jet at both plume ages of vortex 

initialization. The concentric rings represent the azimuthal-velocity distribution, and the 

localized high-speed region delineates the jet core. Consistent with the jet phase results, the 

vortex initialized at 0.5 s exhibited faster dissipation and therefore lower velocity magnitudes 

than the 0.12 s case. These fields constituted the initial conditions for the subsequent jet/vortex 

interaction analysis. 

 

 
a) Vortex phase initialized at 0.12=ݐ s 

 
b) Vortex phase initialized at 0.5=ݐ s 

Figure 5.11 Velocity magnitude contours in the lateral plane at the first time-step after 
initializing the Lamb–Oseen vortex at the domain center, superimposed on a partially 

evolved jet flow field up to (a) ݐ௝ = 0.12 s and, (b) ݐ௝ = 0.5 s 
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Figure 5.12 compares the dilution ratio during the jet and vortex phases. In both temporal and 

spatial cases, the profiles for vortex initialization times (ݐ௝ =0.12 s and ݐ௝ =0.5 s) coincide up 

to the vortex switch, as they follow the same jet-only evolution before vortex onset. The rapid 

increase in dilution observed at 0.12=ݐ s marked the kinematic onset of wake–vortex 

entrainment, consistent with the canonical spatial criterion x≈0.5–1 B mapped via ݐ = ݔ ܷஶ⁄ , 

as discussed by Roberto Paoli and Garnier (2005). Following the initial near-field regime, all 

cases entered a vortex-dominated phase in which the dilution ratio grew approximately as a 

power law with a slope in agreement with the Ulrich Schumann et al. (1998) mixing line. The 

offset relative to the Schumann line was expected because the latter was an empirical fit 

anchored near 1=ݐ s and derived from heterogeneous near-field data (some inferred rather than 

directly measured), with acknowledged scatter in the jet phase; consequently, its baseline 

dilution differed from that in the present study. 

 

The temporal jet initialization produced a larger early-time dilution, reflecting stronger jet 

phase mixing as compared to the spatial jet initialization. Beyond approximately 0.5–1 s, all 

curves differed mainly by a vertical offset (a memory of the initial jet mixing) but exhibited 

similar growth rates up to 6 s. Notably, after 0.5 s, the cases initialized from the spatial jet 

fields remained closer to each other than those from the temporal framework. Overall, these 

results indicated that vortex phase entrainment was robust to the choice of jet initialization, 

although the absolute dilution level at a given time remained sensitive to the near-field jet 

mixing prior to ݐ௝ = 0.12 s. 
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Figure 5.12 Dilution ratio versus plume age ݐ during the vortex phase. A Lamb–Oseen vortex 
is imposed on temporal (blue) and spatial (black) jet fields at two initialization times: ݐ௝ =0.12 s (star markers) and ݐ௝ =0.5 s (solid lines). The red line shows the Ulrich Schumann 

et al. (1998) mixing law for young plumes 

 

Tangential velocity profiles versus radial distance for simulations initialized at ݐ௝= 0.12 s and ݐ௝=0.5 s from both temporal and spatial jets up to 6 s are compared in Figure 5.13. In all cases, 

the tangential velocity rose from zero, peaked near the core, and then decayed with radius. 

With increasing y/R, the peak shifted outward and its magnitude decreased, indicating core 

growth with approximately conserved circulation (J.-C. Khou et al., 2015). Differences were 

confined to the near field. Temporal jet initializations produced a sharper core and higher early 

peak; most pronounced for the initialization at ݐ௝= 0.12 s case. In contrast, spatial jet 

initializations yielded a broader core and lower peak. However, both the peak location and the 

outer-radius decay became increasingly similar downstream at y/R=10, showing that vortex 

phase dynamics rapidly reduced sensitivity to the choice of jet initialization while maintaining 

the canonical Lamb–Oseen-like evolution of the vortex core. 
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(a) 

 
(b) 

Figure 5.13 Tangential-velocity profiles ఏܸ(ݎ) of the imposed Lamb–Oseen vortex in a 
lateral plane, sampled at y/R=5 and y/R=10, for spatial- and temporal-jet initializations: (a) 

initialization at ݐ௝= 0.12 s; (b) initialization at ݐ௝= 0.5 s 

 

Tangential velocity profiles at 2 and 6 s of plume age from temporal and spatial jet simulations 

with initialization times of ݐ௝= 0.12 s and ݐ௝= 0.5 s were compared with the in-situ 

measurements of Köpp (1999) behind a Boeing B707 in Figure 5.14. The A320neo simulated 

in this study has a wingspan approximately 8 m shorter than that of the B707, which contributes 

to the generally higher tangential velocities observed in the experimental data due to the 

dependence of vortex strength on wingspan. The temporal jet simulations showed the highest 

velocity at both initialization time of ݐ௝= 0.12 s and ݐ௝= 0.5 s for the plume age of 2 s, slightly 

above the experimental range. The spatial-jet initialization results fell mostly within the 

experimental range, indicating closer alignment in velocity magnitude. As the plume evolved, 

the discrepancy between the temporal and spatial simulations diminished, with the temporal 

results progressively converging toward the spatial profiles. 

 



203 

 

Figure 5.14 Tangential velocity profiles ఏܸ(ݎ) radial distance at plume ages of 2 s (thin lines) 
and 6 s (thick lines) for cases initialized from spatial and temporal jet fields at ݐ௝= 0.12 s and ݐ௝= 0.5 s. The gray shaded band shows in-situ measurements behind a Boeing 707 reported 

by Köpp (1999) 

 

5.3.2.2 Vortex Phase Microphysics 

For the microphysical comparison, simulations were run for both jet initialization approaches 

(temporal and spatial) at two jet ages (0.12 s and 0.5 s), each with two aerosol compositions 

(soot-only and soot+ambient). This design isolated the role of ambient particles during the 

vortex phase and related it to the jet phase differences previously observed. In Figure 5.15, the 

vortex was initialized from the temporal jet profile at ݐ௝= 0.12 s for both compositions (soot-

only and soot+ambient). Colors indicate the ice-particle radius (ݎ௣) in a lateral plane at a plume 

age of 1 s. Adding ambient aerosol yielded more particles with smaller ݎ௣ and a more diffuse 

envelope; the soot-only case formed larger crystals concentrated along the compressive spiral 

arms of the wake. 
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(a) (b) 

Figure 5.15 Particle radius ݎ௣ distribution at a plume age of 1 s in a lateral plane of the 
Lamb–Oseen vortex, for cases initialized from the temporal jet profile at ݐ௝= 0.12 s: (a) soot-

only and (b) soot+ambient 

 

Although wake-vortex entrainment of the jet begins within x≈0.5–1 B, the microphysical 

response lags the kinematics (Roberto Paoli & Garnier, 2005). Vortex roll-up and strain first 

amplified adiabatic cooling and entrainment, building plume-mean supersaturation; only 

thereafter did condensational growth proceed (Naiman et al., 2011; Unterstrasser & Sölch, 

2010). Figure 5.16 shows the temporal evolution of the mean ice saturation ratio ܵ ௪̅ over plume 

during the first 6 s behind the aircraft for the temporal and spatial profile initializations of the ݐ௝= 0.12 s. The thermodynamic onset manifested as a rapid rise in the plume mean saturation 

ratio and typically emerged around 0.7–0.4≈ݐ s, with its magnitude sensitive to the jet fields 

used for initialization. The temporal-initialized plumes attained an earlier and higher maximum 

supersaturation, about ܵ௪̅≈1.9 versus ܵ ௪̅≈1.6 for spatial initialization in the soot-only case, and ܵ௪̅≈1.5 versus ܵ௪̅≈1.3 when ambient aerosols were included. These higher early peaks were 

consistent with the stronger early mixing and scalar gradients inherited from the temporal jet 

fields. Following the peak, ܵ௪̅ declined as mixing and condensational sinks acted; however, 

the spatial initialization exhibited a slower decay and sustained a slightly higher 

supersaturation. Comparing compositions, adding ambient particles slightly reduced the peak 
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supersaturation and accelerated its decay, reflecting enhanced vapor uptake by the larger 

population of activated particles. 

 

 
(a) 

 
(b) 

Figure 5.16 Mean actual water saturation ratio, ܵ௪̅, versus time ݐ during the vortex phase for 
cases initialized at from spatial and temporal jet profiles at ݐ௝= 0.12 s: (a) soot-only and (b) 

soot+ambient 

 

Across the soot-only and soot+ambient cases in vortex phase starting at ݐ௝= 0.12 s, as shown 

in Figure 5.17(a-b), the plume-mean radius, ̅ݎ௣, rose rapidly during onset (≈0.4–0.7 s) and then 

grew more slowly through vortex development. Temporal-jet initialization yielded slightly 

larger radii during the early supersaturation burst (1>ݐ s); at 1≈ݐ s the difference is modest for 

soot-only but more pronounced for soot+ambient. The spatial-initialized cases maintained 

higher late-time ܵ௪̅ (Figure 5.16), overtook the temporal curves (crossovers at ≈1.7 s for soot-

only and ≈3.8 s for soot+ambient), and finished larger at 6 s. Overall, at ݐ௝= 0.12 s, temporal–

spatial differences were small; later, the spatial case showed a small acceleration in growth and 

ended slightly larger. 

 

In the soot-only case during the vortex phase (Figure 5.17(c)), the evolution of ܫܧ௔௖௧,௜௖௘ through 1≈ݐ s mirrored the jet-only trends of Figure 5.7(c) for the temporal jet initialization, with 
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minimal change induced by the vortex. By contrast, the case initialized from the spatial jet (in 

Figure 5.17(c)) showed a rise in ܫܧ௔௖௧,௜௖௘ once the flow was mapped to the temporal jet/vortex 

framework (in comparison to Figure 5.7(c)). Activation and freezing peaked before 1 s; 

thereafter the temporal–spatial gap remained nearly constant at ≈12% through 6 s. In the 

soot+ambient case as shown in Figure 5.17(d), the early evolution up to 1 s was likewise 

consistent with the jet-only behavior; the larger number of nuclei introduced by ambient 

particles narrowed the temporal–spatial difference, which settled to ≈2% by 6 s. Thus, wake-

vortex dynamics did not significantly change the final ܫܧ௔௖௧,௜௖௘; the persistent offset primarily 

reflected the initial jet history and the mapping of the spatial jet to the temporal framework at 

vortex onset. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.17 Vortex phase (0.12–6 s) evolution for initialization from spatial jet (solid) and 
temporal jet (dashed) simulations at ݐ௝= 0.12 s. Top row: plume-mean particle radius for (a) 
soot-only and (b) soot+ambient. Bottom row: emission index of activated/freezing particles 

for (c) soot-only and (d) soot+ambient 

 

Given the relative sensitivity to jet initialization observed in Figure 5.17, the vortex phase in 

Figure 5.18 was initialized from a more mature jet state at ݐ௝= 0.5 s. Figure 5.18(a-b) showed 

that this later initialization produced systematically smaller mean particle radii than the ݐ௝= 

0.12 s initialization cases in Figure 5.17. By ݐ௝= 0.5 s, jet phase entrainment had already diluted 



208 

the exhaust and smoothed scalar fluctuations, reducing the excess water vapor per unit jet 

length and the potential for strong ice supersaturation after vortex onset. Thus, even though the 

supersaturation maximum still occurred before 1 s, its magnitude was lower, leading to slower 

growth. As in Figure 5.17, the presence of ambient aerosols reduced the temporal, spatial 

disparity and promoted late-time convergence. 

 

Moving to Figure 5.18(c-d), the ܫܧ௔௖௧,௜௖௘ increased in all cases relative to Figure 5.17(c-d), 

reflecting additional activation during the longer jet phase preceding vortex onset. The rise was 

more pronounced in the soot-only case and more modest in soot+ambient case, which was 

closer to an activation ceiling due to the larger nuclei pool. Unlike Figure 5.17(c-d), delaying 

vortex onset reduced per-crystal growth while increasing crystal number, with levels governed 

primarily by jet history and initialization (temporal vs spatial). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.18 Vortex phase (0.5–6 s) evolution for initialization from spatial jet (solid) and 
temporal jet (dashed) simulations at ݐ௝= 0.5 s. Top row: plume-mean particle radius for (a) 
soot-only and (b) soot+ambient. Bottom row: emission index of activated/freezing particles 

for (c) soot-only and (d) soot+ambient 

 

5.4 Conclusion 

This study assesses how the near-field dynamics modeling, temporal vs spatial LES of the 

engine jet, affects contrails microphysical properties. It also examines vortex-phase 

initialization for both jet approaches at two jet ages (ݐ௝= 0.12 s and ݐ௝= 0.5 s), corresponding 
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to the pre-development and developed microphysical stages. Ice microphysics in all cases is 

represented using an online-coupled Lagrangian scheme. Analyses are conducted in a 

supersaturated environment and under soot-rich plume conditions, considering emissions from 

a rich-burn LEAP-1A engine. The effect of ambient aerosols on ice formation is also 

investigated (soot-only and soot+ambient scenarios). 

 

In the jet phase, the temporal jet, evolving from an initial condition, remains more sensitive to 

initial perturbations than the spatial jet, whose dynamic properties at quasi-steady state are less 

affected by inlet disturbances. Regarding the microphysical properties, temporal jets trigger 

earlier artificial activation and a steeper initial growth of mean particle radius ̅ݎ௣, yielding 

slightly larger ̅ݎ௣ in the early plume than the spatial cases. Further downstream after these 

transients, the temporal jet reaches overall similar ice microphysical properties to the spatial 

jet; with differences of the same order of magnitude in both the mean ice radius and ice 

number-based emission index (ܫܧ௔௖௧,௜௖௘). In all cases, adding ambient particles increase ܫܧ௔௖௧,௜௖௘; the increase is larger for the temporal case, widening the temporal–spatial gap and 

indicating stronger sensitivity of the temporal jet to ambient entrained nuclei, especially at 

early plume where transient effects from turbulence initialization dominates. 

 

In the vortex phase, spatial/temporal jet simulations are used to initialize the jet/vortex 

interactions at ݐ௝= 0.12 s and ݐ௝= 0.5 s. With early onset of the vortex phase, ice number 

concentration is primarily inherited from the jet phase, and differences between temporal and 

spatial jet initializations diminish with plume age, indicating a limited impact of wake-vortex 

on ice particle number. Delaying the vortex onset yields relatively smaller particle radii and a 

slightly higher ice concentration number. While ambient aerosols increase ice number overall, 

they concurrently slow crystal growth via water vapor competition, thereby reducing 

sensitivity to vortex initialization. 

 

The choice of dynamic-modeling approach for contrail simulations is inherently linked to the 

soot emission regime and ambient humidity. In soot-rich and strongly supersaturated 

environments, where engine-emitted nuclei dominate ice formation, both temporal and spatial 
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approaches yield comparable microphysical outcomes once the plume has matured, making 

the temporal approach a practical, cost-effective alternative. Conversely, in low-soot or soot-

free conditions, such as those expected for future low-emission SAF or hydrogen-fueled 

engines, ice formation becomes more sensitive to ambient aerosol entrainment and to the 

detailed representation of mixing and turbulence development. In such regimes, spatial 

simulations may be more suitable, as they better capture the gradual evolution toward a quasi-

steady state and provide a more realistic description of the entrainment-driven activation of 

ambient particles. 

 

One should note that our analysis highlights the need to assess sensitivity to initial 

perturbations, particularly in the temporal framework, where early plume development directly 

depends on the initial turbulence field. Ideally, this should be addressed through ensemble 

simulations or, at minimum, by considering multiple perturbation amplitudes to ensure a robust 

statistical characterization of microphysical properties. 
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CONCLUSION 

This thesis developed and validated a high-fidelity numerical framework integrating 

computational fluid dynamics (CFD) and aerosol microphysics to study the formation of ice 

crystals in aircraft engine exhaust plumes. The objective was to develop a modeling tool to 

simulate the exhaust-jet flow downstream of a realistic turbofan and its early entrainment into 

the wake-vortex. The tool integrates microphysical processes to characterize the initial 

properties of ice particles. This objective was achieved by structuring the research into three 

sub-objectives. 

 

To address Sub-Objective 1, a microphysics module was developed and online-coupled to the 

FludiLES CFD solver, enabling high-fidelity 3D large eddy simulations (LES) of soot-

dominated aircraft engine exhaust in the near-field jet regime. The gaseous phase was treated 

in an Eulerian framework, while soot particles were tracked individually in a Lagrangian 

framework for activation, condensation, sublimation and freezing. This configuration was 

applied to realistic turbofan engines spanning different bypass ratios (bpr) to isolate how the 

bypass flow and bpr shape early contrail microphysics. First, results were interpreted relative 

to an equivalent single-stream (turbojet) configuration at matched specific thrust to separate 

the bypass effect. Adding a bypass flow was associated with enhanced core–ambient mixing 

and an increase of up to ~30% in the mean ice particle radius in the jet regime, relative to the 

matched-thrust single-stream case. Then, across three representative engines—CFM56-5B3/3 

(low-bpr), LEAP-1A/33 (high-bpr), and an UHBR (ultra-bpr) case—and ambient temperatures 

of 215, 220, and 225 K, distinct early-plume behaviors were observed. Higher bypass ratios 

were associated with reduced sensitivity of initial contrail properties to ambient temperature. 

The UHBR configuration exhibited the smallest temperature-driven variability, whereas the 

lowest-bpr engine showed the strongest dependence. The fraction of activated/freezing 

particles was highest for the UHBR engine, lower for the high-bpr engine, and lowest for the 

low-bpr engine, indicating that greater bypass ratios expedite activation through enhanced 

mixing. These conclusions apply to the jet regime; after ≈0.6 s, inter-engine differences in 
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mean radius and activation fraction diminish, indicating that subsequent evolution is expected 

to depend on jet/vortex coupling not modeled here. 

 

Within FludiLES, building on the framework established thus far, Sub-Objective 2 was 

addressed by extending the microphysical model to incorporate the solubility effect through 

the κ-Köhler theory for soot particle activation and subsequent microphysical processes. The 

3D LES with online-coupled microphysics model was then compared against an 0D offline 

box model. The study systematically varied (i) the hygroscopicity parameter (κ) to represent 

solute effects, (ii) the soot number emission index to control the initial particle abundance and 

vapor competition, and (iii) the initial dry soot-core radius to probe size-dependent activation 

and condensational growth. Validation was performed by reproducing a published baseline 

case and by constructing a methodological comparison against a 0D offline box model driven 

by plume-mean dilution and temperature histories extracted from LES.  

 

Under LEAP-1A cruise conditions and jet regime evolution, the κ-Köhler microphysical model 

clarified the controls of soot properties on initial contrail microphysics. Decreasing κ from 

0.0142 to 0.0005 (lower effective fuel sulfur content) slightly reduced mean particle radii yet 

increased the activated/freezing fraction, owing to the greater persistence of supersaturation 

before vapor is depleted by early activations. Reducing the soot number emission index in two 

steps increased the mean particle radius and raised the activated fraction, reflecting weaker 

competition for water vapor. Increasing the initial dry soot core radius (10→30 nm) advanced 

activation and increased the activated fraction, with mean radius differences that narrowed by 

the end of the jet regime as growth proceeded. 

 

The online–offline coupling test demonstrated that the 0D offline box model (lacking 3D 

particle positions and vapor-sink feedback) overpredicted ice number and misrepresented κ-

sensitivity (showing a slight increase of activation with higher κ), whereas the 3D online-

coupled microphysics with LES consistently yielded lower activation at higher κ and captured 

deactivation due to local vapor competition. Consequently, online coupling is required for 

reliable prediction and for parameterizations intended for numerical models.  
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In Sub-Objective 3, building upon the previous improvements, ambient particles were added 

to the microphysical model as a second type along with soot particles. To extend the analysis 

into the vortex phase, the Lamb–Oseen wake–vortex domain was applied to the two LES jet 

modeling approaches (spatial and temporal) under cruise conditions representative of an 

Airbus A320neo with a LEAP-1A engine. Results were obtained by comparing temporal and 

spatial jet phase LES formulations, quantifying their effects on early contrail microphysics 

under soot-only and soot+ambient aerosol scenarios, and deriving modeling guidance for 

vortex phase initialization at two jet ages (0.12 s and 0.5 s). In jet-only simulations, the 

temporal jet mixed laterally faster, triggered earlier activation, and produced larger and more 

numerous ice particles, whereas the spatial jets decayed more gradually and retained stronger 

scalar gradients, favoring a smaller sizes distribution. Ambient aerosol increased ice number 

but slowed growth via vapor competition, thereby reducing sensitivity to the jet modeling. 

 

Computational limits prevent fully spatial modeling of long jet/vortex runs, motivating 

alternatives to improve the current options. Using results from the spatial and temporal jets, an 

early vortex onset was imposed; under this early onset, differences between the formulations 

faded over time, with the ice number remaining near jet-only levels, particularly for the 

temporal initialization. The mean ice-crystal radius was initially higher for the temporal 

initialization—as in the jet phase—but later in the vortex phase the spatial initialization slightly 

overtook it, owing to greater vapor available per ice crystal. With a later vortex onset, more jet 

phase properties are preserved and exert greater influence. The mean ice-particle radius 

remains larger for the temporal initialization, though the gap narrows downstream in the vortex 

phase. The ice number becomes higher for the spatial initialization, reflecting the longer jet 

history and greater vapor available per ice crystal, thereby reversing the early-onset ordering. 

Inclusion of ambient aerosol produced the same qualitative effects as in the jet phase: 

increasing number, decreasing radius, and damping sensitivity to the modeling choice. 

 

In conclusion, this thesis advances aircraft-engine emissions modeling by integrating realistic 

turbofan parameters under cruise conditions with an online-coupled LES–microphysics 
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framework that resolves soot and ambient aerosols through the jet phase and into early vortex 

entrainment. By systematically comparing temporal and spatial LES formulations and 

benchmarking online versus offline microphysical coupling, the developed framework 

provides a robust basis for assessing contrail-related aviation-climate impacts and enables 

systematic sensitivity and uncertainty analyses in numerical modeling. 

 

 

 



 

RECOMMENDATIONS 

 

Based on the work carried out in this thesis, several improvements and future developments 

can be considered to refine the modeling of contrail formation. 

 

FludiLES Dynamic Field Export for Offline Use 

High-fidelity, time-resolved flow fields for the jet and vortex phases are provided by FludiLES. 

Because the code is non-dimensional, its outputs can be rescaled and reused in offline analyses. 

To enable robust offline use, two complementary export paths are recommended for FludiLES: 

 Implementing a high-density Lagrangian tracer pathway in FludiLES by advecting 

massless particles through the resolved 3D velocity field with a high-order Runge–

Kutta integrator, using trilinear spatial and linear-in-time interpolation. Seed tracers 

with a stratified/low-discrepancy pattern across plume cross-sections and periodically 

reseed to maintain domain coverage as parcels exit. Along each path line, record time-

stamped samples of the key fields (ݑ, ,ܲ,ܶ,ݓ,ݒ ௩ܻ,ߩ) and the passive-scalar mixing 

field Z. Export two products: (i) raw trajectory records for downstream diagnostics; 

and (ii) ensemble summaries aggregated by time and space (means, variances, 

quantiles, PDFs, and coverage metrics) for rapid statistical analysis. 

 Partitioning the simulation domain into volumetric zones (axial slabs, radial shells, or 

azimuthal sectors) to enable offline use of heavy LES outputs. At each output time, 

compute volume weighted aggregates of the required Eulerian fields (means, variances, 

minima, maxima). Write a compact matrix for each time step with zones as rows and 

variables as columns, and include a small zone index table that lists the spatial bounds 

and volume of every zone. 

 

Offline Implementation of the FludiLES Lagrangian Microphysics 

An offline version of the FludiLES Lagrangian microphysics can be implemented that 

preserves the in-solver parcel state vector, rate equations, and parameterizations. Flow forcing 

may be supplied by time-resolved Eulerian fields, interpolated in space and time to parcel 
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positions, or by precomputed Lagrangian path lines carrying the required thermodynamic 

histories. Additional particle classes beyond soot and ambient can be represented, including 

volatile aerosols, organics and ions. Chemical reactions can be included along prescribed 

trajectories. To capture greater soot detail, soot-specific processes such as coagulation or 

aggregation should be incorporated where relevant. This flexibility enables detailed evaluation 

of sustainable aviation fuels (SAF), including their emission characteristics and aerosol 

composition effects. 

 

Incorporate Environmental Heterogeneity and Distributions 

The present work was carried out in a homogeneous environment without vertical variation in 

temperature, humidity, or wind. Under real cruise conditions, however, the distribution and 

vertical structure of ambient parameters, especially relative humidity, may alter microphysical 

evolution, and background shear, static stability, and thermal gradients can strongly influence 

wake development, thereby affecting predictions of contrail persistence. Sensitivity studies 

across these profiles and distributions should be performed to assess the robustness of the 

results and to better align simulations with in-situ observations at altitude. 

 

Introducing MPI and Improving OpenMP efficiency 

Given the high computational cost of FludiLES, especially for spatial jet and vortex phase 

simulations, enhanced parallel scalability is recommended. The code currently relies solely on 

OpenMP and exhibits limited efficiency, while MPI capability is absent. MPI support for 

spatial runs should be implemented and, where appropriate, a hybrid MPI and OpenMP 

execution mode enabled. With robust parallelization in place, larger domains and longer 

integrations can be run within practical wall-clock times, enabling broader parametric studies. 

 

Adopt GPU Solvers for Spatial Jet/Vortex Simulations in FludiLES 

To run the vortex phase in FludiLES, including jet/vortex interaction and far-field, at full-

domain spatial resolution, it is recommended to adopt graphics processing unit (GPU)–

accelerated solvers. These solvers exploit GPU parallelism to deliver faster turnaround and 
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enable more detailed analyses. Given the availability of GPU resources on modern clusters, 

updating the code to support GPU execution is advisable. 
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