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[Zhaojing NI] 

 
[Expérience Rainbow et étude numérique sur les caractéristiques 

d'évaporation des gouttelettes] 
 

Résumé : 
L'évaporation des gouttelettes est omniprésente dans de nombreuses industries et applications biologiques. 
L'évaporation des gouttelettes dans les moteurs est essentielle pour le comportement de combustion du 
carburant pulvérisé et les performances d'émission. Les recherches sur le processus d'évaporation de 
différents types de gouttelettes dans des conditions ambiantes complexes sont essentielles pour obtenir une 
combustion propre et efficace. Ce travail applique les approches expérimentales et de simulation pour mettre 
en lumière l'influence conjointe des conditions ambiantes et du type de combustible liquide sur le 
comportement d'évaporation des gouttelettes. Premièrement, un modèle d'équilibre vapeur-liquide non idéal 
basé sur le modèle de conductivité et de diffusivité effectives a été créé et validé. Deuxièmement, le système 
expérimental d'évaporation de gouttelettes basé sur la technique de l'arc-en-ciel a été conçu et mis en place. 
Un algorithme d'inversion a été proposé en tenant compte de l'impact du gradient d'indice de réfraction et du 
changement de forme de la gouttelette sur l'angle arc-en-ciel. Les distributions de diamètre et de température 
des gouttelettes en vaporisation dans des conditions de haute température ont été mesurées simultanément. 
De plus, les processus d'évaporation de gouttelettes binaires mono et éthanol/heptane dans différentes 
conditions ont été étudiés avec des méthodes expérimentales et de simulation. Les résultats révèlent une 
inversion de l'ordre d'évaporation des composants éthanol et heptane à la surface des gouttelettes lorsque le 
composant plus léger éthanol domine le mélange. La comparaison de l'indice de réfraction entre les mesures 
de l'arc-en-ciel et les prédictions du modèle confirme la précision du modèle d'équilibre vapeur-liquide non 
idéal dans la prédiction du comportement d'évaporation préférentiel de la gouttelette binaire pour la première 
fois. 
Mots clés : Évaporation des gouttelettes, Réfractométrie arc-en-ciel, Modèle d'évaporation binaire, 
Évaporation préférentielle, Détection de température 

[Rainbow Experiment and Numerical Study on the Evaporation 
Characteristics of Droplets] 

 
Summary : 
Droplet evaporation are ubiquitous in many industries and biological applications. The evaporation of droplets 
in engines is critical for the combustion behavior of fuel spray and the emission performance. The 
investigations on the evaporation process of different kinds of droplets under complex ambient conditions are 
essential to achieve clean and efficient combustion. This work applies the experimental and simulation 
approaches to shed a light on the joint influence of ambient conditions and liquid fuel type on the evaporation 
behavior of droplets. Firstly, a non-ideal vapor-liquid equilibrium model based on the effective conductivity and 
diffusivity model has been created and validated. Secondly, the droplet evaporation experimental system 
based on the rainbow technique has been designed and established. An inversion algorithm has been 
proposed by taking into account the impact of refractive index gradient and shape change of droplet on the 
rainbow angle. The diameter and temperature distributions of vaporizing droplets under high-temperature 
conditions have been measured simultaneously. Furthermore, the evaporation processes of mono and 
ethanol/heptane binary droplets under different conditions have been investigated with both experimental and 
simulation methods. The results reveal an inversion of the evaporation order of ethanol and heptane 
components at the droplet surface when the lighter component ethanol dominates the mixture. The comparison 
of the refractive index between the rainbow measurements and model predictions confirms the accuracy of 
the non-ideal vapor-liquid equilibrium model in predicting the preferential evaporation behavior of binary droplet 
for the first time. 
Keywords : Droplet evaporation, Rainbow refractometry, Binary evaporation model, Preferential evaporation, 
Temperature detection 
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1. Introduction

Le transport et l'évaporation des gouttelettes sont omniprésents dans de

nombreuses industries et applications biologiques allant des moteurs à la gestion

thermique en passant par l'impression à jet d'encre, etc. Compte tenu de son

importance, le comportement d'évaporation ainsi que les facteurs d'influence et les

résultats ultérieurs ont reçu une grande attention dans différents domaines.

Pour comprendre le processus de transfert de chaleur et de masse des gouttelettes

en ce qui concerne son importance dans les applications pratiques, de nombreuses

recherches ont été menées jusqu'à présent. La section examine le développement et la

perspective des recherches sur l'évaporation des gouttelettes du point de vue de

l'expérience et de la simulation. Pour les études expérimentales, les gouttelettes

stationnaires suspendues avec un fil ou à l'aide d'approches

acoustiques/optiques/électriques et les gouttelettes mobiles en chute libre sont les

configurations de gouttelettes les plus courantes.

Par rapport à la configuration de la technique d'ombrage rétroéclairé pour

enregistrer le changement de taille des gouttelettes en suspension, la combinaison de

la technique de l'arc-en-ciel avec des gouttelettes en chute libre peut mesurer avec

précision plusieurs paramètres, notamment la taille, la température ou la concentration

des gouttelettes pendant le processus d'évaporation. Ces avantages sont non seulement

utiles pour révéler le mécanisme sous-jacent du processus d'évaporation, mais

également utiles pour la validation du modèle. En conséquence, ce travail adopte la

technique de l'arc-en-ciel pour étudier le processus d'évaporation du flux de

gouttelettes en ce qui concerne son potentiel et sa précision.

Les modèles d'évaporation de gouttelettes peuvent être classés dans le modèle

unidimensionnel classique et les simulations de la dynamique des fluides

computationnelle (CFD). Les avantages et les inconvénients du modèle 1D et de la

CFD sont nettement distincts. Comparé aux travaux CFD, le modèle unidimensionnel

d'évaporation d'une seule gouttelette est plus réalisable au niveau de la pulvérisation

car ils sont moins sollicités sur les ressources informatiques. Alors que le CFD donne

un aperçu de la dynamique 3D complexe et du processus de transport thermique au



détriment des ressources numériques. Dans ce cas, il faut équilibrer les bénéfices et

les coûts en fonction de la cible. Dans les applications pratiques, un grand nombre de

gouttelettes doit être considéré. La solution directe de ces équations de conservation

dans chaque gouttelette n'est pas abordable dans la modélisation de pulvérisation. Par

conséquent, un modèle simplifié pour prédire le transfert de chaleur et de masse est

nécessaire.

La modélisation des gouttelettes multicomposants reste une tâche difficile.

Chaque composant du mélange a un comportement d'évaporation différent. Les

différences dans la séquence d'évaporation et le taux d'évaporation conduisent à la

distribution temporelle et spatiale inhomogène de la concentration dans la phase

liquide. Le transfert de masse de chaque composant est considéré comme contrôlé par

diffusion. Lorsque les mélanges multi-composants sont composés de composants

ayant une grande différence de polarité, il est inapproprié de le traiter comme un

liquide idéal car l'équilibre de phase non idéal a un impact significatif sur le processus

d'évaporation. Par exemple, la combinaison de carburants alcooliques et de carburants

hydrocarbonés n'est pas un mélange idéal en raison de la polarité d'une molécule

d'alcool.

Visant la description précise du comportement d'évaporation des gouttelettes et

le développement de la théorie de l'évaporation et de la technique de mesure, la

combinaison de la méthode expérimentale et de l'approche de simulation a été utilisée

pour analyser le comportement d'évaporation des gouttelettes mono et binaires dans

différentes conditions. Du point de vue de la simulation, la littérature ci-dessus a

démontré la nécessité d'adopter un modèle simple mais fiable concernant

l'incorporation dans une échelle de pulvérisation avec un grand nombre de gouttelettes.

Par conséquent, un modèle amélioré basé sur le modèle de conductivité et de

diffusivité effectives a été proposé, qui intègre les impacts de la convection, les

paramètres physiques dépendant de la température, l'équilibre vapeur-liquide non

idéal du mélange et l'effet de la distance entre les voisins. gouttelettes. D'un autre côté,

un effort expérimental parallèle pour obtenir le comportement d'évaporation des

gouttelettes en mouvement demande de l'ingéniosité. Pour être réaliste, les

gouttelettes testées doivent être petites (de l'ordre de 100 μm) et exemptes de tout



dispositif de suspension. En conséquence, la combinaison de la technique arc-en-ciel

de haute précision avec des gouttelettes en chute libre a été utilisée pour mesurer

simultanément la taille, la température et la concentration des gouttelettes pendant le

processus d'évaporation. Un algorithme prenant en compte le gradient d'indice de

réfraction dans la phase liquide et le changement de forme a été développé pour

récupérer les paramètres d'évaporation à partir de l'image de diffusion, ce qui améliore

considérablement la précision du traitement des données. Ensuite, les processus

d'évaporation de gouttelettes binaires mono et éthanol/heptane avec différentes

conditions ont été étudiés avec des méthodes expérimentales et de simulation. La

thèse comporte principalement six chapitres :

Le chapitre 1 présente les applications et le contexte de l'évaporation des

gouttelettes. Les recherches expérimentales et les études numériques largement

adoptées dans l'étude des évaporations de gouttelettes ont été décrites. La nécessité

d'adopter les configurations expérimentales de la technique de l'arc-en-ciel avec les

gouttelettes en chute libre est décrite. Une revue de la simulation d'évaporation de

gouttelettes pose les bases de la thèse.

Le chapitre 2 décrit systématiquement la méthodologie expérimentale, y compris

l'ensemble de la configuration et chaque segment, la vérification de la théorie de

l'arc-en-ciel pour le post-traitement. Le paramètre physique du carburant testé et sa

dépendance à la température dans le présent travail ont également été introduits. Un

algorithme d'inversion est proposé pour le post-traitement des données expérimentales.

Sur cette base, la fiabilité et la répétabilité de la méthode de mesure ont été vérifiées.

Le chapitre 3 décrit les détails de la méthode numérique, y compris la description

physique, les hypothèses du modèle, la solution du processus de transfert de chaleur et

de masse et l'algorithme numérique. L'impact de la convection, les paramètres

physiques dépendant de la température, l'équilibre non idéal du mélange et l'effet de la

distance entre les gouttelettes voisines sont pris en compte. Par ailleurs, le modèle est

validé par des résultats expérimentaux et de simulation dans la littérature.

Le chapitre 4 se concentre sur le comportement d'évaporation transitoire des

gouttelettes d'éthanol et d'heptane par des mesures d'arc-en-ciel. Le diamètre des

gouttelettes récupérées et l'indice de réfraction des motifs arc-en-ciel ont été comparés



aux prédictions du modèle. En conséquence, les évolutions temporelles et les

distributions spatiales de la température sont obtenues. La différence entre les

prédictions du modèle et les résultats expérimentaux a été étudiée plus en détail.

Le chapitre 5 rend compte du comportement d'évaporation des gouttelettes

binaires d'éthanol et d'heptane obtenues par des méthodes expérimentales et de

simulation. L'influence de l'équilibre vapeur-liquide non idéal sur le comportement

préférentiel des gouttelettes binaires est observée et confirmée par les résultats

expérimentaux de l'arc-en-ciel. L'influence du couplage de la température ambiante,

de la pression et des compositions en phase liquide sur l'évaporation préférentielle des

gouttelettes est obtenue.

Le chapitre 6 résume les principaux résultats du présent travail et met en

évidence les innovations. Il parle également de l'effort requis dans les travaux futurs.

2. Méthodologie expérimentale

Ce chapitre décrit systématiquement la méthodologie expérimentale, y compris

la composition de l'ensemble de la configuration, le fonctionnement de chaque

segment, l'algorithme d'extraction des données. Les paramètres physiques du

combustible testé et leur dépendance à la température dans le présent travail sont

également introduits. Les procédures de post-traitement sont essentielles pour extraire

le diamètre des gouttelettes et l'indice de réfraction de la courbe d'intensité lumineuse

de diffusion. La précision de la méthode d'inversion des données est examinée. La

fiabilité et la répétabilité de la méthode de mesure ont également été vérifiées. Les

remarques finales sont résumées ci-dessous :

1. Le système expérimental d'évaporation de gouttelettes basé sur la technique de

l'arc-en-ciel a été conçu et établi, qui est principalement composé de la génération de

gouttelettes, de la chambre à haute température et du système d'image arc-en-ciel. Un

flux de gouttelettes stable peut être obtenu en ajustant la pression d'injection et la

fréquence d'excitation du générateur.

2. Un algorithme d'inversion a été proposé pour extraire simultanément le

diamètre des gouttelettes et les distributions de température des motifs de diffusion de

la lumière pour la première fois. La méthode améliore la précision du processus de



post-traitement en tenant compte de l'impact du gradient d'indice de réfraction et de la

modification du changement de forme sur l'angle arc-en-ciel.

3. La dépendance des modèles de diffusion sur le diamètre et l'indice de

réfraction a été révélée. Les résultats indiquent que l'indice de réfraction détermine la

position angulaire des motifs lumineux de diffusion tandis que le diamètre contrôle la

fréquence des pics principaux.

4. Les examens de fiabilité et de répétabilité ont été effectués pour garantir la

précision de la mesure de l'arc-en-ciel. Le diamètre aéré et le diamètre d'ondulation

évalués à partir des motifs aérés et des structures d'ondulation sont comparés au

diamètre obtenu par itération pour vérifier l'algorithme d'inversion.

3. Modèle d'évaporation des gouttelettes

Ce chapitre présente les détails de la méthode numérique. À partir de la

description physique et des hypothèses, l'algorithme numérique contient

principalement le transfert de chaleur et de masse dans la phase liquide, la diffusion

de masse dans la phase gazeuse et l'équilibre entre les phases liquide et gazeuse. Le

modèle est validé par des résultats expérimentaux et de simulation dans des références.

Les remarques conclusives sont les suivantes :

1. Un modèle d'équilibre vapeur-liquide non idéal basé sur le modèle de

conductivité et de diffusivité effectives a été créé. La méthode intègre l'impact de la

convection, les interactions entre les gouttelettes voisines, les paramètres physiques

dépendant de la température et les différences de polarité entre les différents

composants.

2. La validation expérimentale du modèle établi est faite à partir des aspects

diamètre et température. Le processus d'évaporation des mélanges multi-composants

ABE-diesel (acétone-butanol-éthanol et diesel) et du mélange binaire

éthanol/gouttelettes d'eau est simulé et comparé à la littérature.

3. La validation numérique est faite en imitant le même processus d'évaporation

de gouttelettes d'éthanol/iso-octane de la littérature. En outre, la capacité du modèle à

présenter l'impact de la concentration de vapeur ambiante est examinée en effectuant

le processus d'évaporation de gouttelettes binaires heptane-dodécane.



4. Caractérisation du flux de gouttelettes mono

Les caractéristiques d'évaporation transitoire des gouttelettes d'éthanol et

d'heptane en chute libre à des températures ambiantes de 373-473 K sont étudiées

dans ce chapitre avec la technique de l'arc-en-ciel. En analysant les motifs arc-en-ciel

capturés au voisinage de l'angle arc-en-ciel, la taille des gouttelettes, la température

équivalente de la gouttelette ainsi que les valeurs de température à l'intérieur de la

gouttelette ont été simultanément extraites. Certaines des conclusions sont résumées

comme suit :

1. Les pics primaires et les structures d'ondulation sont présentés distinctement

dans les images arc-en-ciel en utilisant la configuration expérimentale actuelle. On

observe que le motif arc-en-ciel se déplace vers des angles de diffusion inférieurs en

augmentant la température ambiante. Alors que la particule de plus grande taille a

tendance à avoir plus de pics dans la même plage d'angle de diffusion.

2. L'impact de la température ambiante, du diamètre initial des gouttelettes et du

type de combustible sur le taux de réduction de la taille des gouttelettes et le taux de

chauffage dans la phase liquide a été obtenu. Les résultats indiquent que les

gouttelettes moins volatiles sont plus susceptibles d'être affectées par le changement

de température ambiante ou la taille initiale des gouttelettes par rapport aux

gouttelettes plus volatiles.

3. Les mesures expérimentales montrent un bon accord avec les résultats de

simulation dans la variation de diamètre. Cependant, on observe l'écart entre les

températures mesurées et les valeurs prédites, qui provient du gradient de température

dans la phase liquide.

4. La distribution parabolique de l'indice de réfraction le long de la direction du

rayon est validée. La relation sous-jacente entre la température mesurée et le gradient

de température à l'intérieur de la gouttelette est révélée. Les distributions de

température dans la phase liquide sont obtenues à partir des mesures arc-en-ciel.

5. Évaporation préférentielle des gouttelettes binaires

Le comportement d'évaporation des gouttelettes binaires d'éthanol et d'heptane a



été étudié dans ce chapitre en utilisant à la fois des méthodes expérimentales et de

simulation. La principale contribution est l'observation d'un ordre d'évaporation

inverse des composants heptane et éthanol en raison de l'impact d'un équilibre

vapeur-liquide non idéal. En outre, le comportement préférentiel des gouttelettes

binaires d'éthanol et d'heptane est confirmé avec la mesure de l'arc-en-ciel pour la

première fois. Les résultats fournissent une nouvelle vue pour mesurer et comprendre

le comportement d'évaporation des gouttelettes binaires. Les principales remarques de

conclusion sont les suivantes :

1. L'influence de l'équilibre vapeur-liquide non idéal sur l'évaporation

préférentielle des gouttelettes binaires est évaluée. Les résultats révèlent un

changement significatif du facteur de séparation et une inversion de l'ordre

d'évaporation des composants éthanol et heptane à la surface des gouttelettes lorsque

le composant plus léger domine le mélange.

2. La comparaison de l'indice de réfraction entre les mesures arc-en-ciel et les

prédictions du modèle confirme la précision du modèle d'équilibre vapeur-liquide non

idéal pour prédire pour la première fois le comportement d'évaporation préférentiel

des gouttelettes binaires. La nécessité de considérer l'impact du mélange non idéal a

également été démontrée.

3. L'influence du couplage de la température ambiante, de la pression et des

compositions en phase liquide sur le comportement d'évaporation préférentiel des

gouttelettes est révélée. Il révèle que l'effet de l'équilibre vapeur-liquide non idéal est

plus susceptible d'être affecté par les conditions ambiantes lorsque les composants

plus légers dominent le mélange.

4. L'influence conjointe de la température et des compositions liquides sur

l'indice de réfraction de la gouttelette binaire est obtenue. La température contrôle la

variation de l'indice de réfraction au début de l'étape d'évaporation tandis que la

composition détermine l'indice de réfraction plus tard. En outre, la composition

domine la distribution spatiale de l'indice de réfraction près de la surface des

gouttelettes.

6. Conclusions et travaux futurs



6.1 Conclusion

Le transport et l'évaporation des gouttelettes sont omniprésents dans de

nombreuses industries et applications biologiques allant des moteurs à la gestion

thermique en passant par l'impression à jet d'encre, etc. L'évaporation des gouttelettes

dans les moteurs détermine la formation de vapeur de carburant, ce qui est essentiel

pour le comportement de combustion du carburant pulvérisé et les performances

d'émission. Pendant ce temps, la norme d'émission sans cesse croissante et la

conscience respectueuse de l'environnement évoquent le changement d'environnement

d'évaporation et un certain nombre de carburants alternatifs verts. Les recherches sur

le processus d'évaporation de différents types de gouttelettes dans des conditions

ambiantes complexes sont essentielles pour obtenir une combustion propre et efficace.

La combinaison de la méthode expérimentale et des approches de simulation a été

utilisée pour faire la lumière sur l'influence conjointe des conditions ambiantes et du

type de carburant liquide sur le comportement d'évaporation des gouttelettes. La

réfractométrie arc-en-ciel optique de haute précision a été conçue et mise en place. Un

algorithme d'inversion considérant un gradient d'indice de réfraction parabolique dans

la phase liquide a été proposé pour extraire simultanément les distributions de

diamètre et de température des motifs de diffusion de la lumière. Une analyse

systématique des différences entre les données expérimentales et les résultats de

simulation a été faite. Les principales conclusions sont les suivantes:

1. Le système expérimental d'évaporation de gouttelettes basé sur la technique de

l'arc-en-ciel a été conçu et établi, qui est principalement composé de la génération de

gouttelettes, de la chambre à haute température et du système d'image arc-en-ciel. Les

examens de fiabilité et de répétabilité ont été effectués pour garantir la précision de la

mesure de l'arc-en-ciel.

2. Un algorithme d'inversion a été proposé pour extraire simultanément le

diamètre des gouttelettes et les distributions de température des motifs de diffusion de

la lumière pour la première fois. La méthode améliore la précision du processus de

post-traitement en tenant compte de l'impact du gradient d'indice de réfraction et de la

modification du changement de forme sur l'angle arc-en-ciel.

3. Un modèle d'équilibre vapeur-liquide non idéal basé sur le modèle de



conductivité et de diffusivité effectives a été créé. La méthode intègre l'impact de la

convection, les interactions entre les gouttelettes voisines, les paramètres physiques

dépendant de la température et les différences de polarité entre les différents

composants. La précision du modèle établi est vérifiée avec les données

expérimentales et les résultats de simulation dans la littérature.

4. Les caractéristiques d'évaporation transitoire des gouttelettes d'éthanol et

d'heptane en chute libre à différentes températures ambiantes sont étudiées avec la

technique de l'arc-en-ciel. La distribution parabolique de l'indice de réfraction le long

de la direction du rayon est validée. La relation sous-jacente entre la température

mesurée et le gradient de température à l'intérieur de la gouttelette est révélée.

5. L'impact de la température ambiante, du diamètre initial des gouttelettes et du

type de combustible sur le taux de réduction de la taille des gouttelettes et le taux de

chauffage dans la phase liquide a été obtenu. Les résultats indiquent que les

gouttelettes moins volatiles sont plus susceptibles d'être affectées par le changement

de température ambiante ou la taille initiale des gouttelettes par rapport aux

gouttelettes plus volatiles.

6. L'influence des compositions liquides sur le comportement d'évaporation

préférentiel des gouttelettes binaires est observée. Les résultats révèlent un

changement significatif du facteur de séparation et une inversion de l'ordre

d'évaporation des composants éthanol et heptane à la surface des gouttelettes lorsque

le composant plus léger, l'éthanol, domine le mélange.

7. La comparaison de l'indice de réfraction entre les mesures de l'arc-en-ciel et

les prédictions du modèle confirme la précision du modèle d'équilibre vapeur-liquide

non idéal pour prédire pour la première fois le comportement d'évaporation

préférentiel de la gouttelette binaire. L'influence du couplage de la température

ambiante, de la pression et des compositions en phase liquide sur le comportement

d'évaporation préférentiel des gouttelettes est révélée.

6.2 Nouveautés

1. La configuration d'évaporation de gouttelettes de haute précision basée sur la

technique de l'arc-en-ciel a été conçue et établie. Un algorithme d'inversion a



été proposé en tenant compte de l'impact du gradient d'indice de réfraction et

du changement de forme de la gouttelette sur l'angle arc-en-ciel. Les

distributions de diamètre et de température de gouttelettes en vaporisation

dans des conditions de haute température ont été mesurées simultanément

pour la première fois.

2. Un modèle d'équilibre vapeur-liquide non idéal basé sur le modèle de

conductivité et de diffusivité effectives a été créé et validé. La méthode

intègre l'impact de la convection, les interactions entre les gouttelettes

voisines, les paramètres physiques dépendant de la température et les

différences de polarité entre les différents composants.

3. L'influence des compositions liquides sur le comportement d'évaporation

préférentiel des gouttelettes binaires est observée. Les résultats révèlent une

inversion de l'ordre d'évaporation des composants individuels à la surface des

gouttelettes lorsque le composant le plus léger domine le mélange.

L'expérience arc-en-ciel confirme la précision du modèle d'équilibre

vapeur-liquide non idéal en prédisant pour la première fois le comportement

d'évaporation préférentiel des gouttelettes binaires.

6.3 Travaux futurs

La description précise du comportement d'évaporation des gouttelettes et le

développement de la théorie de l'évaporation et de la technique de mesure ont été

réalisés en couplant la méthode expérimentale et l'approche de simulation dans ce

travail. Les travaux futurs peuvent se concentrer sur le comportement d'évaporation

dans des conditions de haute pression. Il est difficile d'obtenir un flux stable d'une

gouttelette en chute libre dans le premier. D'une part, la différence de pression exige

une pression d'injection plus élevée du générateur. D'autre part, toute perturbation de

pression conduit à l'oscillation du flux de gouttelettes, qui se répercute finalement sur

la distorsion des motifs de diffusion. De plus, la simulation est conçue pour une seule

goutte, ce qui n'est pas strictement cohérent avec la configuration expérimentale. La

gouttelette voisine à l'intérieur du flux de gouttelettes a une influence sur la masse et

la diffusion thermique dans la phase vapeur, qui est considérée par le paramètre



d'espacement sans dimension dans le présent modèle. Des efforts supplémentaires

peuvent être faits pour étendre le modèle de gouttelette unique aux configurations de

flux de gouttelettes.
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ABSTRACT 

Droplet transport and evaporation are ubiquitous in many industries and biological 

applications ranging from engines to thermal management to inkjet printing and so on. 

The evaporation of droplets in engines decides the formation of fuel vapor, which is 

critical for the combustion behavior of fuel spray and the emission performance. 

Meanwhile, the ever-rising emission standard and the environmental-friendly 

awareness bring up the change of evaporation environment and a number of green 

alternative fuels. Both the change of fuel type and vaporizing conditions have a 

significant impact on the droplet evaporation process. The investigations on the 

evaporation process of different kinds of droplets under complex ambient conditions 

are essential to achieve clean and efficient combustion. This work applies the 

experimental and simulation approaches to shed a light on the joint influence of ambient 

conditions and liquid fuel type on the evaporation behavior of droplets. Firstly, a non-

ideal vapor-liquid equilibrium model based on the effective conductivity and diffusivity 

model has been created and validated. The method incorporates the impact of 

convection, the interactions between neighboring droplets, temperature-dependent 

physical parameters, and the polarity differences between different components. 

Secondly, the droplet evaporation experimental system based on the rainbow technique 

has been designed and established, which is mainly composed of droplet generation, 

the high-temperature chamber, and the rainbow image system. An inversion algorithm 

has been proposed by taking into account the impact of refractive index gradient and 

shape change of droplet on the rainbow angle. The diameter and temperature 

distributions of vaporizing droplets under high-temperature conditions have been 

measured simultaneously for the first time. Furthermore, the evaporation processes of 

mono and ethanol/heptane binary droplets under different conditions have been 

investigated with both experimental and simulation methods. The influence of liquid 

compositions on the preferential evaporation behavior of binary droplet is observed. 

The results reveal an inversion of the evaporation order of ethanol and heptane 

components at the droplet surface when the lighter component ethanol dominates the 

mixture. The comparison of the refractive index between the rainbow measurements 
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and model predictions confirms the accuracy of the non-ideal vapor-liquid equilibrium 

model in predicting the preferential evaporation behavior of binary droplet for the first 

time. The coupling influence of ambient temperature, pressure, and compositions in the 

liquid phase on the preferential evaporation behavior of droplets is revealed. 

Keywords: 

Droplet evaporation; Rainbow refractometry; Binary evaporation model; Preferential 

evaporation; Temperature detection; 
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1. Introduction 

1.1  Background of droplet evaporation 

Droplet transport and evaporation are ubiquitous in many industries and biological 

applications ranging from engines to thermal management to inkjet printing and so on. 

Given its importance, the evaporation behavior together with the influencing factors 

and subsequent outcomes have received great attention in different areas. 

Muddapur et al. [1] explored the spray characteristics generated from the multi-

hole injector in the Gasoline Direct Injection (GDI) engine both experimentally and 

numerically. The infinite conductivity droplet evaporation model was incorporated into 

the ANSYS together with the corrections of convection and the neighboring droplets 

interactions. The dependence of global Sauter means diameter (SMD) on ambient 

temperature and pressure had been analyzed, which influences the succeeding 

combustion and emission performance. 

The evaporation of plasmonic droplets is fundamental for the solar-to-heat system. 

Liu et al. [2] explored the solar water evaporation dynamics through a hanging droplet 

containing the nanoparticles. They demonstrated the effectiveness of enhancing solar 

water evaporation by coupling plasmonic nanoparticles within a mesoscale droplet. The 

gold nanoparticles greatly improved photon absorption and promoted surface 

evaporation. 

Coolant evaporation provides a good solution for battery thermal management 

(BTM) to achieve the ideal performance and lifespan of a Li-ion battery. As stated by 

Lei et al. [3], a water spray cooling system cooled down the maximum temperature of 

Li-ion battery by 29.2 °C at a large discharging current of Id=25 A. Also, the spray 

conditions had a decisive impact on the performance of the BTM system. For example, 

increasing airspeed from natural convection to 6.3 m/s effectively diminishes the 

battery-surface average temperatures from 50.5°C to 44.2°C. Yang et al. [4] 

investigated the impacts of water flow rate, water droplet size, and air velocity on the 

battery performance. The results revealed the importance of the evaporation of droplets 

on determining the subsequent spray state and the cooling performance of batteries. 
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Hatte et al. [5] studied the evaporation behavior of an ordered array of droplets, 

which has extensive applications in inkjet printing and photonics. A theoretical model 

accounting for the interactions between droplets closely placed inside the array had 

been proposed and validated with the experimental data. 

Recently, the droplet evaporation process has drawn renewed attention in the 

biological area regarding the direct or indirect transmission of the virus. Bhardwaj et al. 

[6] analyzed the drying time of respiratory droplets from a COVID-19 infected subject 

by using a diffusion-limited evaporation model of a sessile droplet. The results 

indicated that the survival time of the virus is determined by a couple of influencing 

factors, including the droplet volume, ambient temperature, and humility. 

The previous literature presents the universal yet paramount role of droplet 

evaporation in different kinds of practical scenarios, nevertheless, evaporation is a 

complex phenomenon, and the underlying mechanism influencing the evaporation 

characteristics is far from being fully understood. 

1.2 Experimental researches of droplets evaporation 

To comprehend the heat and mass transfer process of droplets regarding its 

importance in practical applications, numerous researches have been done up to now. 

The section reviews the development and perspective of the investigations on droplet 

evaporation from the point of experiment and simulation. For experimental 

investigations, stationary droplets suspended with wire or with the help of 

acoustic/optical/electrical approaches and free-falling moving droplets are the most 

prevalent configurations of droplets [7]. Herein, the series of suspension fiber and 

another category of the free-falling method is of interest and introduced. 

1.2.1 Vaporization with suspension wire 

A host of experimental researches adopted the suspension technique to study the 

droplet evaporation process up to now. In general, a droplet is produced by a syringe 

under room temperature conditions and transferred to a high-temperature environment 

soon afterward with the help of the suspension wire. Without being exhausted listed, in 

the year 1952, Ranz and Marshall [8] conducted experiments of a suspended single 
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water droplet with a diameter of 0.6-1.1 mm under an ambient temperature up to 220°C 

and proposed the standard heat transfer equations. Later, Renksizbulut and Yuen [9] 

looked into the evaporation of suspended liquid droplets under high convective 

temperature conditions of 1000 °C in 1983. They analyzed the negative impacts of 

evaporation on the heat transfer rates at higher temperatures. Recently, Manjunath et al. 

[10] adopted the suspension method to experimentally investigate the evaporation 

process of diesel and biodiesel mixtures. The droplet with an initial diameter varying 

from 1.9 to 2.1 mm is suspended with a quartz wire of 0.5 mm diameter. The results 

revealed a significant influence of the physical properties of individual components on 

the overall evaporation behavior of a multi-component droplet. Adding more diesel into 

the blends enhances the evaporation rate and shortens the droplet lifetime because 

diesel has a lower boiling point than biodiesel. More recently, the evaporation of 

heptane droplets under turbulence conditions was studied by Verwey and Birouk [11] 

with the suspension technique. Droplet with an initial diameter of 500±10 μm locates 

at the intersection of two microfibers. They focused on the impact of turbulence 

intensity on the evaporation rate and droplet lifetime. 

Despite using the suspension technique, the experimental configurations of those 

studies differ a lot, as displayed in Figure 1.1. Firstly, switching the droplet from a room 

temperature condition to a high-temperature environment, the major solution is a fixed 

heating chamber and a moving droplet and suspension wire [12]. On the contrary, some 

other researchers designed a moving chamber rather than changing the position of the 

droplet to prevent the falling of liquid during the droplet motion [13]. Secondly, 

suspending droplet mainly has three configurations, including vertical fiber, horizontal 

fiber, and cross-fiber, as shown in Figure 1.2. In the case of vertical fiber, the diameter 

of the fiber is normally no less than 0.1 mm together with a larger ball at the end of the 

wire tip to give enough support for droplet, which induces a greater influence on the 

evaporation. The horizontal case has the smallest contact area between fiber and droplet 

yet the stable suspension of the droplet is difficult. The last method can not only suspend 

droplet firmly but also maintain the droplet shape at nearly spherical compared with the 

other two methods generating an ellipsoid droplet [14]. 
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(a) Motion of droplets [12] (b) Motion of chamber [13] 

Figure 1.1 Comparison of different experimental setup. (a): (1) Stepper motor controller, (2) 

computer, (3) high-speed video camera, (4) stepper motor, (5) ball screw moving device, (6) 

heating chamber, (7) thermocouple 1, (8) thermocouple 2, (9) nitrogen vessel, (10) air vessel, 

(11) LED backlight, (12) insulation layer, (13) scattering film, (14) quartz glass, (15) heating 

wire, (16) thermal baffle, (17) droplet, (18) support framer, (19) thick quartz tube, (20) 

thermocouple controller. (b): (1) Pressure vessel, (2) guide bar, (3) furnace entrance, (4) 

electric furnace, (5) quartz glass window on furnace, (6) thermocouple, (7) temperature 

controller, (8) lever, (9) nitrogen vessel, (10) quartz glass window on pressure vessel, (11) LED 

backlight, (12) silicon carbide fiber, (13) droplet, (14) shock absorber, (15) heating wire, (16) 

droplet maker, (17) plunger micropump, (18) CCD camera. 

 

Figure 1.2 Different droplet suspension methods [12]. 

Furthermore, the materials of suspension fiber can be different, as compared in 

Table 1.1. The widely adopted suspension wires include silica (SiO2), silicon carbide 

(SiC), glass, quartz, and thermocouple. Different materials have diverse thermal 
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conductivities and heat transfer abilities. A common cognition is that the usage of 

suspension wire inevitably introduces additional heat conduction through fiber and 

impacts the droplet evaporation process. Yang et al. [15] examined the influence of 

SiO2 fiber by both experimental and simulation approaches. The results revealed the 

promotion of evaporation rate due to the presence of fiber. In addition, the heat 

conduction through the fiber is more pronounced when the ambient temperature is 

relatively lower or the diameter ratio between fiber and droplet is large. Similarly, 

thermocouples promoted the evaporation rate as investigated by Rehman et al. [16]. It 

is found that a larger thermocouple diameter leads to a faster evaporation rate and a 

higher equilibrium temperature. Han et al. [17] separately figured out the influence of 

thermocouple and quartz fiber on evaporation with both experimental and numerical 

methods. It is demonstrated that increasing the diameter of the suspension wire 

intensifies the increase of the evaporation rate and the decrease of droplet lifetime. 

Additionally, despite the thermocouple can measure the temperature of the suspended 

droplet, the evaporation rate of droplets suspended by a thermocouple is larger than that 

suspended with quartz fiber as a result of high thermal conductivity. 

As reviewed above, the influence of wire on the evaporation rate of droplet, droplet 

lifetime, and heating process in the liquid phase is inevitable in the suspension 

technique. Apart from that, despite some researches stating that fiber cannot induce the 

micro-explosion when the temperature is low or the diameter of the fiber is small (less 

than 20 μm) [18], Wang et al. [12, 19] already proved that the usage of suspension wire 

leads to the occurrence of micro-explosion phenomenon at a high-temperature 

condition. At the same time, the droplet evaporation takes place without a wire in real 

applications. Besides, the average initial droplet diameter with suspension technique is 

at around 1 mm as listed in Table 1.1, which is relatively large compared to the droplets 

inside a spray (order of 100 μm). In terms of the above factors, the suspension technique 

is not the optimum choice to do the research and it is necessary to conduct the 

investigation of droplet evaporation in a more realistic situation. 

Table 1.1 Comparison of different experimental parameters. 

Sequence 

number 

Initial droplet 

diameter [mm] 
Fiber arrangement  

Ambient 

temperature [K] 
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1 [20] 0.5-1.5 
Single vertical silicon carbide (SiC) 

142 μm 
923-1073 

2 [13, 21] 1.0±0.1 Single vertical SiC fiber 100 μm 373-1073 

3 [22] 0.8-0.91 
Single vertical SiC fiber of 120 μm 

with a large bead of 200 μm 
423-823 

4 [14] 0.55-0.8 
Single vertical SiC fiber of 106-181 

μm 
300-997 

5 [15] 0.7-1.0 
Horizontal or vertical SiC fiber of 50, 

150, and 300 μm 
490-750 

6 [23] 0.40-0.55 
Cross of two fibers (alumina and silica) 

with a glass bead (100 μm) 
400-900 

7 [24] 1.21-1.23 
Regular K-type thermocouple of 127 

μm 
473-773 

8 [12, 25] ~0.84 

Cross arrangement of two fibers of 

quartz, iron and copper with a diameter 

of 80-150 μm  

673-973 

9 [26] 0.95-1.19 
Irregular K-type thermocouple of 70 

μm 
573-823 

1.2.2 Free-falling droplets configurations 

The transient measurement of the droplet evaporation process under practical-like 

conditions is attractive. The configuration of a free-falling droplet stream is more 

realistic than the suspension method concerning the motion and diffusion of droplets 

inside a spray. Another advantage of the free-falling method is the complete removal of 

the suspension wire. Therefore, the droplets are free of any shape distortion and 

additional heat conduction. Furthermore, a free-falling configuration is capable to 

achieve the measurement of a smaller droplet with a length scale of hundred 

micrometers. This droplet size is more comparable to the droplet sizes in a spray. 

Regarding this, the free-falling method has been extensively adopted to investigate the 

evaporation and burning process of droplets. 

The instantaneous and accurate capture of a moving droplet is a major challenge 

accompanied by this configuration as the position of the droplet changes over time. 

Deprédurand et al. [27] simultaneously measured the variation of droplet size and mean 

temperature of six kinds of droplets with non-intrusive optical techniques. A 
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monodisperse droplet stream was generated by the piezoceramic. Droplet temperature 

is measured through the two-color-induced fluorescence technique (2cLIF) and droplet 

size is evaluated with the forward scattering interferometry (FSI). The initial velocity 

and diameter of the droplets are 10 m/s and around 110 μm, respectively. Later, they 

combined the 2cLIF with the shadow imaging to characterize the evaporation of 

droplets [28]. The results proved the potential of 2cLIF on measuring the temperature 

of mono-component and multi-component droplets. 

Hillenbrand et al. [29] performed the experiments of binary alkane/ethanol free-

falling droplets with a high-resolution Raman spectroscopy setup, which focuses on the 

mixture formation and component-by-component evaporation. It is validated that 

Raman spectroscopy is capable of evaluating the composition of gaseous phase nearby 

droplets. The burning characteristics of acetone-butanol-ethanol and diesel blend 

droplets were experimentally investigated by Han et al. [30] with the free-falling 

method. A CCD camera was adopted to capture the burning process of the droplet with 

an initial diameter of about 200 μm. The droplets at different vertical positions were 

captured by adjusting the CCD to the same vertical level and repeating the experiment, 

which requires high reproducibility of the droplet generation. The results validated the 

feasibility to investigate the burning process of droplet with this method and the micro-

explosion was observed under high-temperature conditions, which greatly shortens the 

burning duration. Volkov et al. [31] applied the thermocouples and Planar Laser-

Induced Fluorescence (PLIF) to capture the temperature of droplets, films, and aerosols 

of water under different heating schemes of 20 to 800 °C. The Rhodamine B dye was 

the fluorophore. It is concluded that the non-contact optical techniques contribute good 

visions of the existing mechanisms of warming-up, evaporation, boiling, and breakup 

of the liquid droplets. 
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(a) Schematic figure of the droplet 

generation [27, 28] 

(b) Droplet generation and chamber [29] 

 
 

(c) Schematic of the free-falling 

experimental setup [30] 

(d) Scheme of the experimental setup [31] 

Figure 1.3 Schematic figures of free-falling technique. 

In terms of this new configuration, the interactions of neighboring droplets inside 

the droplet stream play a significant role in affecting the heat and mass transfer process, 

which is worth a detailed analysis. The spatial arrangement of droplets is well described 

by a dimensionless spacing parameter which is defined as the ratio of the distance 

between neighboring droplets and droplet diameter. In general, the interaction between 

droplets produces appreciable influence when the dimensionless spacing parameter is 

smaller than about 10. A smaller dimensionless spacing parameter gives rise to a smaller 

normalized heat and mass transfer number, which reveals the negative influence of 

neighboring droplets [27]. Also, the volatility of liquid fuel has a noticeable influence 

on the interaction mechanism [28]. It is demonstrated that the influence of droplet 

interactions on the heat and mass transfer rate for low-volatile droplets is more evident 

for the high-volatile droplet. The Stefan flow surrounding the droplet can provide a clue 
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for this phenomenon. One assumed that the Stefan flow resulting from evaporation 

protects the droplet from the perturbation in the outer environment. For low-volatile 

droplets, the formation of vapor film takes a longer time. Accordingly, it is more 

sensitive to external conditions and more likely to be affected the neighboring droplets. 

Li et al. [32] evaluated the evaporation of monodisperse ethanol droplet stream with a 

combined phase rainbow refractometry and high-speed microscopic shadowgraph. 

They quantified the influence of droplet interactions by comparing the experimental 

measurements with the model predictions. The accuracy of different correlations 

between the dimensionless spacing parameter and the evaporation rate ratio was 

examined. A more refined regression curve with a similar form had been suggested. 

1.3 Optical measurements of moving droplets 

1.3.1 Different optical methods 

The comparison made in former section reveals that the optical method is prevail 

for the investigation of moving droplets because of its high accuracy and various 

possibilities. Some common optical methods include the Phase Doppler Anemometry 

(PDA), Morphology-dependent resonances (MDRs), Laser-induced Fluorescence (LIF), 

and Rainbow Refractometry. Each technique has merits and drawbacks judging by the 

basic principle. 

Lase-induced fluorescence (LIF) [33, 34] captures the fluorescence signal coming 

from the tracer, which predicts the information of concentration and temperature. In 

principle, the addition of an organic fluorescent dye into the liquid fuel is necessary in 

order to produce the fluorescence spectra. This is how it works to measure the 

temperature of liquid droplets. However, it is inevitable to modify the properties of 

liquid fuel by adding the molecular tracer. Therefore, the effect of the tracer has to be 

examined and minimized when conducting the experiment. Apart from that, the 

calibration process is necessary for this method as the signals change with pressure, 

temperature, and chemical compositions at the same time. 

Phase Doppler anemometry (PDA) [35] can simultaneously measure the droplet 

velocity and size of spherical particles. It is a non-intrusive technique performed at the 
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intersection of two laser beams. Generally, the signals coming from the interactions of 

the beam fringe patterns and droplets are recorded by two detectors. The droplets’ 

velocity, droplet diameter, and the refractive index can be respectively extracted from 

the frequency and the phase shift information of the signal. Nevertheless, this method 

suffers from the lower accuracy of the refractive index with the limitation to the second 

digit. 

Morphology-dependent resonances (MDRs) [36] are eligible to extract both 

particle size and refractive index of perfectly spherical droplets. The principle of this 

method is to analyze the internal reflection scattering light spectra from a spherical 

droplet. The droplet diameter together with the variation of diameter relates to the 

resonance peak. This method is especially advantageous for droplets with a maximum 

diameter of about 80-100 μm. The resolution of diameter variation can be as small as 

5×10^-5 of droplet radius [37]. The major drawback is the high requirement for the 

perfect spherical shape of the particle. 

The final category, i.e., the rainbow refractometry is especially attractive because 

of the non-intrusive and tracer-free features. Without being exhaustive listed, some 

significant contributions have been made by Anders et al. [38], Van Beeck [39], and 

Sankar et al [40]. This method captures the scattering images of transparent droplets 

illuminated by the incident rays at the nearby of the rainbow angle, from which extracts 

the useful information of droplet diameter and refractive index. The rainbow angle is 

determined by the refractive index whereas the shape of the scattering light intensity 

curve relates to the particle size. This technique has been widely adopted in the 

configurations of a single droplet, droplet stream, and droplet spray. In addition, this 

technique is applicable to the non-spherical droplets as well by adopting the global 

rainbow refractometry (GRT) [41].  

Compared with the configuration of the backlight shadowgraph technique to 

record the size change of suspended droplets, the combination of the rainbow technique 

with free-falling droplets can accurately measure multiple parameters including the 

droplet size, temperature, or concentration during the evaporation process. Those 

advantages are not only helpful in revealing the underlying mechanism of the 

evaporation process but also useful for model validation. Accordingly, this work adopts 
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the rainbow technique to investigate the evaporation process of droplets stream 

regarding its potential and accuracy. 

1.3.2 Rainbow refractometry 

The rainbow phenomenon in nature is a common scenery in the sky, which can be 

observed when rain and sun are present together as shown in Figure 1.4. The physical 

explanation of this phenomenon was introduced by Ren Descartes in 1637 [42]. The 

rainbow technique leans against the interaction between the transparent droplets with a 

spherical shape and the incident light. To describe this interaction and the succeeding 

outcomes, it is practical to split a beam of light into different types of light rays. The 

light path of each ray is followed according to the laws of geometrical optics. In this 

context, the Descartes-Snell and Fresnel laws are used to compute the direction and 

intensity of the reflected and refracted rays when the rays impinge on the interface. To 

facilitate the discussion, the rays leaving the particle are named according to Van de 

Hulst’s notation [43]: 

For p=0 is the externally reflected ray; 

p=1 is the refracted twice ray; 

p=2 is the ray experiencing one internal reflection and two refractions; 

p=3 is the rays experiencing two internal reflections and two refractions; 

Similarly, p=n for the rays experiencing n-1 internal reflections and two refractions; 

In the framework of geometrical optics, a rainbow corresponds to the rays 

experiencing one internal reflection and two refractions named p=2, as exemplified in 

Figure 1.5. In addition, the externally reflected ray of p=0 has interference with the p=2 

rays, which modifies the characteristics of the scattering rainbow patterns. therefore, 

the rainbow technique mainly focuses on two types of rays p=0 and p=2. The 

geometrical rainbow angle (θrg) is the scattering angle position corresponding to the 

rays of p=2. Noting that each type of liquid has a different rainbow angle, which only 

depends on the refractive index. For example, water has a rainbow angle of 138° at 

atmospheric pressure. 
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Figure 1.4 The optical paths of the light rays pass through a water droplet [44]. 

 

Figure 1.5 The schematical optical paths of the p=2 and p=0 rays. 

Nevertheless, the real structure of the rainbow is complex. To interpret and 

comprehend the scattering light patterns, simulating the scattering light patterns from 

droplets is indispensable. Several theories are available to achieve this function such as 

Lorenz-Mie’s theory, Airy theory, Debye theory, the complex angular momentum 

(CAM) method, the catastrophe theory, and so on [45]. The Airy theory was firstly 

introduced by George B. Airy to simulate the rainbow patterns. It is based on 

geometrical optics by taking into account the diffraction among different rays. The 

major drawback of this method is the insufficiency to consider the vector aspect because 

of its scalar feature. In addition, this method only has accurate prediction at the nearby 

of the rainbow angle. With the increase of the scattering angle, the prediction by the 

Airy theory has an obvious deviation in the rainbow positions compared with the results 

of more rigorous methods. Lorenz-Mie’s theory (LMT) is the most rigorous simulation 

of the scattering light patterns based on the solution of Maxwell’s equations [46]. All 

of the interactions between the incident light and the transparent particle have been 

taken into consideration. Apart from that, Debye [47] formulated a different way for the 
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same problem. The expressions obtained with the LMT can be rewritten with different 

contributions attributable to waves partially reflected and partially transmitted by the 

particle. In this way, the contribution of each interaction is separated [48]. Nevertheless, 

the essence of the Debye theory is the same as the LMT with the form of summations, 

which is computational-demanded and unrealistic for the post-processing process. 

Another alternative approach is the complex angular momentum theory (CAM theory) 

developed by Nussenzveig. This method originates from Debye’s theory but it is less 

time-consuming by converting the series into integrals through mathematics formula. 

They classified different equations depending on the angular regions of interest [49]. 

An example of the scattered light nearby the rainbow angle evaluated by the 

Lorenz-Mie theory is displayed in Figure 1.6. A green laser (wavelength of 0.532 

microns) illuminates the ethanol particle. The diameter and refractive index of the 

particle are 100 microns and 1.365, respectively. As can be seen, two zones of high 

intensity can be easily presented. The primary rainbow, resulting from the interference 

between first internal reflections (p=2). The second rainbow is created by the second 

internal reflection (p=3). The gap between the first and second rainbows with a low 

light intensity is Alexander’s dark band, which comes from the external reflections. In 

addition, it can be observed there are oscillations of low and high and frequencies in 

the first and second rainbows regions. For the first rainbow, the first oscillation having 

the highest intensity is called the Main rainbow peak and the others are denoted as 

supernumerary bows (Airy fringes). The high-frequency fringes are called ‘ripple 

structure’, which is superimposed on the Airy fringes. Those fringes result from the 

interference between the external reflection and internal reflection light [50]. The 

rainbow position and rainbow shape are determined by the refractive index and droplet 

diameter, respectively. Meanwhile, the refractive index relates to the temperature or the 

compositions in the liquid phase. Therefore, for the typical scattering light of the 

rainbow, the most important two parameters are the primary rainbow angle and the 

distance of airy fringes. The relationship between the rainbow patterns and the 

refractive index value as well as the droplet size has attracted a lot of researches in the 

droplet evaporation field, as reviewed in the pioneering work of the Stuttgart University 

team [51-54]. 
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Figure 1.6 The scattering intensity curve evaluated by the Lorenz-Mie theory. 

The point one should keep in mind is all of those methods abovementioned are 

suitable for the direct simulation of elastic-type scattering phenomena of a spherical 

particle and a plane wave. They can compute similar light patterns as illustrated in 

Figure 1.6. However, in practice inversion procedures where the comparison between 

the numerical patterns and experimental data is necessary, not all of them are suitable. 

Therefore, it is necessary to tell the difference between those methods and grasp their 

fields of validity and the equations which govern them. 

1.3.3 The application of rainbow refractometry 

This technique can measure the particle diameter and temperature simultaneously 

by capturing the scattering light patterns as indicated in the last subsection. A variety of 

rainbow technique configurations are available now, including the standard rainbow 

technique (STR), global rainbow technique (GRT), and one-dimensional rainbow 

technique (ORT) for both standard and global one. STR is suitable to measure the 

evaporation of a single droplet or a droplet stream. The typical scattering image of this 

technique is shown in Figure 1.7(a) with a distinct ripple structure. Without being 

exhaustive listed, the pioneering work was conducted by Roth et al.[52, 53]. Then, 

Saengkaew et al [50] proposed a signal processing algorithm by accounting for the 

impact of the ripple structure, which greatly improved the measurement precision. The 

accuracy of the data-processing after improvement is up to 0.01 μm for diameter and 
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0.0001 for refractive index, respectively. Recently, Promvongsa et al. [55] investigated 

the evaporation of mono-dispersed droplets with the rainbow technique under the room 

temperature of 20°C conditions. The results validated the possibility of this technique 

in measuring nanometers change of the particle with a diameter of 80 μm. 

The GRT is regarded as an extension of SRT with the measurement volume from 

a single droplet to a group of droplets or sprays. Compared with standard rainbow, the 

scattering light obtained by GRT can be taken as the superimposition of rainbow 

patterns of a host of droplets. As a consequence, the ripple structure is removed as 

shown in Figure 1.7(b). Van Beeck et al. [39] firstly introduced GRT to examine the 

particle size and temperature. They carried out the experiments at some particular 

conditions and got the size distribution and average refractive index of droplets. The 

main limitation of his work is the lower accuracy restricted by the post-processing 

procedure. Later, Saengkaew et al. [50] introduced an inversion strategy and improved 

the accuracy of this method in deciding the size distribution and refractive index with 

the accuracy of 0.0001. 

  

(a) Standard rainbow patterns (b) Global rainbow patterns 

Figure 1.7 Typical rainbow patterns by different techniques. (a) is the scattering image 

of mono-disperse water droplets produced from a pinhole size of 50 μm; (b) is the scattering 

image of nearly mono-disperse water droplets produced from a pinhole size of 100 μm [44]. 

Although the SRT and GRT are powerful tools in diagnostics of droplets and spray, 

they are restricted by the problem of a small measurement volume and the measurement 

at a fixed point. To address this problem, recently a bunch of researches have been done 
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by the team of Wu et al. [32, 56-61]. 

Firstly, Wu et al. [56] developed an experimental configuration named the one-

dimensional rainbow technique (ORT) on the basis of the GRT. Compared with the 

configuration of the global rainbow technique, the main modifications to the rainbow 

system are the addition of slit apertures and a laser light sheet. The laser sheet 

illuminates more droplets resulting in a larger measurement volume. The slit apertures 

can turn the single point rainbow signal into a ribbon. Accordingly, the rainbow signal 

from different heights can then be recorded to yield a one-dimensional image. It was 

proved that this new system had a good performance in the simultaneous measurement 

of droplet size and refractive index in the liquid phase. Apart from that, it had the 

feasibility and potential in measuring the evaporation and combustion of spray. Later, 

they proposed an alternative ORT system (named ORT2) using the Fourier domain 

filtering to facilitate the angular calibration [57]. The main difference of this system 

compared with the former one was the variation of the horizontal slit. They moved the 

horizontal slit from the position before the first lens to the focal plane of the first lens. 

This not only simplifies the angular calibration process but also filters the interference 

of the light without impinging perpendicularly. It was indicated that the new 

configuration can provide reliable measurement of refractive index and droplets size. 

After that, Wu et al. [58, 59] introduced a new processing algorithm by taking advantage 

of the phase shift from the scattering patterns. Accordingly, one-dimensional phase 

rainbow refractometry (PRR) was named after that. The experiment configuration was 

generally the same as ORT2. The difference was that the inversion algorithm has been 

improved by using the phase shift of ripple structures. It had an accurate measurement 

for a nanoscale variation of diameter with an initial droplet diameter of a micrometer 

scale. Soon afterward, they adopted the configuration of PRR and the improved 

inversion algorithm to investigate the evaporation behavior of the n-heptane droplet 

stream [60]. The experiments were performed under high-temperature and normal 

pressure conditions. The droplet diameter, refractive index, and the variation of droplet 

diameter of n-heptane during the evaporation process were simultaneously measured 

by using the PRR technique. More recently, Li et al. [32] combined two types of 

measurement methods to explore the evaporation behavior of a stream of free-falling 
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ethanol droplets. The phase rainbow refractometry (PRR) was adopted to measure the 

evaporation characteristics of droplets whereas the high-speed microscopic 

shadowgraph captured the images of the droplet stream. They quantified the impact of 

interactions between neighboring droplets inside the stream. In addition, to explore the 

application of the rainbow technique to characterize droplets containing dispersed 

insoluble particles, Li et al. [61] proposed a new method based on the ratio of second-

order refraction and reflection components in the rainbow signal. The scattering light 

patterns were captured by the standard rainbow refractometry (STR). The refractive 

index, the diameter of the host droplet, and the colloid concentration of suspension 

particles were simultaneously obtained. This extends the industrial applications of the 

rainbow technique. 

 

Figure 1.8 Schematic of the new one-dimensional rainbow system [58]. 

1.3.4 Impact of temperature and refractive index gradient 

In general, the condensation, evaporation, or combustion of droplets encountered 

in practical applications are inhomogeneous with a temperature or concentration 

gradient in the liquid phase. For instance, if a cold droplet travels to a hot environment, 

the droplet gets heated from the surface to the center gradually rather than an instant 

warm. Likewise, if it is a multi-component droplet, each composition has a different 

reaction time on the change of environment. 

A considerable temperature gradient inside the droplet had been evaluated and 

measured in [62]. Despite that, general conclusions and a systematical comprehension 

have not been obtained on revealing the relations between the temperature gradient and 

the evaporation characteristics. To address this issue, Snegirev [63] analyzed the 
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temperature gradient inside different kinds of droplets by varying ambient temperature 

with the numerical method. Three characteristic time scales and two dimensionless 

criteria were adopted to do the comparative study. The overall results showed that the 

liquid with high volatility is more sensitive to the temperature gradient in the liquid 

phase at a higher ambient temperature. Despite that the temperature gradient has little 

influence on the droplet lifetime, it has a remarkable impact on the heating process 

especially at the initial evaporation stages with a maximum deviation of about 50 K. 

Consequently, the necessity to consider the temperature gradient in the liquid phase has 

been substantiated. 

The arising inhomogeneous temperature together with the composition gradient 

inside the droplet leads to the non-uniform refractive index distribution. Accordingly, 

this can significantly modify the light trajectory in the liquid phase and the optical 

measurements. Therefore, it is essential to comprehend the impact of refractive index 

gradient on the rainbow measurements.  

Figure 1.9 schematically displays the influence of the inhomogeneous refractive 

index on the light trajectories inside the droplet. Solid, dashed, and dot lines represent 

the light paths by a homogeneous refractive index and inhomogeneous refractive index, 

respectively. It is observed that the light trajectory corresponding to the homogeneous 

refractive index is straight. When a gradient occurs in the liquid phase, a straight line 

turns into a curve. If the refractive index at the droplet center has a much higher 

refractive index in the liquid phase, the light path bends toward the center of the droplet, 

which leads to the increase of the rainbow angle. On the contrary, when the refractive 

index at the surface is greater than the other values in the liquid phase, the light path 

goes towards the droplet surface, which leads to a smaller rainbow angle. In a nutshell, 

one can conclude that position with a bigger refractive index value determines the shift 

of the light path. 
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Figure 1.9 The comparison of the light path inside a spherical droplet. 

Considering the modifications generated by the gradients inside droplets, the 

theories for simulating the scattering light from a homogeneous droplet have been 

extended to an inhomogeneous droplet. An algorithm was developed by Kai and 

Massoli [64] to simulate the scattering light patterns of an inhomogeneous droplet. The 

refractive index was regarded as stratified distribution along with the radius directions 

with a continuous profile. A good result of the scattering patterns was obtained by using 

the established model. Later, the Generalized Lorenz-Mie theory (GLMT) was 

proposed by Onofri et al. [65] to take into account the refractive index gradient in the 

liquid phase, which is an extension of the Lorenz-Mie theory. The droplet was taken as 

a multilayered sphere. The scattering light patterns of a spherical droplet and the 

influence of the shape of the laser beam were described by the established model. The 

results demonstrated the possibility of the improved theory in practical applications 

with good accuracy. Then, Wu et al. [66, 67] introduced an improved algorithm of the 

scattering patterns of a multilayered sphere illuminated by a plane wave. The 

modification of rainbow signals due to the effect of refractive index discontinuity inside 

droplets was demonstrated. Similarly, the gradient of the refractive index in the liquid 

phase was considered by Vetrano et al. [68-70] with the Generalized Airy Theory (GAT). 

They assumed a parabolic profile of refractive index along the radius direction in the 

liquid phase. The influence of non-uniform in the liquid phase was reflected on the light 

path and the rainbow angle. It was demonstrated that this theory is as accurate as the 

other complex theories in presenting the impact of inhomogeneous refractive index. 

Moreover, Saengkaew et al. [71] simulated the scattering light patterns of the droplet 
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with a refractive index gradient in the liquid phase. They found that the rainbow created 

by a non-homogeneous particle is always fitted with a rainbow created by a 

homogenous one. Accordingly, the concept of equivalent refractive index and size was 

introduced. Zhou et al. [72] explored the rainbow patterns of a multilayered sphere 

droplet during the heating process. The analysis was implemented with the framework 

of Generalized Lorenz-Mie theory (GLMT). The dependence of the scattering light 

patterns on the beam waist radius, the relative position between the droplet and the 

Gaussian beam, and the layer number were analyzed. It indicated that the scattering 

patterns are insensitive to the radius of the beam as long as the radius of the beam is 

larger than the droplet radius. Besides, a larger layer number is beneficial to eliminating 

the influence of the discontinuous profile of the refractive index and achieving an 

accurate result. Those aforementioned theoretical efforts provide a fundamental way to 

describe the relationship between the non-uniform refractive index and the scattering 

light patterns. This is critical for the interpretation of the recorded signals from the 

experiment.  

Several experimental studies are available to investigate the temperature gradients 

inside droplets. Laurent et al. [73] combined two optical methods to measure the mean 

temperature and the equivalent temperature inside cooling or burning droplets. A line 

of monodisperse alcohol and acetone droplets with a size of around 100 μm were 

produced at different injection temperatures. They obtained a mean temperature by 

laser-induced fluorescence (LIF) and an equivalent temperature by rainbow technique. 

A parabolic temperature profile inside the droplet was utilized to characterize the 

temperature at the droplet surface and center. The derived temperature was checked by 

the numerical prediction with good agreement. Later, the temperature gradients in 

evaporating alcohol/water droplets were measured by Hopkins et al. [74]. The 

combination of LIF and cavity-enhanced Raman scattering (CERS) techniques was 

adopted. LIF provided a volume-averaged temperature and CERS determined a near-

surface temperature. One limitation of this work is the experiment by each technique 

was performed separately rather than simultaneously. By comparing the measured 

temperature with the numerical predictions, they found that the temperature by CERS 

agrees well with the model evaluation while a disparity is observed between the value 
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obtained by LIF and the model. This confirmed the existence of a temperature gradient 

inside evaporating droplet. Recently, Rosebrock et al. [75] performed experiments to 

examine the temperature gradients in burning droplets. The rainbow technique was 

coupled with Interferometric Particle Imaging (IPI) to measure the rainbow signals and 

droplet size, respectively. Then, the results were compared with a combustion model in 

order to predict the temperature profiles inside the droplet.  

Previous experimental studies confirmed the temperature gradients inside the 

evaporating or burning droplet. Different techniques, i.e., LIF, CERS, and rainbow 

technique were exploited to qualitatively and quantitatively measure the gradients in 

the liquid phase. It is noticed that those former researches combined different 

experimental methods to get the temperature inside the droplet. The possible 

combination of the rainbow technique and numerical model to evaluate the temperature 

is still unknown yet. On the other hand, the two-way couple between the experimental 

and numerical methods can not only simplify the experimental setup but also provide 

model validation. Therefore, in this study, the rainbow technique is coupled with the 

theoretical model to simultaneously quantify the size and temperature during the droplet 

evaporation process. 

1.4 Numerical study of droplet evaporation 

1.4.1 Models of droplet evaporation  

Droplet evaporation models can be classified into the classical one-dimensional 

model and the simulations from the Computational Fluid Dynamics (CFD). The 

evolution and feature of each group are reviewed in this subsection. 

The d2-Law Model: This simplified model originated from Spalding [76], Godsave 

[77], Goldsmith and Penner [78] assuming a uniform and constant droplet temperature 

in the liquid phase throughout its lifetime. This model is known as the D2-Law because 

of a linear reduction of the normalized squared droplet diameter with time. Due to its 

simplicity as well as the reasonability, the d2-Law has been widely used as it is able to 

provide rough estimation for droplet evaporation rate and spray analyses. Since then, 

the theories of the fundamental droplet evaporation process have been extensively 
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exploited during the past decades. 

The Infinite Conductivity and Diffusivity Model (ICM and IDM): The main 

feature of this kind of classical model is the infinite heat and mass transfer rate in the 

liquid phase so that no temperature or mass fraction gradient occurs. Faeth [79] firstly 

proposed this droplet evaporation model in 1977 and emphasized its importance to 

spray evaporation and combustion. The model adopted up to 10 assumptions: 1) The 

droplet is spherically symmetric with no shape change. The influence of forced 

convection is considered by multiplying a coefficient; 2) Physical properties of liquid 

fuel is constant and single component; 3) The gas phase is continuous all the time; 4) 

Fuel vapor at the droplet surface is saturated; 5) The solubility of gas phase into liquid 

phase has been neglected; 6) Ignoring the velocity in the liquid phase; 7) The 

temperature is homogeneous inside the droplet. Accordingly, the temperature maintains 

spatially uniform but temporally varying; 8) The Lewis number is unit in the vapor film; 

9) Radiation is ignored; 10) Chemical reactions are not considered. These hypotheses 

oversimplified the evaporation, which might induce considerable deviations from 

reality. 

The Conductivity and Diffusivity Limit Model (CLM and DLM): This model 

assumed a limited heat and mass transfer rate inside the droplet, which leads to an 

inhomogeneous temperature. It is a typical scenery during the initial 10-20% of the 

droplet lifetime that has a decisive impact on the combustion characteristics since the 

reactions occur at a rapid rate in this stage [80]. The results revealed the overall quasi-

steadiness of droplet size variation after the initial heating period (20% of the droplet 

lifetime). By contrast, the unsteadiness of temperature prevails throughout the droplet 

lifetime. Later, Law C.K. [81] applied this model to simulate the evaporation and 

combustion characteristics of multicomponent droplets by assuming an ideal solution 

behavior of the compound. The results indicated a three stages evaporation behavior 

including an initial transient regime, a quasi-steady stage, and a final volatility limited 

stage. 

The Effective Conductivity and Diffusivity Model (ECM and EDM): Another 

pioneering work of modeling the droplet evaporation process was done by Abramzon 

and Sirignano [82]. They developed a simple but sufficient algorithm that can be 
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adopted in the spray scale. This model considers the influence of droplet motion and 

the internal circulation on the heat and mass transfer process with the effective 

conductivity and diffusivity coefficients. The temperature-dependent physical 

properties, variable Lewis number in the gas-file, the influence of Stefan flow, and 

transient liquid heating had been incorporated into the model. Sazhin et al. [83] 

investigated the heating and evaporation of bi-component droplets with this simplified 

model. The variations of the average temperature evaluated by the model are similar to 

the experimental data. Despite this model having been universally applied to the 

simulation of droplet evaporation, its applicability is still open to question as it was only 

verified for a very limited range of Peclet numbers. 

The aforementioned models are one-dimensional and unable to describe the vortex 

structures as well as the distributions of temperature and species concentrations inside 

droplets. Regarding this, Computational Fluid Dynamics (CFD) analysis is an 

alternative method to simulate the droplet evaporation process. A challenge for this kind 

of model is the capture of the liquid-gas interface. Several methods ranging from fitted 

grid method, front tracking method, Level-Set method (LS), and Volume of Fluid 

method (VOF) are available to capture the interface between the liquid and gas phases, 

which has been substantially used in the investigations of the multiphase flow [84, 85]. 

Strotos et al [86] predicted the evaporation process of suspended droplets with the VOF 

method under an ambient temperature up to 1000 K. The adaptive local grid refinement 

technique was coupled with the VOF method to achieve a high-resolution computation 

with a controllable computational cost. The model was validated with the experimental 

data under a wide range of ambient temperature conditions. In general, the Navier-

Stokes equations, the energy conservation equations, and species transport equations 

are directly solved without any simplifications, it can accurately predict the detailed 

transport information of temperature, mass depletion, vapor concentration, and velocity 

streamlines during droplet evaporation [86]. Although the detailed information can be 

accurately predicted, the common feature of the CFD work is the high demand for time 

and computational resources.  

The pros and cons of the 1D model and CFD are significantly distinct. Compared 

with the CFD works, the one-dimensional model of single droplet evaporation is more 
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feasible to the spray level as they are less demanded on the computational resources. 

Whereas the CFD gives insight into the complex 3D dynamics and thermal transport 

process with the expense of numerical resources. In this case, we have to balance 

between the benefits and the cost according to the target. In practical applications, a 

large number of droplets should be considered. The direct solution of those 

conservation equations in every droplet is not affordable in spray modeling. Therefore, 

a simplified model to predict the heat and mass transfer is required [63]. 

1.4.2 Investigations of the influencing factors 

Droplet evaporation under different conditions has drawn great attention as its 

unique applications. To verify the feasibility of different theoretical models in a high-

temperature environment, Pinheiro et al. [87] developed the corresponding code of 

three models: classical evaporation model, Abramzon-Sirignaono model, and non-

equilibrium model. They compared the numerical predictions against the experimental 

data. The performance of different models was also analyzed. It showed that the 

Abramzon-Sirignano model has the highest agreement with the experimental data in 

terms of evaporation rate for any ambient conditions. Besides, the influence of the real 

gas effect of the gas phase surrounding the droplet on the evaporation characteristics is 

pronounced under high-pressure conditions as a result of the intensified molecules 

interactions of the gas phase. Several real gas equations of state (EOS) including the 

Peng-Robison (PR) EOS, the Soave-Redlich-Kwong (SRK) EOS, and the Redlich-

Kwong (RK) EOS are available to account for the real gas effect. The accuracy of those 

equations has been checked in [88] by implementing different equations of state into 

the numerical model. The transient evaporation of n-heptane droplets in a nitrogen 

environment had been simulated and validated against the experimental results. It 

concluded that the PR-EOS predicts the most satisfactory results. Following this, Balaji 

et al. [89] adopted the PR-EOS to perform the numerical simulations of n-dodecane 

droplets under high-pressure conditions. The results revealed the different reactions on 

the variation of ambient pressure according to the ambient temperature. A higher 

pressure brought about a longer droplet lifetime at sub-critical ambient temperatures, 

yet shortened the lifetime at super-critical ambient temperature conditions. Besides, 
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Pinheiro et al. [90] revealed the evaporation behavior of ethanol droplets under different 

ambient temperature, pressure, and fuel vapor concentration conditions by numerical 

simulations. The influencing factors of the environment on the evaporation 

characteristics were systematically analyzed. The most unexpected result was the 

condensation behavior when the mass fraction of fuel vapor in the ambient is larger 

than zero. Increasing ambient vapor concentration could have a positive or negative 

effect on the evaporation rate, which is determined by the threshold temperature. 

1.4.3 Investigations of multi-component droplets 

Modeling of multicomponent droplets remains a challenging task. The individual 

component in the mixture has a different evaporation behavior. The differences in the 

evaporation sequence and the evaporation rate lead to the inhomogeneous temporal and 

spatial distribution of concentration in the liquid phase. The mass transfer of each 

component is regarded as diffusion controlled. Following this, the Discrete Component 

Model (DCM) is one of the prevalent methods when the number of components in the 

liquid is countable [91]. Due to its CPU-intensive feature, this approach is especially 

beneficial for the investigations of binary droplets when considering the 

implementation in the CFD [92, 93]. Apart from that, the Continuous Thermodynamic 

Approach and the Distillation Curve Model originated from the probabilistic analysis 

is appliable for the mixture composed of a great number of components [93], for 

instance, the realistic cases of gasoline and diesel fuels. The main limitation of this kind 

of model is the assumption of rapid mixing of species inside the droplet. Another 

alternative approach handles the multi-component by focusing on the diffusion of liquid 

species named as the quasi-discrete model. The major drawback of this method is the 

hypothesis of alkanes fuels. Therefore, it can only be applied to the mixture composed 

of alkanes. The implementation of this model into the mixture composed of other 

components families is inappropriate [91]. By comparing the models suggested so far, 

we find that the DCM is the most functional one as it can not only provide species 

distributions but also have no restrictions on the fuel type.  

Ra and Reitz [94] investigated the evaporation behavior of multi-component fuel 

spray with the Discrete Component Model. The diesel and gasoline were approximated 
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with six and seven species, respectively. They incorporated this vaporization model into 

a multi-dimensional CFD code and compared the difference of the results simulated by 

the single and multi-component fuel. The results indicated that the mass reduction and 

heating process of droplet by adopting a multi-component and single component model 

have a significant difference. The multi-component liquid presented the preferential 

evaporation of different components in the mixture, which significantly impacts the 

local vapor fuel composition, as shown in Figure 1.10. The light components dominate 

the upstream of the spray while the heavier components are found at the spray tip. This 

local difference is expected to have an impact on the formation of vapor mixture and 

combustion process as well as the spray/wall impingement. Similarly, Sazhin et al. [95] 

simulated the evaporation process of biodiesel with a single-component surrogate fuel 

and the Discrete Component Model, respectively. They concluded that for biodiesel the 

predictions based on the multi-component and single component model are close to 

each other (the difference of lifetimes predicted by two models is less than 5.5 % for 

typical Diesel engine-like conditions). This is because the major components in 

biodiesel have similar physical properties such as the molar mass and boiling point. 

Accordingly, the physical difference is not evident compared to the case of diesel and 

gasoline. 

 



 

 27 

Figure 1.10 Distribution of droplets and fuel mass fractions accompanied by the 

component distributions at two positions inside the spray [94]. 

When the multi-component mixtures are composed of components having a large 

polarity difference, it is inappropriate to treat it as an ideal liquid as the non-ideal phase 

equilibrium has a significant impact on the evaporation process [96]. For instance, the 

combination of alcohol fuels and hydrocarbon fuels is a non-ideal mixture because of 

the polarity of an alcohol molecule. 

Several pieces of numerical work provide insight into the influence of the non-

ideal equilibrium on the droplet evaporation process. In general, the impact of the non-

ideal behavior of the blend on the droplet evaporation process is composed of three 

aspects, i.e., the non-ideal behavior in the liquid phase, the non-ideal behavior in the 

vapor phase, and the non-ideal vapor-liquid equilibrium (VLE). The liquid fuel is often 

the blend of ethanol with acetone, water, or other hydrocarbon fuels. The non-ideal 

behavior in the liquid phase is considered through the activity coefficient. Maqua et al. 

[62] evaluated the activity coefficient of ethanol and acetone binary droplets with the 

empirical correlations. While the Universal quasi-chemical Functional Group Activity 

Coefficients (UNIFAC) had been applied for the computation of activity coefficients in 

the investigations of Brenn et al. [97] and Narasu et al. [98]. In addition, Bader et al. 

[99] incorporated another coefficient of the Poynting factor to modify the non-ideal 

behavior in the liquid phase. Apart from that, they adopted the fugacity coefficient to 

consider the non-ideal behavior in the vapor phase. Those modifications were 

implemented into an infinite conductivity evaporation model. The aforementioned 

literature demonstrated the influence of non-ideal behavior on the droplet size, 

temperature evolution, or the evaporation sequence of individual components in the 

blend. Especially, the results in [99] validated the importance of taking into account the 

impact of non-ideal behavior in the vapor phase. Nevertheless, the investigations by 

Bader et al. [99] were based on the homogeneous temperature and concentration in the 

liquid phase, which induces remarkable deviations under high-temperature situations 

[100]. 

In our previous study [101], the evaporation characteristics of acetone-butanol-

ethanol and diesel blends droplet under high-temperature, high-pressure, and 
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convective conditions had been numerically investigated. The temperature-dependent 

physical properties of liquid fuel were considered. The non-ideal behavior of the ABE 

and hydrocarbons mixture were considered through the UNIFAC method. The real gas 

effect under high-pressure conditions was presented by the PR-EOS. The accuracy of 

the established model was validated against the experimental results. In addition, a 

comparative analysis was made by exploring the droplet evaporation process under 

different ambient temperature, pressure, and velocity conditions. The results revealed 

the reactions of different kinds of fuels on the variation of ambient conditions. A higher 

ambient temperature was especially beneficial for the mass reduction rate of less 

volatile components. The impact of ambient pressure on the evaporation rate was 

coupled with the ambient temperature. A higher pressure suppressed the evaporation 

rate under low-ambient temperature conditions yet enhanced the evaporation rate under 

high-ambient temperature conditions. In addition, each component showed a different 

sensitivity on the variation of pressure, which depends on the diffusion coefficient. In 

a nutshell, the model shows the potential in revealing the mechanism of the evaporation 

process. 

1.4.4 The influence of non-sphericity on droplet evaporation 

Most of the models describing the droplet evaporation are based on the assumption 

of a spherical droplet. Nevertheless, the shape of most droplets encountered in practical 

engineering applications is far from spherical [102]. The dynamic stress is prone to 

deform the droplet, while the surface tension forces the droplet to maintain a spherical 

shape, which is an equilibrium state [103]. A significant shape deformation can be 

induced from the relative motion between droplet and gas medium when the Weber 

number is larger than one [104]. 

Establishing the evaporation theory for arbitrary shape droplets is infeasible. In 

most cases, the variation of droplet shape is considered by assuming a prolate or oblate 

spheroids droplet [91]. The influence of shape change on the evaporation rate was 

discussed in [105] by assuming the same volume. It demonstrated that oblate spheroid 

droplet shape enhances the evaporation rate compared with the spherical droplet. This 

can be explained from the aspect of surface area. The surface area of a spherical droplet 
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is smaller than that of a spheroid droplet with the same volume. Li and Zhang [106] 

carried out a theoretical study of an oblate spheroidal droplet under forced convection 

conditions. They introduced the Sherwood number and Nusselt number for an oblate 

spheroid droplet. It stated that the oblate spheroidal droplet has a slower mass 

regression rate than a spherical droplet when the surface area is the same. The increase 

of aspect ratio decreases the Sherwood number and Nusselt number. Tonini and Cossali 

[107] theoretically investigated the evaporation process of an oscillating spheroidal 

drop by taking into account the influence of oscillations from oblate to prolate states on 

the evaporation rate. The evaporation mechanism from oblate to prolate droplets was 

revealed by this model. The results indicated that the average evaporation rate increases 

monotonically with the increment of maximum surface area. Later, they developed a 

general 1-D mathematical approach to analyze the steady-state evaporation of 

spheroidal droplets [108]. This model was capable of evaluating the information of 

evaporation rate, heat fluxes, and local vapor concentration. The evaporation rates of 

three kinds of droplets including the spherical, spheroidal, and triaxial ellipsoidal ones 

were analyzed. The results validated the impact of droplet shape on droplet evaporation. 

It revealed that the prolate droplet has the fastest evaporation rate whereas the oblate 

droplet has the lowest evaporation rate. 

Additionally, mathematical modeling of spheroidal droplet evaporation was 

conducted by Zubkov et al. [109]. They considered the temperature distribution inside 

the droplet and the shape change of the droplet with a two-dimensional configuration. 

The results revealed that the droplet evaporation time is insensible to the droplet non-

sphericity when the droplet eccentricity is in the range of 2/3 to 1.5. By contrast, the 

non-sphericity noticeably modifies the temperature evolutions. In both cases, the 

spheroidal droplets evolve to more spherical ones with time as a result of surface 

tension and evaporation. It can be inferred that the influence of non-sphericity was 

largely presented in the early heating period. This model can be regarded as one of the 

most advanced ones except for the models based on the analytical solutions [91]. 

Zaitone [7, 110] explored the evaporation behavior of an oblate droplet by combining 

the experimental and numerical methods. The acoustic technique was adopted to 

suspend the droplet and maintain the aspect ratio at approximately 0.7. The results 
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revealed an inverse proportion between the aspect ratio and evaporation rate. 

Due to the aerodynamic force, the non-sphericity of droplets happens in a very 

short time in experimental conditions and spray, which makes it difficult to observe this 

phenomenon. However, the rainbow technique is capable to capture this variation as 

the change of droplet shape modifies the rainbow angle or scattering patterns as 

investigated in [111]. The oscillation of the rainbow patterns as a result of non-

sphericity was observed by Li et al. [112] during a spark heating process. Similarly, Wu 

et al. [60] discovered the dramatic change of rainbow patterns during the spark heating 

process due to the strong disturbance of the flow field on the droplet shape. In some 

cases, the rainbow signal was completely distorted by the strong oscillation, which 

reveals the intense change of droplet morphology. Later, Wu et al. [113] explored the 

application of rainbow refractometry in measuring the surface tension and viscosity of 

droplets by taking advantage of the linkage between the droplet deformation amplitude 

and the angular shift of the rainbow signal. It is claimed that the angle position is 

extremely sensitive to the aspect ratio of a droplet. Changing the droplet shape from 

spherical to spheroidal with a non-sphericity of 1.01 shifts the angular position of the 

primary rainbow to 1°. They quantified the influence of droplet deformation on the 

rainbow patterns in the range of non-sphericity of 0.95-1.05. The results indicated that 

the scattering angle of the rainbow pattern keeps increasing when the droplet shape 

varies from oblate to round finally to prolate. The consideration of shape changes 

substantially improved the spatial resolution of the rainbow measurement. 

1.5 Objective 

Aiming at the accurate description of droplet evaporation behavior and the 

development of evaporation theory and measurement technique, the combination of the 

experimental method and simulation approach has been utilized for analyzing the 

evaporation behavior of mono and binary droplets under different conditions. From the 

perspective of simulation, the above literature demonstrated the necessity of adopting 

a simple yet reliable model regarding the incorporation into a spray scale with a great 

number of droplets. Therefore, an improved model based on the effective conductivity 

and diffusivity model has been proposed, which incorporates the impacts of convection, 
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the temperature-dependent physical parameters, the non-ideal vapor-liquid equilibrium 

of the mixture, and the effect of distance between neighbor droplets. On the other hand, 

a parallel experimental effort to get the evaporation behavior of moving droplets 

demands ingenuity. To be realistic, the droplets under testing should be small (of the 

order of 100 μm) and free from any suspension device. Accordingly, the combination 

of high accuracy rainbow technique with free-falling droplets has been utilized to 

simultaneously measure the droplet size, temperature, and concentration during the 

evaporation process. An algorithm considering the refractive index gradient in the 

liquid phase and shape change has been developed to retrieve the evaporation 

parameters from the scattering image, which substantially improves the accuracy of 

data processing. Then, the evaporation processes of mono and ethanol/heptane binary 

droplets with different conditions have been investigated with both experimental and 

simulation methods. The thesis mainly has six chapters: 

Chapter 1 introduces the applications and background of droplet evaporation. The 

experimental researches and numerical studies widely adopted in the investigation of 

droplet evaporations have been described. The necessity to adopt the experimental 

configurations of the rainbow technique with the free-falling droplets is described. A 

review of the droplet evaporation simulation lays the fundamentals of the thesis. 

Chapter 2 systematically describes the experimental methodology including the 

whole setup and each segment, the verification of the rainbow theory for post-

processing. The physical parameter of the tested fuel and their dependence on 

temperature in the present work has been introduced as well. An inversion algorithm is 

proposed for the post-processing of experimental data. On the basis of this, the 

reliability and repeatability of the measurement method have been checked. 

Chapter 3 narrates the details of the numerical method including the physical 

description, model assumptions, the solution of heat and mass transfer process, and the 

numerical algorithm. The impact of convection, the temperature-dependent physical 

parameters, the non-ideal equilibrium of the mixture, and the effect of distance between 

neighbor droplets are considered. Besides, the model is validated by experimental and 

simulation results in the literature. 

Chapter 4 focuses on the transient evaporation behavior of ethanol and heptane 
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droplets by rainbow measurements. The retrieved droplet diameter and refractive index 

from the rainbow patterns have been compared with the model predictions. As a 

consequence, the temporal evolutions and spatial distributions of temperature are 

obtained. The difference between the model predictions and experimental results has 

been further investigated. 

Chapter 5 gives an account of the evaporation behavior of ethanol and heptane 

binary droplet obtained by both experimental and simulation methods. The influence of 

non-ideal vapor-liquid equilibrium on the preferential behavior of binary droplet is 

observed and confirmed by the rainbow experimental results. The coupling influence 

of ambient temperature, pressure, and compositions in the liquid phase on the 

preferential evaporation of droplets is obtained. 

Chapter 6 summarizes the main outcome of the present work and highlights the 

innovations. It also talks about the required effort in future work. 
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2. Experimental methodology 

2.1 Rainbow technique 

The rainbow system developed in this work together with the schematic diagram 

are shown in Figure 2.1. It mainly has three sections including a fuel supply and droplet 

generation system, a temperature and pressure control system, and a data acquisition 

system. When conducting the experiment, the temperature of the chamber is regulated 

to the expected point by a PID controller with an accuracy of ± 0.1 K. The temperature 

range in the present work is 373-473 K. Then, a free-falling droplet stream produced 

by a piezoelectric droplet generator (MTG-01-G1, FMP) vaporizes under a high-

temperature environment. The initial temperature of the droplet stream is the same as 

the room temperature of 293 K by using a water cooling system surrounding the 

generator. Three pinholes with a diameter of 50 μm, 75 μm, and 100 μm are available 

to adjust the initial diameter of the droplet stream. Finally, a pulsed laser beam with a 

wavelength of 532 nm illuminates the droplet stream. An optical lens with a diameter 

of 75 mm and a focal length of 150 mm collects the scattering lights from droplets. A 

high-speed CCD camera with a resolution of 2048×2048 pixels records the scattering 

images of droplets at the vicinity of the rainbow angle. Noting that the frequency of 

laser illumination and the frame rate of the camera are synchronized with each other at 

17 fps by the Insight 4G software in the computer. The explosion time of the camera is 

500 μs. The measurement of droplets at different positions can be achieved by adjusting 

the vertical position of the illumination part and the image receiving part. A range of 

37-44 mm and 47-54 mm from the vertical direction of the nozzle can be detected. An 

adjustment of 1 mm per time is adopted in this work to ensure a sufficient sample point. 

At least 100 images are recorded at each sample point for all the tests. 
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(a) Compositions of the setup (b) Schematic plot 

Figure 2.1 Experimental setup. 

2.1.1 Droplet generation 

A piezoelectric droplet generator (MTG-01-G1, FMP) with different pinhole sizes 

produces the free-falling droplet stream. The mechanism of generating droplets from 

laminar fluid jets is based on the Rayleigh breakup theory. As stated, deformation 

appears at the jet surface when the interference is imposed on a continuous jet. The 

wavelength of the deformed jet can be calculated from the velocity and the interference 

frequency. The criteria for a jet decaying into droplets depends on the following 

equation: 

 , (2.1) 

with λ is the wavelength of the deformed jet, uD and fG are the velocity of the jet and 

the excitation frequency, respectively. D is the diameter of the pinhole in μm. Noting 

that the jet velocity uD is calculated by the Bernoulli's equation stated as: 

 , (2.2) 

In order to generate a stable line of mono-dispersed droplets with the same size 

and spherical shape, the dimensionless wavelength of the excitation wave expressed as 

/k D =  is in the range of 0.3-0.9. In this context, generator frequency fG and the 

injection pressure Pinj are the main parameters in controlling the stability of the 

generator. Those parameters were controlled by adjusting the pulse generator together 

with the pressure of the pump. According to the theoretical formula, the frequency range 

used to generate monodisperse droplets is determined as below:  
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 , (2.3) 

The droplet size d can be coarsely predicted from the volume flow rate Q and 

exciting frequency fG. The formula is provided as: 
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noting that the volume flow rate Q can be defined as: 

 DQ u A= , (2.5) 

with A is the cross-section area stated as: 

 . (2.6) 

In this case, the diameter of the droplet stream can be evaluated from the pinhole 

diameter: 
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According to those theoretical calculations, the velocity, excitation frequency, and 

the diameter range for monodisperse droplets under different injection pressure are 

displayed in Table 2.1. The pinhole diameter is 100 μm. It indicated that the velocity and 

the range of excitation frequency are proportional to the injection pressure. A higher 

injection pressure means a faster movement of droplets, which needs a larger excitation 

frequency to produce a monodisperse droplet stream. For a fixed injection pressure, the 

adjustment of excitation frequency is critical to the stability of the droplet stream. A 

stable droplet stream generates a clear rainbow pattern with both primary peaks and 

ripple structures which is the criteria to ensure a stable working condition of the 

generator. In practical experiments, the excitation frequency is adjusted until a clear 

and stable rainbow pattern is observed. In addition, the range of exciting frequency to 

produce monodisperse droplets and the diameter of droplet stream with different 

pinhole sizes are compared in Table 2.2. Those data define a sparse range of working 

conditions for the generation of droplet streams. 

Table 2.1 The variation of velocity, excited frequency, and droplet diameter under different 

injection pressure at the normal pressure and room temperature conditions. 
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D (μm) A (μm2) Pinj (bar) uD (m/s) Range of fG (kHz) Diameter of droplet (μm) 

100 7850 1.2 6.11 5.84-17.51 131.29-330.52 

100 7850 1.4 8.80 8.40-25.20 131.29-330.52 

100 7850 1.6 10.83 10.34-31.03 131.29-330.52 

100 7850 1.8 12.54 11.98-35.94 131.29-330.52 

100 7850 2.0 14.05 13.42-40.24 131.29-330.52 

Table 2.2 Range of excited frequency to produce monodisperse droplets and the diameter of 

droplet stream with different pinhole sizes. 

D (μm) A (μm2) Pinj (bar) uD (m/s) Range of fG (kHz) Diameter of droplet (μm) 

50 1960 1.2-2.0 6.11-14.05 11.67-40.51 82.70-165.26 

75 4420 1.2-2.0 6.11-14.05 7.78-40.51 108.38-247.89 

100 7850 1.2-2.0 6.11-14.05 5.83-40.51 131.29-330.52 

2.1.2 Optical segment design 

The schematic diagram of the collection unit is illustrated in Figure 2.2. The 

compositions of the system and positions of each part are as follows: 

Lens 1: First optical lens in the imaging system with a diameter of 75 mm and 

focal length f1 =150 mm. It mainly collects the scattering light from droplets.  

S1: The distance from the position of the droplet to the principal plane of the first 

lens. It can be calculated from this correlation: M=f1/(S1-f1), with M is the magnification 

ratio. An appropriate value of M=1.17 has been chosen coupled with a lens of f1 =150 

mm. The resulting S1=278 mm.  

Lens 2: The second small lens with a diameter of 50 mm and focal length of 50 

mm. Adding this lens into the configuration principally shortens the focal length and 

the whole length of the imaging system. The position of the second lens is right next to 

the first lens. The interval between the two lenses is narrow at about 20 mm. The focal 

length after the combination of the two lenses can be calculated from the below 

equation. 

 . (2.8) 

S2: The distance between the camera and the first lens. One can change the quality 
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of the scattering pattern by adjusting the position of the camera. Accordingly, the 

distance producing the clearest scattering patterns is the desired value of S2. 

Noting that the camera in the rainbow system captures the out-of-focus image 

(scattering patterns) rather than the focused image of the droplet. Therefore, the position 

of each part is determined by whether a clear and suited scattering pattern can be 

visualized in the view of the camera. Once the optimum location of each part has been 

detected, it will remain unchanged ever since for all tests. 

 

Figure 2.2 Optical setup of the rainbow system. 

2.1.3 Rainbow simulation 

The simulation of the light patterns nearby the rainbow angle is fundamental for 

the data inversion process. This work adopted the Airy theory to perform the post-

processing procedure concerning the complicity of other simulation methods for data 

inversion [43]. The simplicity yet reliability of Airy prediction ensures the accuracy of 

the droplet size and refractive index extracted from the scattering light patterns by 

iteration. 

2.1.3.1 Airy theory 

The Airy theory is a scalar diffraction theory that describes the scattering of sine 
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waves after experiencing internal reflections and leaving the spherical particle, as was 

first done by George B. Airy [114]. The relationship between the scattered intensity and 

scattering angle is given by [37], 
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where /d  = , θrg is the rainbow angle, which can be calculated by, 
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with n is the refractive index of the droplet, Ai is the Airy integral. Normally, it has the 

form as defined by Abramowitz and Stegun [115], 
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the argument z is: 
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h and i are as follows, 
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where τp and τp
’ are the complements of incident and refraction angles of the incident 

rainbow ray of p-1 internal reflections, 

 , (2.17) 
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 . (2.18) 

2.1.3.2 Verification of the Airy theory 

To examine the ability of the Airy theory in simulating the rainbow patterns, the 

scattering light intensity curves predicted by the Airy theories are compared with the 

Lorenz-Mie theory because the Lorenz-Mie theory is the most rigorous method taking 

into account all the aspects. A software named MiePlot is adopted to simulate the light 

intensity curve based on the Lorenz-Mie theory. This software is able to predict the light 

intensity curves by using different kinds of theories including the Lorenz-Mie, Debye, 

Airy, and Descartes, etc. [116]. The results nearby the rainbow angle are displayed in 

Figure 2.3. The diameter and refractive index of the droplet are 100 μm and 1.3653, 

respectively. The wavelength of the incident light is 532 nm. Firstly, several peaks are 

presented in the primary rainbow region including one main rainbow peak and several 

Airy fringes. The difference between the two methods is the ability to simulate the 

ripple structure. Airy theory only shows the feature of main peaks compared with the 

Lorenz-Mie simulations. In addition, the results indicate that the Airy theory is as 

accurate as of the Lorenz-Mie simulations in predicting the rainbow positions of the 

first and second peaks. A visible deviation in the rainbow positions of the third and 

fourth peaks is observed. Considering the first and second peaks regions are critical for 

the rainbow technique, it can be concluded that the Airy theory is accurate enough for 

the application of rainbow measurement [117]. The accuracy and effectiveness of the 

Airy theory in predicting the scattering light intensity curves are systematically 

analyzed from the aspect of diameter, refractive index, and incident wavelength in detail. 
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Figure 2.3 The comparison of the normalized light intensity curves predicted by two 

theories. 

The effective diameter range of the Airy theory producing a satisfactory 

performance is checked with a droplet diameter range of 20-1000 μm. The wavelength 

of the incident light is 0.632 μm. The refractive index of the droplet is taken as 1.33. 

For each droplet, the scattering light intensity predicted by the Airy theory is compared 

with the corresponding Mie results, as displayed in Figure 2.4. In the first, the deviation 

of Airy theory in predicting the angular position of rainbow peaks is remarkable for 

small droplets with a diameter value of 20 and 40 μm. Under this circumstance, Airy 

prediction only has good performance over the angular region of the first peak. 

However, it is observed that the Airy simulation has a good agreement with Mie's 

prediction over the first two peaks for droplets with 100 μm, the first three peaks for 

droplets with 400 μm, the first four peaks for droplets with 1000 μm, and so on. That is 

to say, by increasing the droplet diameter, the accuracy of the Airy simulation has been 

intensively improved because more peaks are overlapping with the prediction of Mie 

theory. Overall, the Airy simulation can well predict the angular position of the first two 

peaks as long as the diameter of the droplet is larger than 100 μm. 
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Figure 2.4 Scattering light intensities predicted by Mie and Airy theory with different 

droplet sizes. 

Next, the impact of the refractive index on the Airy simulations is examined. The 

droplet diameter is taken as 100 μm. The wavelength of the illumination is 0.632 μm. 

The refractive index varies from 1.33 to 1.5 as it covers the refractive index values of 

most liquid fuels [118]. Figure 2.5 demonstrates the negligible influence of the refractive 

index on the accuracy of Airy prediction. With the present simulation configuration, the 

angular positions of the first two peaks obtained by the Airy theory agree well with the 

Mie prediction regardless of the refractive index values. Therefore, the Airy theory can 

be applied to any refractive index values as long as the diameter range is satisfied. 
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Figure 2.5 Influence of refractive index range on the accuracy of Airy prediction. 

Finally, the sensitivity of incident wavelength on the scattering light patterns by 

the Airy and Mie theory is investigated with three wavelength values of 0.632, 0.582, 

and 0.532 μm. The particle diameter and refractive index values are 100 μm and 1.33, 

respectively. As indicated in Figure 2.6, the incident wavelength has a slight impact on 

the angular position of scattering patterns. More importantly, changing the wavelength 

does not alter the accuracy of the Airy theory in predicting the first two rainbow peaks. 
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Figure 2.6 Comparison of Airy and Mie simulation under different wavelengths. 

2.1.4 Impact of refractive index gradient and non-sphericity droplet 

2.1.4.1 The Generalized Airy Theory (GAT) for non-uniform sphere 

The rainbow simulation described in the previous section is designed for 

homogeneous droplets without a temperature gradient inside the droplet. Nevertheless, 

an inhomogeneous distribution of refractive index inside the droplet is general in 

practical situations as a result of heating and evaporation. The existence of temperature 

and composition gradient inside droplets leads to an inhomogeneous spatial distribution. 

The modification of the refractive index gradient on the light trajectory is displayed in 

Figure 2.7. Solid and dot lines represent the light paths by a homogeneous refractive 

index and inhomogeneous refractive index, respectively. It is observed that a straight 

line turns into a curve when a gradient occurs in the liquid phase. If the refractive index 

at the droplet center has a much higher refractive index in the liquid phase, the light 

path bends toward the center of the droplet, which leads to the increase of the rainbow 
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angle. 

Regarding this, an inversion algorithm based on the Generalized Airy Theory 

(GAT) [68-70] has been developed by taking into account the influence of the 

inhomogeneous distribution of refractive index inside droplets on the rainbow angle. 

The refractive index in the liquid phase is assumed to be a polynomial distribution along 

the radial direction, which is an effective way to present the impact of the refractive 

index gradient on the rainbow position. 

 

Figure 2.7 The light path corresponds to a homogeneous and inhomogeneous refractive 

index inside a spherical droplet. 

The calculation process of this method is described hereafter. When the incident 

rays with an incident angle τ enter a transparent droplet, the scattering angle θ when it 

comes out of the droplet is calculated by [43], 

 
'=2 -2p   , (2.19) 

with τ 'stands for the refraction angle. When the refractive index inside the droplet is 

inhomogeneous, Eq.(2.19) can be generalized into, 

 . (2.20) 

It means a variable scattering angle by considering the influence of the refractive index 

gradient along the non-dimensional radius direction.  is the non-dimensional droplet 

radius. The variation of 1   along the radius direction is considered through the 

integration of the light rays inside each layer, 
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with ne is the refractive index in the gas phase, 𝑟̃𝑚 means the minimal distance between 

the droplet center and light trajectory. The value of 𝑟̃𝑚 is one of the solutions of the 

cubic equation  . The refractive index along the non-dimensional 

radius direction is regarded as a multi-layered distribution with a polynomial form, 

 , (2.22) 

where (r)n  is the non-dimensional refractive index with a polynomial order m. nc and 

ns are the refractive indices at droplet center and surface, respectively. Under this 

context, the scattering light intensity by a droplet with a diameter d is calculated as, 
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where λ is the wavelength of the incident light. rg and rg are incident angle and 

scattering angle corresponding to the rainbow position, which can be solved from 

eq.(2.20). 

2.1.4.2 Multilayered refractive indices and equivalent parameters 

As stated before, the refractive index gradient directly changes the rainbow angle. 

Eq.(2.22) originates from the assumption that the distribution of refractive index is a 

multilayered sphere depending solely on radial location. Each layer has a different 

refractive index n1, n2,…, and ni as schematically displayed in Figure 2.8. Theoretically, 

a layer value of 128 is enough to provide a continuous profile of the refractive index in 

the liquid phase. Regarding the practical case investigated in this work, the heating and 

evaporation of droplets lead to the decrease of refractive index with time. Technically, 

the refractive index at the droplet surface is smaller than the value at the droplet center. 

This behavior is because the heat conduction firstly happens at the droplet surface and 
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gradually transfers into the center, which creates a higher temperature at the surface of 

the droplet. Noting that the assumption of nc >ns is not valid for all the cases such as 

the multicomponent droplets. The variation of the refractive index is affected by the 

temperature and compositions at the same time. Therefore, a larger refractive index at 

the droplet surface is possible under some situations. 

 

Figure 2.8 Schematic of multilayered sphere model. 

The polynomial order controls the gradient profiles, which has been exemplified 

in Figure 2.9. The diameter adopted for simulation is 100 μm. The refractive indices to 

do the comparative study are taken as 1.365 and 1.357, respectively, which corresponds 

to a temperature of 10 °C and 30 °C [119]. Red and blue lines stand for the gradient 

distributions when m is positive and negative, while the black line is the case when m 

equals 1 or -1. It is found that a negative m leads to a stepper gradient at the center of 

the droplet. The overall gradient profile is closer to the surface refractive index as 

demonstrated by the negative extreme of m=-10. In contrast, a positive m value leads 

to a sharp refractive index gradient nearby the droplet surface. Moreover, a linear 

regression of the refractive index with non-dimensional radius is observed when m is 1 

and -1. 
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Figure 2.9 Example of gradient profiles affected by polynomial order m with nc =1.365, ns 

=1.357, 128 layers. 

The normalized light intensity curves corresponding to the homogeneous and 

inhomogeneous droplets evaluated by the Airy theory are displayed in Figure 2.10. The 

polynomial order is 2 for the inhomogeneous droplet. As indicated, the deviations 

between the homogeneous and inhomogeneous predictions are apparent. The 

inhomogeneous refractive index moves the light intensity curve toward a larger 

scattering angle region. More importantly, the light intensity curves produced by a 

inhomogeneous droplet can be always fitted by the light intensity curves of a 

homogeneous droplet with almost the same size [71], as exemplified by the red dot line. 

It is noticed that the inhomogeneous refractive index has no influence on the value of 

diameter while having a huge impact on the refractive index. This provides an efficient 

way to interpret the recorded light intensity curves from the experiment measurement 

when considering the impact of the inhomogeneous refractive index. When conducting 

the data inversion process, the inversion code computed the light intensity curves in the 

framework of a homogeneous refractive index inside the droplet with the Airy theory. 

The optimum fitted light intensity curve simulated by a homogeneous refractive index 

can be obtained through the comparison with experimental measurements. As a 

consequence, the homogeneous refractive index corresponding to the optimum fitted 

light intensity curve is defined as the equivalent refractive index. Therefore, the 
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refractive index extracted from the experimental results during the post-processing is 

the equivalent refractive index. Under this context, the real temperature and temperature 

distribution inside the droplet can be further evaluated by analyzing the relationship 

between the equivalent refractive index and refractive index profile along the radius 

direction. 

 

Figure 2.10 The simulated rainbow signals of homogeneous and inhomogeneous droplets. 

2.1.4.3 The non-sphericity droplet shape 

As demonstrated in [111, 113], a slight change in the aspect ratio leads to a 

noticeable angular shift of the rainbow signal. The scattering angle increases when the 

shape of the droplet varies from round to oblate, whereas it decreases when the shape 

of the droplet varies from round to prolate. An example of the light paths of an oblate 

and a spherical droplet is displayed in Figure 2.11. The modification of the shape change 

on the rainbow angle is considered as follows. 



 

 49 

 

Figure 2.11 The light paths of an oblate and a spherical droplet. 

The deviation of rainbow angle between the spheroidal and spherical droplets is 

given by [113, 120], 

 , (2.26) 

where rg,1 and rg,2 are the rainbow angles for spheroidal and spherical particles, 

respectively.  is the droplet non-sphericity defined by  =b/a with a is the equatorial 

length in the horizontal plane and b is the polar length in the vertical plane. For droplets 

with refractive index n,  is given by, 

 . (2.27) 

In some cases, the impact of shape change is significant on the accuracy of data 

inversion process. For instance, when performing the comparison between 

experimental data and simulation results, one can assume an appropriate non-sphericity 

to minimize the deviations and improve the accuracy of extracted data from experiment. 

2.2 Physical properties and correlations with rainbow patterns 

2.2.1 Basic physical properties 

Ethanol and n-heptane have been chosen as test liquid in the present work. Table 

2.3 listed some of the main features of tested fuel. 

Table 2.3 Major parameters of tested liquids. 

 Ethanol Heptane 

Formula C2H6O C7H16 

Molecular Weight (g/mol) 46.07 100.2 
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2.2.2 Refractive index range of ethanol 

Evaluating the refractive index under different temperatures, pressure, wavelength, 

or other parameters is critical for extracting the information of the temperature and 

composition. It has a decisive role in the rainbow measurement methods. 

Understanding the variation of refractive indices of common liquid and fuels is helpful 

for data processing. 

Taking ethanol for an example, to investigate the variation of the refractive index 

under different ambient conditions, three sets of reference data by Rosen [121], Chen 

and Vedam [122], and Jiménez Ricobóo [123] are compared here. Additionally, the 

relationship between the refractive index n and the temperature T proposed by Smith et 

al. [119] is plotted for comparison as well, 

 1.36929 0.000400n T= − , (2.28) 

The results and the corresponding data are shown in Figure 2.12 and Table 2.4, 

respectively. First of all, it shows that increase temperature leads to a smaller refractive 

index, while larger pressure slightly increases the refractive index. This relates closely 

to the density variation as enhancing temperature normally leads to the reduction of 

density while increasing pressure induces a larger density. Besides, a linearly 

decreasing trend of the refractive index with a higher temperature is observed. By 

contrast, a non-linear variation trend of the refractive index with increasing pressure is 

presented. A variation of the refractive index with 0.001 corresponds to a change of 

temperature of about 2.5 K. 

Boiling point (°C) 78.2 98.5 

Critical temperature (°C) 240 266 

Critical pressure (bar) 61.48 21.1 

Density 20 °C (g/mol) 790 680 

Latent heat (kJ/mol) 42.32 36.57 

Refractive index at 20 °C 1.3611 1.3855 
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(a) Effect of temperature on refractive index (b) Effect of pressure on refractive index 

Figure 2.12 Variation of the refractive index with pressure and temperature for ethanol: (a) 

data obtained by Jiménez Ricobóo and Smith [123] [119]; (b) data obtained by Rosen [121], 

Chen and Vedam [122]. 

Table 2.4 Refractive index of ethanol [119]. 

Temperature (K) Refractive index value Rainbow angle 

283.15 1.36536 142.4047 

287.15 1.36342 142.148 

293.15 1.36126 141.8604 

298.15 1.35929 141.5966 

303.1 1.35729 141.3271 

2.2.3 Refractive index of alkane fuels 

K.Kerl and H.Varchmin [124] measured precisely the real refractive index of water 

and the alkanes cyclohexane, pentane, hexane, heptane, and octane with the wavelength 

and temperature of 326- 644 nm and 293-333 K. They fitted the measured data with the 

formula [124]: 

 
3 32 2

1 1 2
( , )

a b Ta b T
n T a bT

 

++
= + + + , (2.29) 

with a1, a2, a3, b1, b2, b3 are constants. Their values are listed in Table 2.5. 

Table 2.5 Fitting constants of above equation [124]. 
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Parameters n-Hexane n-Heptane n-Octane 

a1 1.52157227 1.53032446 1.53411519 

a2 -4.6005 -4.9283 -5.9374 

a3 6159.3 6338.7 6615.0 

104×b1 -5.5035 -5.0456 -4.8297 

103×b2 2.2803 2.9848 4.9412 

b3 -5.9360 -5.9876 -6.2085 

Take the incident wavelength of 0.532 μm as an example, the dependence of the 

refractive index on temperature for different alkanes fuels is displayed in Figure 2.13. 

The results reveal an inverse relationship between the refractive index and temperature. 

Overall, a linearly decreasing trend of refractive index with higher temperature is 

observed for all three alkane fuels. In addition, the sensitivity of three alkane fuels with 

temperature is almost the same. A variation of refractive index with 0.001 means a 

temperature difference of about 2 K for hexane, heptane, and octane. Moreover, the 

heavier the fuel, the larger the refractive index, which holds under all temperatures. 

Apart from that, the refractive indices together with the rainbow angle under different 

temperatures for heptane are listed in Table 2.6 to provide a coarse range of the rainbow 

angle region. 

 

Figure 2.13 The dependence of the refractive index with temperature for three alkane fuels. 

Table 2.6 Refractive index and rainbow angle of heptane. 

Temperature (K) Refractive index (heptane) Rainbow angle (heptane) 
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283.15 1.396267 146.3038 

293.15 1.391066 145.6719 

303.15 1.385865 145.0304 

313.15 1.380664 144.3792 

323.15 1.375463 143.718 

333.15 1.370262 143.0468 

2.2.4 Refractive index of binary mixture 

The prediction of the refractive index of the binary droplet is based on the 

refractive index of each component. The group contribution method is adopted for the 

evaluations of binary droplets. According to this method, the specific refraction ( )LLr  is 

calculated by the following equation [125-127], 

 
( ) ( ) ( )

1 1 2 2

LL LL LLr r Y r Y= + , (2.30) 

where Y stands for the mass fraction. The subscripts 1 and 2 are the component number. 

The specific refraction of individual component i is computed by the Lorentz-Lorenz 

equation [127], 
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 −
=  

+ 
, (2.31) 

Following this equation, the refractive index of the mixture is, 

 . (2.32) 

2.2.5 Dependence of scattering patterns on individual particle 

The dependence of scattering patterns on the refractive index and droplet size has 

been exemplified in Figure 2.14. As indicated, variation of particle size does not change 

the primary rainbow position but alters the frequency of the supernumerary rainbows. 

That is the bigger the particle is, the higher the peak frequency is. Therefore, the 

distance between two neighboring peaks is smaller by increasing the droplet diameter. 

In contrast, the refractive index affects the angular position of the scattering light 

patterns. A larger refractive index moves the whole light intensity curve to a larger 
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scattering angle region. Therefore, it is reasonable to conclude that by measuring the 

rainbow position, we can predict the refractive index, while the relative angular distance 

between supernumerary rainbows relates to the particle diameter. 

  

(a) n=1.33 (b) d=15 μm 

Figure 2.14 The scattering intensity distribution with different particle sizes and refraction 

index. 

The relationship between the rainbow angle rg and the refractive index is 

quantitatively evaluated from Descartes theory. Theoretically, the rainbow angle 

depends on the refractive index and the types of rays. A given number of p=2 induces 

eq. (2.10). The correlation is presented in Figure 2.15. As indicated, the rainbow angle 

is proportional to the refractive index for a given rays type. 

 

Figure 2.15 The relationship between the scattering rainbow angle and the refractive 

index. 
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2.3 Post-processing process 

The recorded signal from the experiment contains the information of refractive 

index and diameter. To interpret the rainbow measurements, the theoretical prediction 

of the scattering field distribution from droplets is necessary. The procedure is to choose 

the optimum simulated curve with the experimental results, which is the so-called post-

processing process. Figure 2.16 illustrates the procedures and operations of the post-

processing. In the first, the recorded scattering images with good quality are chosen to 

compute the candidate light intensity curves by averaging 20 lines of light intensity 

curves in the center of scattering images. Those candidate light intensity curves are 

calibrated by angular to convert the pixels into angle values. After that, the 

preprocessing process is operated on the calibrated candidate curves. This leads to a 

smoothed light intensity curve without any ripple structure yet maintaining the features 

of the first and second peaks, from which the angular position of the first and second 

main peaks of θ1 and θ2 can be obtained. Finally, the optimization process of the 

simulated light intensity curve is conducted by comparing it against the experimental 

results. The details of each process are described as follows. 

  

Figure 2.16 The flow chart of the post-processing. 
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2.3.1 Typical scattering light patterns by experiment 

Figure 2.17 compares the typical scattering light patterns at the rainbow angle of 

the droplet stream. The primary peak together with the first Airy fringes is recorded in 

the visualization area. In addition, the images present clear and stable high-frequency 

ripple structures inside each peak, which indicates the stability of the droplet stream. 

Compared with the rainbow signal recorded under a continuous laser, the horizontal 

structure appears in the image illuminated by a pulsed laser. This behavior is due to the 

interference of the scattering light between the neighboring droplets inside the 

measurement volume. It has been proved that the particle size and the refractive index 

are independent of illumination type. In addition, the discontinuous aspect in the 

scattering image can be used to estimate the numbers of the particle as well as the 

relative distance between the particles in the control volume [128]. 

  

(a) Image by a pulsed laser (b) Image by a continuous laser 

Figure 2.17 Rainbow signal of ethanol droplets at the atmospheric pressure and temperature 

condition; (a) illuminated by a pulsed laser; (b) by using continuous illumination. (The 

diameter of the pinhole is 100 μm, the excitation frequency and injection pressure are 13.39 

kHz and 1.2 bar respectively). 

After obtaining the scattering image, the light intensity curves can be extracted by 

averaging a given number of 20 horizontal lines over the central region of the pattern, 

as indicated in Figure 2.18a. This process aims to reduce the noise of the intensity curve 

and get a relatively smooth curve in Figure 2.18b. 
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(a) Image patterns (b) Intensity curve with pixels 

Figure 2.18 The intensity curve averaged over 20 lines along the center. 

2.3.2 Angular calibration 

Before conducting the data inversion process, it is necessary to perform the angular 

calibration by converting the pixels into the angles. The accuracy of the calibration 

process directly determines the precision of the extracted information from droplets. 

The principle of this method is the collection of the reflected images of the laser beam 

by a mirror. The mirror is placed at the same position as the droplet stream. The camera 

records the reflections of the laser beam at different angles by changing the angles of 

the mirror. Accordingly, the dependence of the image pixels on the angles can be 

derived through the plateau in the scattering light intensity curve. Restricted by the 

visualization area, four or five angle points are measured for each calibration. 

The light intensity curves at four angles are displayed in Figure 2.19a. The pixels 

corresponding to the highest light intensity for each case are extracted from those curves. 

The scatters are plotted in Figure 2.19b with the horizontal axis of pixels and a vertical 

axis of scattering angle. A linear formula is adopted to fit those scatters, which reveals 

the relationship between the scattering angle and the pixel. In this way, the pixels 

become angle information that can be utilized for the following post-processing. It is 

necessary to conduct the calibration before or after each experiment to ensure the 

reliability of the measured data. 
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(a) Light intensity curve at four angles. (b) The calibrated angle-pixels relation. 

Figure 2.19 Typical rainbow calibration signal; (a) The light intensity curves at four 

angles; (b) The relationship between angle and pixels. 

2.3.3 Preprocessing 

The pre-processing contains a series of operations. The first step is the filtering 

process, which aims to remove the ripple structure from the intensity curve and get the 

smooth Airy curves. This can be done by using the ‘Local Regression Smoothing’ in 

Matlab, which is based on the locally weighted linear regression method to get a smooth 

curve. The smoothed value is calculated from the adjacent data points inside the span 

by a regression weight function. Finally, the values are differentiated with appropriate 

regression functions, for instance, lowess scheme or loess scheme. The ‘loess’ scheme 

is adopted in this work as the quadratic fit has a better prediction of the intensity curve. 

The original intensity curve and the filtered curve are compared in Figure 2.20a. It is 

noted that the smoothed curve can be different according to the span. In literal, the span 

means the percentage of the total number of data points in the data set. Therefore, it has 

an impact on the accuracy of later procedures. The dependence of the filtered curves on 

the span value is shown in Figure 2.20b. It indicates that the value of span is paramount 

to the filtering curve. If the span is limited to an extremely small value, the high-

frequency oscillation will be removed. While a larger value of span leads to a 

remarkable deviation of main peaks. By contrast, the spans with the value of 0.1 and 

0.2 generate agreeable patterns with the experiment curve. They do not modify the 

position of main peaks and remove the ripple structure at the same time. Thus, it is 

reasonable to define the span range of 0.1-0.2. 



 

 59 

  

(a) The original signal pattern and filtered 

curve 

(b) The influence of different spans on the 

filter curves 

Figure 2.20 An example of the smooth process by using different spans. 

Noting that the normalized intensity curve can also provide a good avenue to check 

whether the condition of the generator is good enough to produce a stable droplet stream. 

As we use the pulsed laser as the illumination, the scattering patterns would be 

extremely sensitive to the shape as well as the position of droplets. Each tested 

condition records at least one hundred images to ensure that we get enough good data 

for each case. For example, the influence of injection pressure on the normalized 

intensity curves is compared in Figure 2.21. The normalized intensity curves generated 

by the injection pressure of 1.2 bar fit well with each other. By contrast, although each 

intensity curve with the injection pressure of 1.1 bar has the main peaks features, the 

angular position of each peak in each curve are not overlapped with each other. This 

means that either the droplet generator works under unstable conditions or this image 

is abnormal. In this case, those poor-quality data will be removed from the sample pool 

of further analysis. Likewise, the impact of excitation frequency on the intensity curve 

is checked in Figure 2.22. Four excitation frequencies ranging from 12 kHz to 17 kHz 

are compared. The excitation frequencies of 12 and 13.5 kHz produce good results, 

while higher frequency leads to the unstable main peaks positions. A reasonable 

agreement between the sampled intensity curves under each condition confirms the 

stability of the droplet generator under the present working condition, which also helps 

us choose the suitable data and dismiss the incorrect ones. In general, 10 images with 

good repeatability are chosen from the data set for further analysis. 
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(a) Injection pressure of 1.2 bar (b) Injection pressure of 1.1 bar 

Figure 2.21 The influence of injection pressure on the normalized intensity curves. 

  

(a) Frequency of 12 kHz (b) Frequency of 13.5 kHz 

  

(c) Frequency of 14 kHz (d) Frequency of 17 kHz 

Figure 2.22 The influence of excitation frequency on the normalized intensity curves. 

2.3.4 Optimization process 

Extracting the droplet diameter and refractive index from the experimental 

measurements needs the help of the optimization process. Firstly, the smoothed 

intensity curves from the experiment are chosen as candidate data, from which the 
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angular position of the first and second main peaks of θ1 and θ2 can be obtained. The 

rainbow angle θrg can be computed from the θ1 and θ2 [43]: 

 ( ) ( )1 2 / 1rg c c  = − − , (2.33) 

with 

 
1 2/c  = , (2.34) 

where α1=1.0874, α2=3.4668. 

Meanwhile, the rainbow angle also relates to the refractive index as follows: 
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. (2.35) 

Therefore, the refractive index can be implicitly computed from the above 

equation after obtaining the rainbow angle from experimental measurements. Finally, 

the optimization process of the simulated light intensity curve is conducted by iteration. 

Taking the smoothed candidate curve as an object, a series of light intensity curves are 

computed with Generalized Airy Theory by changing the value of diameter. The values 

of θ1 and θ2 are the criteria to present the differences between the candidate curve and 

the simulated one, denoted as ∆θ1 and ∆θ2 respectively. When ∆θ1 and ∆θ2 are less than 

0.0001, the corresponding simulated curve can be regarded as the optimum fitting curve. 

As a consequence, the droplet size and refractive index are simultaneously retrieved. 

An example of the filtered experimental curve, the optimum fitting curve, and the 

other patterns are compared in Figure 2.23. Ethanol is chosen as the test liquid. The 

experiment is conducted at normal temperature and pressure conditions. The results 

indicate that even a small change of diameter or refractive index can be reflected in the 

shape or position of the rainbow patterns. The optimum fitting curve has the most 

satisfactory results with the experimental data. As a consequence, the corresponding 

information of refractive index and size are simultaneously retrieved with a diameter 

and refractive index of 206.74 μm and 1.359, respectively. Additionally, the rainbow 

patterns simulated by the Mie theory are compared with the original experimental data 

containing ripple structure to verify the accuracy of the predicted parameter. As shown 

in Figure 2.23b, the intensity curve predicted by the Mie theory with the optimum fitted 

diameter and the refractive index has a satisfactory prediction on the Airy fringes and 
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the ripple structure of experimental data. While some deviations can be observed for 

the other two cases. This proves the accuracy of the optimization process. 

 
 

(a) Optimum fit of airy patterns (b) Optimum fit of Mie patterns 

Figure 2.23 An example of the optimum simulated pattern and the comparison with the 

other patterns. 

2.4 Stability and repeatability of measurement 

2.4.1 Airy diameter and ripple diameter 

Apart from the aforementioned iterative process to obtain the particle diameter, 

the other two diameter values named airy diameter Dairy and ripple diameter Dripple could 

also be calculated from the experimental data. The airy diameter predicted by the airy 

peaks Dairy can be calculated by: 
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 (2.36) 

On the other hand, the ripple structure laying over the Airy fringes can be clearly 

identified from the experimental data as well as the corresponding peaks. It is believed 

that those ripple structures contain useful information on the particle diameter. The 

angular frequency spectrum of scattering light patterns is remarkably paramount for 

analyzing the relationship between the particle diameter and the ripple structure. An 

example of the spectrum of the monochromatic rainbow in Figure 1.6 is depicted in 

Figure 2.24. The angular frequency F means the number of light intensity oscillations 

per degree. Each of the labeled peaks stands for the interference between two kinds of 
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geometric rays. Among them, we only focus on the three dominant peaks at frequencies 

F1, F2, and F3 as they result from rays of external reflection and one internal reflection. 

Frequency F1 is generated by the interference between the paralleled incident rays with 

the same scattering angle when they leave the droplet. F2 and F3 correspond to the 

interference between one-internally reflected rays and the external reflected ray. Peaks 

F1 contributes to the Airy fringes while peaks F2 and F3 account mainly for the ripple 

structure laying over the Airy fringes [39]. 

According to Yong’s fringe analysis, the ripple frequency can be found from the 

distance between the geometric rainbow ray at rg and the externally-reflected ray at 

infinity [129]. It is believed that ripple frequency can be related to the droplet diameter 

in the following way: 

 cos cos
2 2 180

ripple rg

ripple rg

D
F

 




 
= + 

 
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Noting that in practical case the spectrum comes from the Fourier transform over 

a finite range of scattering angles near the rainbow angle rg. In this case, we could not 

judge the Fripple directly from the rainbow spectrum as the peak at Fripple will split into 

two peaks at angular frequencies F2 and F3. The ripple frequency has to be solved 

implicitly from angular frequencies F2 and F3. Subsequently, F2 and F3 hold: 
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with FAiry is the Airy frequency defined as: 
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Figure 2.24 The spectrum of the monochromatic rainbow. 

The validity of predicting the droplet diameter by eq.(2.37) is checked with 

Lorenz-Mie computations. Figure 2.25 depicts the dependence of Fripple on droplet 

diameter by varying the diameter from 20 to 400 μm. The incident wavelength and the 

refractive index are λ=532 nm and 1.3650, respectively. A near-linear relationship 

between the droplet diameter and ripple frequency is presented. In addition, the 

difference between two computations never exceeds 1% in the present range of 

diameter, which validates the accuracy of eq. (2.37) in evaluating the variation of ripple 

frequency against droplet size. Moreover, it is demonstrated that the ripple structure is 

an effective way to extract the droplet diameter, from which the ripple diameter is 

solved implicitly. 

 

Figure 2.25 The ripple frequency evaluated by eq. (2.37) and the Lorenz-Mie theory as a 

function of the droplet diameter with a refractive index n=1.3650 and λ=532 nm. 
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2.4.2 Diameters evaluated by three methods 

The possibility of obtaining three diameter values from the intensity curve has 

been validated previously. Theoretically, the diameters computed by three methods 

should be uniform with each other. As displayed in Figure 2.26, the predicted diameter 

values by ripple frequency and airy peaks are compared with the reference diameters. 

The sampled diameter varies from 20-400 μm with a constant refractive index of 1.3650. 

The scattering light patterns of droplets illuminated by an incident wavelength of 532 

nm are computed with the Lorenz-Mie theory and Airy theory, respectively. 

Subsequently, the ripple diameter and airy diameter are derived from the ripple patterns 

and airy peaks. It is observed that the diameter values evaluated by the ripple frequency 

and airy peaks are in good agreement with the theoretical diameters, especially when 

the particle diameter is larger than 100 μm. In a practical case, the derived values by 

three methods might not be exactly the same with a limited error range. Regarding this, 

the diameter values predicted by two methods provide a good avenue to ensure the 

accuracy of the object diameter by iteration. 

 

Figure 2.26 The comparison of the particle diameter derived by different methods and 

theoretical values. 

The calculation of three diameters based on the experimental measurements is 

examined in Figure 2.27. The measurements are conducted over a vertical range of 20-
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50 mm away from the nozzle under normal pressure and room temperature conditions. 

Ethanol droplet stream is produced from a pinhole with a diameter of 100 μm. In the 

first, the diameters evaluated by iteration, ripple frequency, and airy peaks are compared. 

As expected, the droplet size evaluated by three methods differs slightly when it comes 

to the experimental situation. Despite that, the ripple diameter and airy diameter offer 

a good reference for the iteration diameter as the final diameter obtained by iteration 

always lies between those two diameter values. The relative difference of ripple and 

airy diameter against the iteration diameter is also checked with no more than 3% of 

errors. This ensures the accuracy of diameter measurement by the present post-

processing process. 

 

Figure 2.27 The diameter values by different methods with the pinhole size of 100 μm. 

2.4.3 Droplet parameters under different conditions 

Following that, the diameter and refractive index of ethanol droplets generated 

from three pinhole diameters of 50 μm, 75 μm, and 100 μm are compared in Figure 2.28. 

Firstly, as indicated, the diameter of droplets at different vertical positions conforms 

well to each other as the evaporation can be neglected under room temperature 

conditions. Apart from that, the refractive index of droplets at different locations is 

almost uniform. This proves the stability of the droplet stream and generator. Secondly, 

the uncertainty of the predicted droplet diameter is in the range of ±1 μm, which is quite 

small and almost invisible in the figures. Meanwhile, the refractive indices of droplets 
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at different vertical positions derived from the data inversion process have an average 

uncertainty of 0.002. The evaluation of both droplet size and the refractive index has a 

reasonable deviation range. Furthermore, the average diameters of droplets at different 

positions obtained by the post-processing are close to the theoretical values computed 

by eq. (2.7). Table 2.7 compares the measured diameters and the theoretical predictions 

of the diameter according to the volume flow rate and the excitation frequency of the 

generator. Moreover, the temperature value computed from the refractive index 

consents well with the room temperature condition with a deviation of no more than 

1 °C. Those insignificant discrepancies validate the precision of the data extraction 

method together with the stability of the droplet generation. 

  

(a) Comparison of droplet size (b) Comparison of refractive index 

Figure 2.28 Comparison of the diameter and refractive index by different nozzles of 50 

μm, 75 μm, and 100 μm; (a) diameter; (b) refractive index and temperature. 

Table 2.7 Comparison of the diameter value. 

D (μm) Pinj (bar) Flow rate 

Q (m3/s) 

fG (kHz) Predicted droplet 

size (μm) 

Measured droplet 

size (μm) 

50 1.2 6.11 13.14 130.2671 132.62913 

75 1.2 6.11 13.14 170.6982 168.35749 

100 1.2 6.11 13.14 206.7861 205.57124 

Besides ethanol, the impact of the pinhole diameter on the diameter and refractive 

index of heptane droplets have also been tested. Three pinhole diameters of 50 μm, 75 

μm, and 100 μm are applied. The results and data are compared in Figure 2.29 and Table 
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2.8. Similarly, an overall agreement of the stability of heptane droplets at different 

vertical positions is observed. This validates again the stability of the generator and 

measurement method. 

  

(a) Comparison of droplet size (b) Comparison of refractive index 

Figure 2.29 Comparison of the diameter and refractive index of heptane by different 

nozzles of 50 μm, 75 μm, and 100 μm; (a) diameter; (b) refractive index. 

Table 2.8 Comparison of the diameter value of heptane. 

D (μm) Pinj (bar) Flow rate 

Q (m3/s) 

fG (kHz) Predicted droplet 

size (μm) 

Measured droplet 

size (μm) 

50 1.2 6.11 13.14 136.6181399 134.29593 

75 1.2 6.11 13.14 179.0204072 179.77031 

100 1.2 6.11 13.14 216.867779 217.708 

2.4.4 Repeatability check 

The repeatability of the rainbow measurement is checked by performing the 

experiment on three different days. The droplet streams of ethanol are produced under 

room temperature and normal pressure conditions by using three pinhole diameters of 

50 μm, 75 μm, and 100 μm, respectively. Figure 2.30 compares the variation of droplet 

diameter of three tests. The results indicate good repeatability of the experiment since 

the discrepancies of diameter values measured on different days are fairly small. In fact, 

the slight differences in the results could be interpreted from the aspects of different 

humidity and temperatures on different days. Apart from the diameter, the refractive 

indices and the resulting temperature values are compared in Figure 2.31 as well. The 
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measured temperature value confirms well with the actual room temperature on that 

day. It can be concluded that the present rainbow measurement method is reproducible 

and reliable. 

 

Figure 2.30 Comparison of the diameter of ethanol generated with three pinhole sizes on 

different days. (The black, red, and blue colour series of spheres are produced by the pinhole 

size of 50 m, 75 m, and 100 m, respectively) 

 

Figure 2.31 Comparison of the refractive indices and temperature values of ethanol on 

different days. 

 

2.5 Summary 
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This chapter systematically describes the experimental methodology including the 

composition of the whole setup, the operation of each segment, the algorithm for data 

extraction. The physical parameters of the tested fuel and their dependence on 

temperature in the present work are introduced as well. The post-processing procedures 

are critical to extracting the droplet diameter and the refractive index from the scattering 

light intensity curve. The accuracy of the data inversion method is examined. The 

reliability and repeatability of the measurement method have been checked as well. The 

concluding remarks are summarized as below: 

1. The droplet evaporation experimental system based on the rainbow technique 

has been designed and established, which is mainly composed of droplet 

generation, the high-temperature chamber, and the rainbow image system. A 

stable droplet stream can be obtained by adjusting the injection pressure and 

excitation frequency of the generator. 

2. An inversion algorithm has been proposed to simultaneously extract the 

droplet diameter and temperature distributions from the scattering light 

patterns for the first time. The method improves the accuracy of the post-

processing process by considering the impact of refractive index gradient and 

the modification of shape change on the rainbow angle. 

3. The dependence of scattering patterns on diameter and refractive index has 

been revealed. The results indicate that the refractive index determines the 

angular position of the scattering light patterns while the diameter controls the 

frequency of main peaks. 

4. The reliability and repeatability examinations have been made to ensure the 

accuracy of the rainbow measurement. The airy diameter and ripple diameter 

evaluated from the airy patterns and ripple structures are compared with the 

diameter obtained by iteration to verify the inversion algorithm. 
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3. Droplet evaporation model 

3.1 Physical description and assumptions 

Droplet evaporation theory is the description of the physical process of a liquid 

droplet in a high-temperature gas environment composed of the mixture of air and fuel 

vapor, as schematically presented in Figure 3.1. In order to analyze this physical process 

theoretically, the following assumptions have also been made: 

1) The droplet is treated as spherically symmetric all the time. The influence of 

instability on droplet shape is neglected. Accordingly, the evaporation process 

is simplified into a one-dimensional issue. All of the parameters such as 

temperature, radius, and mass fraction change along the radial direction with 

time. This assumption is validated for the vaporization of small droplets under 

a quiescent environment [130]. Respecting that the case investigated in this 

work is the droplets with a diameter of 50 μm, it is reasonable to take it as 

spherically symmetric. 

2) The heat and mass transfer processes in the gas phase are in quasi-steady-state. 

The fact is that the magnitude of characteristic time for gas diffusion is two or 

three orders less than the value for liquid heat up and mass diffusion [131]. 

Consequently, it is justified to regard the heat and mass transportations in the 

gas phase as quasi-steady. By contrast, those processes inside the droplet are 

unsteady. 

3) The liquid and gas phases at the droplet interface maintain the thermodynamic 

equilibrium state. The fuel vapor at the interface between the liquid and gas 

phase is assumed to be at the saturated state. Accordingly, the mass transfer at 

the droplet surface is at the diffusion-controlled mode [132]. 

4) The solution of the gas phase into the liquid phase is neglected, which is 

reasonable for the subcritical condition. 
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Figure 3.1 Schematic representation of an evaporating droplet. 

3.2 Simulations of the evaporation process 

3.2.1 Spalding mass transfer number 

Mass regression rate is originated from the Maxwell equation: 
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d v4
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m r D
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= , (3.1) 

 d v v2
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m D d

r
 = , (3.2) 

with   is the mass diffusion rate and ρv is the vapor density. An integral of this 

equation from droplet surface to infinity leads to: 

 d s v vs4 ( )m r D  = − − , (3.3) 

When considering the diffusion induced by the velocity of vapors, the Maxwell 

equation is formulated as: 
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, (3.4) 

Assuming v gD D= , and g sa const  = + = , it derives: 

 d s g g M4 ln(1 )m r D B = − + , (3.5) 

with BM stands for the Spalding mass number.  



 

 73 

3.2.2 Spalding heat transfer number 

According to the energy conservation law, the energy coming from the 

environment is mainly classified into three sections, i.e., the heating in the liquid phase, 

the heating in the gas phase, and the latent heat. 

 , (3.6) 

 , (3.7) 

with kg is the conductivity of the gas-vapor mixture in the boundary layer. Ql is the 

instantaneous heat flux absorbed by the liquid phase. Cp,v is the specific heat capacity 

of vapor at the droplet surface. L is the latent heat of vaporization. 

Setting  is the heat transfer number, the evaporation rate 

evolves into: 
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
= − + , (3.8) 

For stationary droplet: 

 0 2Sh Sh= = , (3.9) 

 0 2Nu Nu= = . (3.10) 

Finally, for non-vaporization stationary droplets, the evaporation rate follows: 
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3.2.3 Evaluation of interfacial evaporation 

Evaluation of interfacial evaporation aims to solve the heat and mass transfer rate 

between a single droplet and the environment. The evaporation rate for a multi-
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component droplet is formulated as [132]: 
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with  is the evaporation rate. the subscript i denotes component i. The ρv, Dv, kv, and 

cp,v are density, diffusion coefficient, conductivity coefficient, and specific heat of fuel 

vapor mixture at droplet surface, respectively. BM and BT stand for the Spalding mass 

and heat transfer number [133]: 
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where Yvs and Yv represent the mass fraction of the vapor mixture at droplet surface 

and ambient, respectively. L is the latent heat. In general, the relationship between the 

Spalding heat and mass transfer number is [82], 

 1+ ) 1T MB B = −（ , (3.15) 

where 

  

*
,

*

,

1p v

p g

c Sh

c Nu Le


  
=    

  
. (3.16) 

Noting that the Sh* and Nu* appeared in the equations above are the modified Sherwood 

number and Nusselt number mentioned above. Le is the Lewis number [82]: 
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D c
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3.2.4 The heat and mass transfer in the liquid phase 

The temporal and spatial advancement of temperature and mass fraction can be 

calculated by solving the following transient heat conduction and mass diffusion 

equations [134]: 
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where ρl is the liquid density, Tl is the liquid temperature, cp,l is the specific heat of the 

liquid phase, r is the droplet radical coordinate values. keff and Deff denote the effective 

thermal conductivity coefficient and diffusivity coefficient, Yi,l is the liquid mass 

fraction of each component. 

The initial and boundary conditions provided for the above equations are as 

follows, 

 0 ,l ,( ,0) , ( ,0) (0)l i i lT r T Y r Y= = , (3.19) 
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where lQ   is the instantaneous heat flux absorbed by the liquid phase, and 

, ,i i vs i vsi
Y Y =   . To account for the effects of droplet internal circulation, thermal 

conductivity kl and diffusion coefficient Dl are multiplied by correction factor k  and

D   to calculated effective conductivity keff and effective diffusivity Deff, as

eff l eff l,k Dk k D D = = . The correction factors range from 1 to 2.72 and are calculated as 

followed: 
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3.2.5 The vapor-liquid equilibrium (VLE) 

Considering the case of a single cold droplet evaporating in a hot environment, it 

is assumed that the evaporation process at the interface is thermodynamically 

equilibrium. With this assumption, we can evaluate the species molar fraction in the 

vapor phase at the interface from the liquid phase parameters, as stated in Raoult’s law 

[135], 
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 , , ,i vs i ls i satX X p p=  , (3.23) 

where Xi,vs and Xi,ls present the vapor and liquid molar fraction of component i at the 

droplet surface. pi,sat is the saturated vapor pressure. However, the above equation treats 

the gas phase as the ideal gas, and the liquid phase is an ideal mixture. Some non-ideal 

factors have to be taken into consideration when it comes to practical conditions.  

3.3 Correction factors 

3.3.1 Convective evaporation and heating 

The airflow is taken as one dimension to implement into the model. The flow 

direction is parallel to the free-falling direction of the droplet. The motion of droplet is 

evaluated by [82]: 
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where U and l are the droplet velocity and density in the liquid phase. U and  

are the velocity and density of airflow. rs is the droplet radius. CD is the drag coefficient 

relating with Reynolds number [79]: 

 

2/3

D

Re24
(1 )

Re 6

g

g

C = + , (3.25) 

 
2

Re
s

g

g

r U U 



 −
= , (3.26) 

with Reg is Reynold number in the gas phase andμg is the viscosity of the vapor. 

The modification is necessary for the convective evaporation situation to consider 

the impact caused by the relative motion between droplet and ambient gas. The ‘film 

theory’ is adopted to consider the influence of airflow on the transport process. It 

assumes a thermal and concentration boundary layer surrounding the droplet to account 

for the resistance of heat and mass transfer between the liquid phase and the airflow 

[82]. The heat and mass transport in the boundary layer is at a balanced state. For the 

heat transfer process, the energy transfer occurred in the boundary layer equals to the 

heat transfer between droplet surface and environment: 



 

 77 

 

g sL
s22

ss
s

s T0

( )
( )

4

k T TQ
h T T

rr
r

r









−
= −

−
+

. (3.27) 

Consequently, the thickness of the thermal boundary layer is defined as: 
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Similarly, the thickness of the mass boundary layer is calculated as: 
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where Sh0 and Nu0 stand for the Sherwood number and Nusselt number of droplets 

without evaporation. The thickness of the boundary layer affected by the Stefan flow is 

considered by the following factors [82]: 

 T T T0/F  = , (3.30) 

 M M M0/F  = . (3.31) 

They can be calculated with the Spalding heat and mass transfer number [82]: 

 , (3.32) 

 . (3.33) 

Finally, the corrections are made into the Sherwood and Nusselt number [82]: 

 ( )*

0 M2 2Sh Sh F= + − , (3.34) 

 ( )*

0 T2 2Nu Nu F= + − . (3.35) 

That is: 

 
* 0

0.7

( 2)
2

(1 ) ln(1 )

M

M M

Sh B
Sh

B B

−
= +

+ +
, (3.36) 

 
* 0

0.7

( 2)
2

(1 ) ln(1 )

T

T T

Nu B
Nu

B B

−
= +

+ +
. (3.37) 



 

 78 

The calculation of the Sherwood number and Nusselt number for non-evaporating 

droplet are as follows: 
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It should be noted that when the convection is absent, the Sherwood and Nusselt 

number reduce to 2, that is Sh*=Nu*=2. 

3.3.2 The non-ideal vapor-liquid equilibrium (VLE) 

In this work, the non-ideal VLE is evaluated by the γ-φ approach. That is, the non-

ideal behavior in the liquid phase is presented by the activity coefficient i and the 

Poynting factor i, whereas the non-ideal vapor phase is denoted by the fugacity 

coefficient i. With the above correction, the VLE of component i at the interface results 

[136], 
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where i is the activity coefficient calculated in the liquid phase. The last term on the 

right side of the above equation is the Poynting factor. ,
ˆ

i sat  and ,
ˆ

i vs  are the fugacity 

coefficient at the condition of vapor state and saturated vapor state, respectively. 

The fugacity coefficients ,
ˆ

i sat   and ,
ˆ

i vs   are evaluated from the Virial equation 

stated as [136], 
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The index i and j indicate the different species in the mixture. Bii and Bij stands for 

two different types of Virial coefficients. In principle, Bii (or Bjj) is used for the 

calculation of pure species. By contrast Bij (or Bji) is a cross-section coefficient and 

denotes the interaction between two molecules. In this context, the BM,V is a parameter 

that links the pure and cross coefficients mentioned previously. Those terms are 

provided as [136], 
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It should be noted that two options appear here for the estimation of Bii. It is 

suggested that the first one is designed for the non-polar gas situation, an example here 

is nitrogen gas. The other one is normally adopted by polar gases, ethanol, and methanol 

for instance. 

The Poynting factor can be calculated by, 
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The last one, the activity coefficient i  is critical for the calculation of the vapor-

liquid equilibrium, which can be separated into two sections: one is the contribution of 

the diversity of molecules size and shape. Another one is the impact of molecular 

interactions among different pairs of molecules [136]. The UNIFAC method is 

commonly used for computing the activity coefficient i, which gives [136], 

  (3.49) 

As indicated, its value is regarded as the combination of two separated and 

independent parts, i.e., the combinatorial section ln
C

i  and the residual section ln
R

i , 

which denotes the influence of each molecule and interactions among different 
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molecules, respectively. The combinatorial section ln
C

i  is calculated as: 
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with 
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where Xi,l is the molar fraction of component i. N is the component number, ri and qi is 

the relative Van-der-Waals volume and surface area: 
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with 
( )i

kv  stands for the number of k-type structural groups in component i, M is the 

group number. Rk and Qk is the volume and surface area of each group. 

The residual section ln R

i  is evaluated by: 
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with k  and 
( )i

k  is the active coefficient of group k in the mixture and pure liquid, 

respectively.  
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where 
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with nma  is the interaction parameters between group n and group m. 

3.3.3 The separation factor 
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In the multicomponent system, individual components normally have different 

evaporation behaviors. Every component in the mixture has a preferential evaporation 

stage. To present the order evaporation, the separation factor is used to interpret the 

relative volatility between two species [99]: 
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where Ki and Kj are the equilibrium constant of species i and j, which are presented as: 
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Substitute it into the above equation, the separation factor has the following form, 
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It should be noted that for the ideal case, the correction factor of ,  and  are 

equal to 1, then the former equation reduces to the ratio of vapor pressure, 
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By definition, ij>1 denotes that species i vaporizes faster than species j, and vice 

versa. The separation factor is paramount for analyzing the non-ideal evaporation 

behavior because it relies on temperature, pressure, and liquid phase composition for 

non-ideal cases. While it only depends on the temperature for ideal equilibrium. 

3.3.4 Influence of droplet spacing 

For a free-falling droplet stream, the distance between droplets is small, which 

would induce droplet interactions [137]. There are some empirical correlations 

available for evaporating and combusting droplet streams provided by Atthasit et al. 

[138] and Virepinte et al. [139]. In addition, Castanet et al. [137] investigated the 

heating and evaporation of mono-sized droplets in a single row under high ambient 

temperature conditions. It indicated that droplet spacing has a strong impact on the 

reduction of the Nusselt and Sherwood numbers. A new correlation had been proposed 

to represent the effect of the droplet spacing with the help of the experimental results. 
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Recently, the effect of interactions between droplets in the stream had also been 

quantified by Li et al. [32] with the phase rainbow refractometry and high-speed 

shadowgraph. A refined regression curve had been suggested to relate the evaporation 

rate to the spacing parameter. The evaporation rate ratios of the droplet stream and the 

isolated droplets at different spacing parameters C is defined as follows [32]: 

(3.60) 

with A1=0.431, A2=0.179, A3=0.5, and A4=5.076. C is the dimensionless spacing 

parameter C=  . Accordingly, the influence of droplet interactions 

between droplets is considered by incorporating the dimensionless ratio into the 

simulation model. 

3.3.5 Calculation of the physical properties 

The physical properties of the vapor-gas mixture are evaluated based on the ‘1/3 

rule’ [140], which calculates all the parameters at the reference state: 

 
ref s s( ) / 3 =  +  −   (3.61) 

 
ref refg ,ref , v,ref v ,( | ) ( | )a a at T at TY Y =  +  , (3.62) 

where Ω is temperature and Y mass fraction in the gas phase, Φ stands for the dynamic 

viscosity µ, specific heat at constant pressure cp, heat conductivity k. subscript a and v 

represent air and vapor, respectively. For multi-component droplet, the calculation of 

dynamic viscosity µ, specific heat at constant pressure cp, heat conductivity k can be 

evaluated by: 
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The density of multicomponent mixture is: 
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The diffusion coefficient of the mixture is based on Blanc Law [141] 
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with 
vi,X  and vi,D  are the molar fraction in the gas phase and diffusion coefficient. 
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3.4 Model solution and validation 

3.4.1 Numerical solution procedure 

The evaporation model is established with MATLAB. Figure 3.2 displays the flow 

chart of the solution procedure. It is mainly composed of five sections including 

boundary conditions, initial conditions, the equilibrium between gas and liquid phase, 

gas phase, and liquid phase. The governing equations of energy and species of the liquid 

phase are solved by the implicit finite difference discretization method. The liquid 

phase properties like density, specific heat capacity, viscosity, thermal conductivity, etc. 

have been updated at each time step based on the average composition of the mixture 

droplet at the previous time step. The changing droplet radius and temperature are 

calculated iteratively as follows. 

1) First, input the boundary conditions of environment temperature and pressure; 

2) Set the initial diameter, temperature, and composition of species in the liquid 

phase; 

3) Calculate the molar fraction and mass fraction in the gas phase through the 

vapor-liquid equilibrium; 

4) Evaluating the mass fraction and temperature of the boundary layer by 1/3 rule, 

and then obtain average physical parameters. In addition, solving gas-phase 

heat and mass transfer, obtaining dimensionless parameters as Nusselt number, 

Sherwood number, Spalding mass transfer number, and evaporation rate dm
. 

Calculate Spalding heat transfer number iteratively. 

5) According to the liquid phase heat and mass transfer model, calculate liquid-

phase absorption heat, droplet temperature, and concentration distribution. 

  (3.66) 

  (3.67) 

with  and  are the droplet radius and liquid density at the previous time step. 

6) Regard the values obtained in step 5 as the initial conditions at the next time 

step. Repeat steps 1-5 until r<0.1r0. 
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Figure 3.2 The flow chart of the calculation procedure. 

3.4.2 Model validation the experimental data 

Model validation is paramount for the simulation process before conducting the 

prediction trial. In this section, the accuracy of the established model is verified with 

the experimental results available in the literature. Firstly, the experimental research of 

diesel, ABE, and 20% ABE compound diesel (ABE 20 vol.%, diesel 80 vol.%, also 

ABE20) conducted in [22] provides a benchmark for multi-component model 

validation. The experimental data of ABE diesel blends under atmospheric pressure at 

523 K and 723 K ambient conditions in reference [22] are selected to perform the 

validation of the multi-component droplet evaporation model. The initial droplet 

temperature is taken as 300 K with a diameter of 0.89 and 0.92 mm, respectively. 

Figure 3.3 compares the variation of normalized squared droplet diameter (
2 2

0d d ) 

of numerical and experimental results. It is observed that the numerical results show a 

reasonable agreement with experimental results for diesel and ABE droplets. The 

maximum differences between the two groups of curves are less than 7.8%. For the 

cases of ABE20 droplets, the experiment curve displays obvious fluctuations during 

evaporation which represents the phenomenon of bubbles formation, droplet distortion, 

and partial rupture, as shown in Figure 3.3c. The numerical results of the ABE20 droplet 

can not express the fluctuation phase observed in the experiment, but the numerical 
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results can explain the occurrence mechanism of the fluctuation by comparing droplet 

temperature and component boiling temperature, which has been analyzed in the 

previous study [142]. Except for the fluctuation evaporation process, the variation 

tendency of droplet diameter between numerical and experimental results matches well. 

  

(a) Diesel (b) ABE 

 

(c) ABE20 

Figure 3.3 Variation of normalized droplet diameter of numerical and experimental 

results [142]. 

The accuracy of the model is also checked by another group of experimental data 

from Borodulin et al. [143]. They captured both the diameter and temperature 

information by using high-speed microphotography and infrared thermography. The 

same evaporation cases of ethanol/water droplets with the initial ethanol mass fraction 

of 25%, 50%, and 75% (denoted as E25, E50, and E75 hereafter) were simulated in this 

study. The initial droplet diameter and ambient temperature were taken as 2.125 mm 

and 24°C, respectively. The results are compared in Figure 3.4. It is indicated that the 

droplet lifetime evaluated by the model tends to be longer than that obtained in the 

experiment. This is perhaps attributed to the influence of the thread adopted in the 
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experiment, which introduces additional conduction heat transfer into the droplet and 

accelerates the evaporation rate [14]. Besides, the model cannot predict the sharp 

increase of droplet temperature at the final evaporation stage observed in the 

experiment. This is restricted by the peculiarity of the present pure diffusion 

evaporation model [144]. The predicted droplet temperature keeps constant after 

arriving at the adiabatic evaporation temperature of the water. Despite those 

discrepancies, the simulation results show a good agreement with the experiment in 

presenting the tendency of diameter and temperature. 

  

(a) The squared normalized diameter (b) Variation of surface temperature 
 

Figure 3.4 Comparison of the normalized squared diameter and surface temperature for 

three kinds of water/ethanol droplets and the validation with the experimental data in [143]. 

3.4.3 Validation with the simulation results 

The numerical validation is made by mimicking the same evaporation process of 

ethanol/iso-octane fuel droplets simulated by Al-Esawi et al. [145]. The initial droplet 

radius and the temperature were taken as 12 μm and 296 K, respectively. The relative 

velocity between the droplet and ambient flow was 24 m/s. The ambient pressure and 

temperature were 9 bar and 545 K, respectively. The term EM5 and EM85 denote that 

the ethanol volume fraction in the mixture is 5% and 85%. Figure 3.5 compares the 

simulation results obtained in this work and the reference data. The results indicate that 

the variation of droplet radius and surface temperature obtained by those two models 

show good agreement both for EM5 and EM85 droplets. The small deviation that 

appeared in those curves can be attributed to the difference in calculating the physical 

parameters. 
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(a) EM5 (b) EM85 

Figure 3.5 Temporal variation of droplet surface temperature and droplet radius 

evaluated by this work and the numerical results obtained by Al-Esawi et al. [145] for (a) 

EM5 and (b) EM85. 

In addition, the ability of the established model in presenting the impact of ambient 

vapor concentration is validated with the results of Gavhane et al. [131]. Reference [131] 

reported the coupling influence of fuel properties in the liquid phase and fuel vapor 

concentration in the gas phase on the droplet evaporation process in normal pressure 

and high-temperature condition by simulating the bi-component fuel droplet with 

different volatility. The temperature was 750 K and 1500 K, respectively. The carrier 

phase was regarded as a mixture of air and fuel vapor at a non-convection state. In the 

present work, the comparison is made at the condition of the ambient temperature of 

750 K and ambient pressure of 1 bar. The initial droplet diameter is 50 μm and 300 K, 

separately. The initial liquid phase is composed of 50% heptane and 50% dodecane by 

mass. The second component, i.e., dodecane is taken as one of the components in the 

gas phase and its mass fraction Y2g varies in the range of 0.0-0.6. 

Figure 3.6 compares the temporal variation of normalized droplet mass obtained by 

Gavhane et al. [131] and the simulation in this paper with various ambient fuel vapor 

concentrations. It is observed that at the initial period of droplet evaporation, the droplet 

mass exhibits an increasing tendency to a different extent when the background vapor 

is non-zero. This phenomenon is caused by the condensation at the droplet surface 

concerning the higher concentration in the free stream during the heat-up period. The 

fuel droplet is cold during this period and the temperature difference between the vapor 

and liquid phase leads to the condensation of vapor on the droplet surface. The greater 
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concentration of ambient vapor leads to a higher increment in diameter. Besides, in the 

context of ambient temperature 750 K and pressure of 1 bar, the appearance of 

background vapor before droplet evaporation inhibits droplet mass depletion and 

increases droplet lifetime. From the above aspects, the results obtained by our model 

show good agreement with that in reference. The small deviation between those two 

models occurs in the early stage of the evaporation process, and the maximum 

difference of mass reduction between those two models is 5.1%. This might attribute to 

the different equations in calculating some physical parameters such as saturated 

pressure and enthalpy of the vaporization. After that, both the tendency and the value 

are consistent with each other at the equilibrium stage. 

 

Figure 3.6 The temporal histories of normalized droplet mass with dodecane vapor in 

background obtained by this model for 50%heptane-50%dodecane droplet at T∞=750 K and 

P∞=1 bar compared with reference [131]. 

The temporal evolutions of droplet temperature with different vapor 

concentrations in ambient for 50%heptane-50%dodecane droplet at T∞=750 K and 

P∞=1 bar are illustrated in Figure 3.7. An increase in heating rate is evidenced at higher 

dodecane vapor concentration. It is due to the lower mass reduction rate with higher 

vapor concentration. This, in turn, increases the conductive energy into the liquid phase 

to heat the droplet. Furthermore, the steady-state temperature in the liquid phase 

increases evidently with more dodecane vapor in the gas phase. The increasing 

percentage under different fuel vapor conditions compared with the state without fuel 

vapor are 2.06%, 3.71%, and 8.28%, respectively. This indicates that the evaporation 
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of droplets needs a higher temperature to maintain enough vapor mass concentration at 

the droplet interface so that it can balance with the vapor concentration in the ambient 

field. 

 

Figure 3.7 Variation of droplet temperature of with different ambient dodecane vapor 

concentrations for 50%heptane-50%dodecane droplet at T∞=750 K and P∞=1 bar and 

comparison with reference [131]. 

3.5 Summary 

This chapter talks about the details of the numerical method. Starting from the 

physical description and assumptions, the numerical algorithm mainly contains the heat 

and mass transfer in the liquid phase, the mass diffusion in the gas phase, and the 

equilibrium between liquid and gas phases. The model is validated by experimental and 

simulation results in references. The concluding remarks are as follows: 

1. A non-ideal vapor-liquid equilibrium model based on the effective 

conductivity and diffusivity model has been created. The method incorporates 

the impact of convection, the interactions between neighboring droplets, 

temperature-dependent physical parameters, and the polarity differences 

between different components.  

2. Experimental validation of the established model is made from the aspects of 

diameter and temperature. The evaporation process of multi-component ABE-

diesel blends (acetone-butanol-ethanol and diesel) and the binary mixture of 

ethanol/water droplets is simulated and compared with the literature. 

3. The numerical validation is made by mimicking the same evaporation process 
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of ethanol/iso-octane droplets from the literature. Besides, the ability of the 

model in presenting the impact of ambient vapor concentration is examined 

by performing the evaporation process of heptane-dodecane binary droplets. 
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4. Characterization of mono droplet stream 

The transient evaporation characteristics of free-falling ethanol and n-heptane 

droplets stream under ambient temperatures of 373-473 K are investigated with the 

rainbow technique in this chapter. By analyzing the rainbow patterns captured in the 

vicinity of the rainbow angle, the droplet size and the equivalent temperature of the 

droplet have been simultaneously extracted. Then, the diameter and temperature 

retrieved from rainbow signals are quantitatively compared with the numerical 

predictions to examine the differences over the test results. Finally, the temperature 

gradient and temperature values inside the droplet under different ambient temperature 

conditions are evaluated. 

4.1 Typical evaporation behavior 

The experimental parameters for all the cases are given in Table 4.1. The 

measurement volume spans the vertical distance of 37-44 mm and 47-54 mm away 

from the nozzle of the droplet generator, with an interval of 1 mm. Simulation has the 

same boundary and initial conditions as the experiment. The initial droplet velocity 

from the nozzle is about 9.5 m/s for ethanol and 6.7 m/s for heptane. As a consequence, 

the velocities along the measured volume of 37-54 mm away from the nozzle of the 

droplet generator are 9.54-9.55 m/s and 6.75-6.77 m/s due to the gravity acceleration. 

The distance turns into a time range of 0.0039-0.0056 s and 0.0052-0.0077 s. Three 

pinhole sizes of 50 μm, 75 μm, and 100 μm have been adopted to control the initial 

droplet diameter. 

Table 4.1 Key parameters of experiment cases. 

 Ethanol Heptane 

Initial temperature (K) 293 293 

Initial velocity (m/s) 9.5 6.7 

Injection pressure (bar) 1.4 1.2 

Injection frequency (kHz) 25 27 27.15 25 26.22 28.56 

Pinhole diameter (μm) 50 75 100 50 75 100 

Initial diameter (μm) 123 156 188 114 147 173 
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Ambient temperature (K) 373 423 473 373 423 473 

4.1.1 Scattering patterns and light intensity curves 

Figure 4.1 and Figure 4.2 show the typical rainbow images of ethanol and heptane 

droplet streams under different conditions. The images are captured nearby the primary 

rainbow region to ensure that the first several peaks are recorded and displayed. As 

indicated, the clear and stable scattering patterns of both main peaks and ripple 

structures are visible, which come from the interference between first internal 

reflections and the interference between the external reflection and internal reflection 

light [50]. This ensures the stability of the droplet stream. Additionally, a horizontal 

structure is captured as the droplets stream is illuminated by a pulsed laser with a short 

exposition time of 7.5 ns. This discontinuous aspect in the scattering image results from 

the interference between the light scattered by particles located in the control volume. 

It is believed that the discontinuous aspect in the scattering image relates to the 

information of the particle numbers as well as the relative distance between the particles 

in the control volume [128]. 

 

(a) Ethanol droplets generated from the pinhole size of 50 m 

 

(b) Ethanol droplets under the ambient temperature of 473 K 

Figure 4.1 Typical rainbow signal of ethanol droplets illuminated by a pulsed laser of 

different cases. 
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(a) Heptane droplets generated from the pinhole size of 50 m 

 

(b) Heptane droplets under the ambient temperature of 473 K 

Figure 4.2 Typical rainbow signal of heptane droplets illuminated by a pulsed laser of 

different cases. 

The normalized intensity curves averaged over 20 lines along the center of each 

rainbow signal are further plotted in Figure 4.3. Both the primary peak and Airy fringes 

are distinctly presented together with the ripple structures superimposing on those 

peaks. Apart from that, Figure 4.3a and Figure 4.3c reveal that the rainbow signal shifts 

to lower scattering angles by enhancing ambient temperature. This indicates a reduction 

of the refractive index corresponding to an increased temperature in the liquid phase. 

Theoretically, changing the refractive index directly shifts the geometrical rainbow 

position and primary rainbow position [55]. Additionally, Figure 4.3b and Figure 4.3d 

display the influence of particle size on the intensity curve. The droplets generated by 

a larger pinhole size tend to have more peaks within the same scattering angle range, 

which leads to a smaller angular distance between neighboring Airy peaks [55]. 
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(a) Dpinhole=50 µm (ethanol droplet) (b) Tamb=473 K (ethanol droplet) 

  

(c) Dpinhole=50 µm (heptane droplet) (d) Tamb=473 K (heptane droplet) 

Figure 4.3 The normalized light intensity curves averaged over 20 lines along the center 

of the rainbow signals under different conditions. 

4.1.2 Diameter and temperature of droplets 

After the data inversion process, the droplet diameter and refractive indices under 

different temperature conditions are obtained and compared in Figure 4.4. As displayed 

in Figure 4.4a and Figure 4.4c, the diameters of both ethanol and heptane droplets 

gradually reduce with time during the present research range. A higher ambient 

temperature leads to smaller droplet size. Additionally, the variations of refractive index 

and temperature are plotted in Figure 4.4b and Figure 4.4d. The temperature is inversely 

proportional to the refractive index, i.e., a small refractive index means a high 

temperature and vice versa. The results present a heating process in droplet temperature 

and a linearly decreasing of refractive index with time, which holds for both ethanol 

and heptane droplets. Enhancing the ambient temperature gives rise to a higher 

temperature in the liquid phase. 
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(a) Diameter of ethanol (b) Refractive indices and temperatures 

of ethanol 

  

(c) Diameter of heptane (d) Refractive indices and temperatures 

of heptane 

Figure 4.4 Variation of the droplet diameter, refractive indices, and the corresponding 

temperature under different ambient temperatures. 

Figure 4.5 compares the evaporation characteristics of ethanol and heptane droplets 

from the aspects of normalized squared diameter and temperature. The time is 

normalized by the squared diameter for the sake of comparison. In the first, the size 

change of heptane droplet is remarkably larger than that of ethanol. As quantified in 

Figure 4.6a, the reduction percentage of the normalized squared diameter for heptane 

droplet is greater than the value of the ethanol droplet under three ambient temperature 

conditions. Enhancing the ambient temperature from 373 K to 473 K, the reduction 

percentage of droplet size increases from 1.37 % to 2.88 % for heptane. On the other 

hand, the temperature of heptane droplets is higher than the one of ethanol droplets for 

all cases. As presented in Figure 4.6b, the heptane droplets have a larger increment in 

temperature with a maximum value of 7.27 K in contrast to the maximum value of 3.23 

K for ethanol. Also, a higher ambient temperature means a larger heating rate of droplets. 

Taken together, those results suggest that heptane droplet is more sensitive to 
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environmental change. One possible explanation for this might be that the latent heat 

of ethanol is significantly larger than that of heptane. Therefore, the heat transferred 

into the liquid phase and the quantity of vaporized liquids are less for ethanol droplets 

under the same temperature conditions. 

  

(a) Normalized diameter (b) Droplet temperature 

Figure 4.5 Comparison of the normalized diameter and temperature values of ethanol 

and heptane. 

  

(a) Reduction percentage of normalized 

squared diameter 

(b) Increase of droplet temperature 

Figure 4.6 The variation of droplet size and temperature of ethanol and heptane in the 

measurement volume. 

4.2 Comparison between experimental and simulations 

In this section, the measured data are compared with simulation results to ensure 

the accuracy of the experimental method as well as provide a further benchmark for 

model validation. The droplet evaporation model established in chapter 3 is adopted to 

do the comparison study, which takes into account the temperature-dependent physical 
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parameters and the effective thermal conductivity and diffusivity inside the droplet. The 

simulation adopted the same boundary and initial conditions as the experiment. 

Additionally, the theoretical spatial distributions of droplet streams generated by three 

different pinhole sizes are schematized in Figure 4.7. 

 

Figure 4.7 Schematic illustration of the spatial distributions of ethanol droplet stream 

produced by three different pinholes with the same injection pressure of 1.4 bar. 

It is noticed that the distance between neighboring droplets is small under this 

condition, which might induce an additional impact on the evaporation process. The 

influence of droplet spacing on the variation of diameter and temperature has been 

exemplified in Figure 4.8. The results validate the negative effect of the neighboring 

droplet on the evaporation and heating rate. Larger droplet experiences more reduction 

as a result of smaller spacing. Therefore, the simulations of droplet evaporation have 

taken the spacing parameter into consideration. 
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(a) Normalized squared diameter (b) Temperature 

Figure 4.8 Corrections of the droplet interaction on the evaporation process. 

4.2.1 Variation of diameter and temperature under different conditions 

Following this, the temporal variation of the normalized squared diameter and 

temperature obtained by the experiment and simulation methods are compared in Figure 

4.9. The investigations are performed with ethanol and heptane droplets under three 

ambient temperature conditions varying from 373 K to 473 K. To eliminate the 

influence of discrepancy of initial diameter, the results are presented in a normalized 

manner. As indicated, for the present research range, the variation trend of normalized 

squared diameter confirms well with the simulation results. Heptane droplet has a non-

near reduction trend in the normalized diameter especially under the condition of 473 

K. This can be attributed to the impact of thermal expansion during this transient stage. 

Figure 4.9b and Figure 4.9d display the temperature variations of ethanol and heptane 

droplets, respectively. Noting that the uncertainty of the temperature measurement is 

less than 5 K, which consents well with the literature [146]. Firstly, for simulation, the 

temperatures at the droplet surface are always higher than the ones at the droplet center 

since it is more sensitive to the change in the gas phase. Besides, both the numerical 

and experimental results exhibit an increasing tendency of temperature. Furthermore, 

the measured droplet temperatures are neither identical to the predicted temperature at 

the droplet surface nor to that at the droplet center. It is observed that the measured 

temperatures locate at outside of the predicted values with a more approximation to the 

temperature at the droplet center. These differences can be explained by the temperature 

gradient in the liquid phase. 
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(a) Diameter of ethanol (b) Temperature of ethanol 

  

(c) Diameter of heptane (d) Temperature of heptane 

Figure 4.9 Variation of the droplet diameter and temperatures under different ambient 

conditions by experiment and model for the Dpinhole=50 µm. 

Figure 4.10 presents the experimental measurements and simulation results of 

ethanol and heptane droplets with different initial diameters under the ambient 

temperature of 473 K. Firstly, the variations of droplet size show good agreement 

between experiment and model. It indicates that the evaporation rate slows down with 

the increase of the initial droplet size as displayed in Figure 4.11a. Also, heptane droplets 

experience more suppression than ethanol droplets regarding the reduction rate of 

normalized diameter. Apart from the droplet size, the temperature variations of ethanol 

and heptane droplets are plotted in Figure 4.10b and Figure 4.10d, respectively. For 

smaller droplets generated with a pinhole size of 50 μm, the equivalent temperatures 

from the experiment are lower than the simulation values. When the droplet streams 

have a relatively larger size, the measured temperatures locate between the simulated 

ones at the droplet surface and center. It is also noticed that the measured temperature 

of the heptane droplet approximates the predicted temperature at the droplet center. 
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Likewise, the differences in the temperatures can be attributed to the impact of the 

temperature gradient. Furthermore, the negative impact of increasing the initial droplet 

diameter on the heating process is confirmed in Figure 4.11b. The increment of droplet 

temperature reduces from 7.27 K to 4.78 K for heptane droplets and 3.23 K to 2.13 K 

for ethanol droplets by changing the pinhole size from 50 μm to 100 μm. 

  

(a) Diameter of ethanol (b) Temperature of ethanol 

  

(c) Diameter of heptane (d) Temperature of heptane 

Figure 4.10 Evolutions of the normalized squared diameter and temperatures of ethanol and 

heptane droplets under Tamb=473 K. 
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(a) Reduction percentage of normalized 

squared diameter 

(b) Increase of droplet temperature 

Figure 4.11 Comparison of the reduction rate of droplet size and heating rate of ethanol 

and heptane droplets with different initial sizes. 

4.2.2 Analysis of the refractive index gradient 

As stated before, the gradient of the refractive index is taken as a polynomial form 

that depends solely on radial location to account for the influence of the refractive index 

gradient inside the droplet. The refractive index curves from models are compared with 

the refractive index profiles resulting from different polynomial orders to select the 

optimum polynomial orders. Figure 4.12, Figure 4.13, and Figure 4.14 systematically 

present the refractive index profiles of ethanol and heptane droplets from the aspects of 

different instants, different temperature conditions, and different initial droplet sizes. In 

each plot, the refractive indices at the center and surface of the droplet are also displayed 

for comparison. It is found that a larger polynomial order value means a sharp gradient 

at the droplet surface, accordingly, the refractive index at the droplet center dominates 

the overall gradient profiles. The results of ethanol and heptane droplets indicate that 

the parabolic profiles of refractive index are most similar to the theoretical curves 

during the present research range no matter of the instance, ambient temperature, and 

initial droplet size. 

  

(a) t=0.0039 s (ethanol droplet) (b) t=0.0056 s (ethanol droplet) 
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(c) t=0.0052 s (heptane droplet) (d) 0.0077 s (heptane droplet) 

Figure 4.12 The refractive index profiles of ethanol and heptane droplets at two instants 

(Tamb=473 K, Dpinhole=50 µm). 

  

(a) t=0.0039 s (ethanol droplet) (b) t=0.0052 s (heptane droplet) 

Figure 4.13 Variation of the refractive index profiles of ethanol and heptane droplets by 

changing the ambient temperature (Tamb=373 K, Dpinhole=50 µm). 

  

(a) Dpinhole=50 µm (ethanol droplet) (b) Dpinhole=100 µm (ethanol droplet) 
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(c) Dpinhole=50 µm (heptane droplet) (d) Dpinhole=100 µm (heptane droplet) 

Figure 4.14 The refractive index profiles of ethanol and heptane droplets with different 

initial sizes (Tamb=473 K, Dpinhole=50 µm and 100 µm). 

Next, the underlying mechanism between the measured refractive index and the 

refractive indices at droplet surface and center is revealed by considering the impact of 

refractive index gradient in the liquid phase. Taking the cases under the ambient 

temperature of 473 K as an example, the dependence of the resulting refractive index 

on the polynomial order for a given refractive index at the surface and core is displayed 

in Figure 4.15. Two pinhole diameters of heptane and ethanol are chosen for comparison. 

The result presents a surprisingly increasing trend of the refractive index when the 

polynomial order is between 1 and 4. Then the refractive index decreases approaching 

the value of the refractive index at the droplet core for large polynomial orders. 

Following a parabolic order of m=2, the resulting refractive index is theoretically larger 

than both values in the liquid phase, therefore, producing a much lower temperature. 

This well explains the behavior that the temperature derived from the experiment 

measurement is outside of the simulated ones with a more approximation to the 

temperature at the droplet center. 
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(a) Dpinhole=50 µm (ethanol droplet) (b) Dpinhole=100 µm (ethanol droplet) 

  

(c) Dpinhole=50 µm (heptane droplet) (d) Dpinhole=100 µm (heptane droplet) 

Figure 4.15 The variation of the refractive index with polynomial orders. 

4.3 Temperature evaluations of inhomogeneous particles 

The equivalent refractive index is the function of the refractive index profile and 

the indices at the droplet surface and center. Thinking it in a reverse manner, the 

temperature value at the droplet surface and core together with the temperature 

distribution can be predicted from the equivalent temperature. As we have supposed the 

profile inside the liquid phase with a polynomial order of 2, the dependence of the 

equivalent refractive index on the refractive indices at droplet surface and center is 

examined in Figure 4.16. The refractive indices at droplet surface and center vary in the 

range of 1.352-1.359. A surprising result is that any couple [nc, ns] gives rise to only 

one equivalent refractive index, which provides the possibility of the data inversion 

process. Consequently, taking ns and nc as fitting parameters, the optimum value of ns 

and nc as well as the refractive index distribution can be retrieved based on the least 

square fit method. 
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Figure 4.16 Dependence of the equivalent refractive index on the refractive indices at 

the droplet surface and center. 

Figure 4.17 displays the temperature evolutions at the surface and center of ethanol 

and heptane droplets. The curves are the results of models whereas the scatters stand 

for experimental data. First of all, the experimental and simulated temperature values 

of small droplets consent with each other, as well as the evolution tendency. This is 

consistent for both ethanol and heptane droplets. In any case, the surface temperature 

from the experiment is always higher than the temperature at the droplet center, which 

confirms well with the simulation curves. Secondly, the deviation of the temperatures 

between experimental measurements and the predictions is visible when the droplet size 

is large, especially for ethanol droplets. It indicates that the temperature differences 

between experiments and simulations increase with the droplet size. This can be 

attributed to the shape change of larger droplets from spherical to spheroidal ones. 
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(a) Ethanol (Dpinhole=50 μm) (b) Heptane (Dpinhole=50 μm) 

  

(c) Ethanol (Tamb=473 K) (d) Heptane (Tamb=473 K) 

Figure 4.17 Comparison of the temperature evolutions between experiment and model. 

The impact of shape change on the scattering angle is taken into account to 

interpret the temperature differences between experiments and models. As described 

previously, the scattering angle of an oblate droplet is large than that of a spherical 

droplet. Therefore, taking the simulated temperature values as references, the measured 

temperatures can be modified to optimum values by assuming an appropriate non-

sphericity of droplet shape. Figure 4.18 compares the resulting temperature evolutions 

after correction. When the droplets are generated from the pinhole sizes of 75 μm and 

100 μm, the modifications of shape change are considered. As indicated, ethanol 

droplets with the non-sphericity of 1.002 and 1.007 generate good consistency with the 

simulation results. Likewise, the non-sphericity of heptane droplets is 1.001 and 1.003 

respectively for two droplet sizes. It shows that the non-sphericity of heptane droplets 

is smaller than that of ethanol droplets. This can be explained by the fact that the 

heptane droplet stream has a slower falling velocity than ethanol droplets. The present 
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results confirm the possibility of shape change as well as its impact on the rainbow 

measurements. On the other hand, the spheroidal droplet shape well explains the 

deviation between the measurements and simulation, which provides a different sight 

to interpret the experimental results. 

  

(a) Ethanol droplet (b) Heptane droplet 

Figure 4.18 Temperature evolutions considering the shape change. 

4.4 Summary 

The transient evaporation characteristics of free-falling ethanol and heptane 

droplets under ambient temperatures of 373-473 K are investigated in this chapter with 

the rainbow technique. By analyzing the rainbow patterns captured in the vicinity of 

rainbow angle, the droplet size, the equivalent temperature of droplet together with the 

temperature values inside droplet has been simultaneously extracted. Some of the 

conclusions are summarized as follows: 

1. Both the primary peaks and the ripple structures are distinctly presented in the 

rainbow images by using the present experimental configuration. It is 

observed that the rainbow pattern shifts to lower scattering angles by 

enhancing ambient temperature. While the particle with a larger size tends to 

have more peaks within the same scattering angle range. 

2. The impact of ambient temperature, the initial droplet diameter, and the fuel 

type on the reduction rate of droplet size and heating rate in the liquid phase 

has been obtained. The results indicate that less volatile droplets are more 

likely to be affected by the change of ambient temperature or the initial droplet 
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size compared with more volatile droplets. 

3. The experimental measurements show good agreement with the simulation 

results in the variation of diameter. However, the discrepancy between the 

measured temperatures and predicted values is observed, which originates 

from the temperature gradient in the liquid phase. 

4. The parabolic distribution of refractive index along the radius direction is 

validated. The underlying relationship between the measured temperature and 

the temperature gradient inside the droplet is revealed. The temperature 

distributions in the liquid phase are obtained from the rainbow measurements. 
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5. Preferential evaporation of binary droplets 

This chapter aims to investigate the evaporation characteristics of binary droplets 

under different conditions with the rainbow technique and numerical model. The 

influence of non-ideal vapor-liquid equilibrium (VLE) on the preferential behavior of 

ethanol/heptane droplets is revealed and validated. The mixture of heptane and ethanol 

has been adopted as tested fuel. Simulations have the same boundary and initial 

conditions as the experiment when conducting the comparative study with experiments. 

5.1 Evaporation characteristics of binary droplets 

The evaporation process of ethanol/heptane droplet is performed by both the ideal 

and non-ideal VLE methods in this section. As described before, three correction 

parameters, the activity coefficient, the Poynting factor, and the fugacity coefficient, 

are incorporated in the Effective Conductivity Model (ECM) and Effective Diffusivity 

Model (EDM) to present the non-ideal behavior at the droplet surface. The ambient 

temperature and pressure are 373 K and 473 K, 1 bar and 10 bar, respectively. The initial 

volume fraction of ethanol in the mixture ranges from 0.25 to 0.75. Accordingly, the 

nomenclature ‘ETH25’, ‘ETH50’, and ‘ETH75’ stand for the initial volume fraction of 

ethanol in the mixture with 25%, 50%, and 75%, respectively. The initial diameters of 

the three kinds of droplets are 109.90 m, 108.63 m, and 107.46 m, which is 

consistent with the experimental conditions. In all cases in this section, the initial 

droplet temperature is 293 K with a velocity of 6.5 m/s. The ‘NI-Model’ and ‘I-Model’ 

mean the non-ideal equilibrium model and ideal equilibrium model respectively. 

Component 1 stands for heptane and component 2 is ethanol. Therefore, the separation 

factor 12 presents the relative volatility of heptane to ethanol. The ambient conditions 

and liquid composition of all the investigated cases in this section are listed in Table 5.1. 

Table 5.1 Lists of the ambient conditions and liquid compositions of model. 

Case Tamb (K) Pamb 

(bar) 

Y1 

(Heptane by volume %) 

Y2 

(Ethanol by volume %) 

Section 5.1.1 373 1 25-75 75-25 

Section 5.1.2 373 1 25-75 75-25 
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Section 5.1.3 

373 1 25-75 75-25 

373 10 25-75 75-25 

473 1 25-75 75-25 

473 10 25-75 75-25 

5.1.1 Variation of droplet size and temperature 

Figure 5.1 gives the temporal evolution of normalized squared droplet diameter and 

surface temperature with different ethanol mass fractions by using the NI-Model and I-

Model, respectively. Initially, the result presents the relationship between the mass 

fraction of ethanol and droplet lifetime. The larger initial concentration of ethanol in 

the liquid phase leads to a longer droplet lifetime. This behavior looks contradicted with 

normal cognition at first sight because ethanol has a much lower boiling point than 

heptane. Concerning it, increasing the proportion of more volatility component in the 

mixture would accelerate the evaporation rate and shorten evaporation time. Despite 

this, it is necessary to note the influence of latent heat when ethanol appears in the 

mixture. Since the latent heat of ethanol is considerably higher than the value of heptane, 

the surface temperature of ethanol is much lower than that of heptane under the same 

ambient condition. Therefore, adding ethanol into the mixture results in a relatively 

longer droplet lifetime. The result consents well with the evaporation behavior of 

individual components investigated in chapter 4. 

  

(a) Normalized diameter (b) Surface temperature 

Figure 5.1 Variation of droplet normalized droplet diameter and surface temperature 

for ideal and non-ideal cases at Tamb=473 K and Pamb=1 bar. 

Additionally, the difference between the NI-Model and I-Model predictions is 
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observed in the evaporation curves, as shown in Figure 5.1a. Here, the evaporation 

constant (denoted as KV) is used to present the difference of those two methods, which 

is derived by linearly fitting the curve of normalized squared droplet diameter in the 

range of 0.15-0.5 [23]. In this context, the difference between the evaporation constant 

obtained by the NI-Model and I-Model is defined as, 
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where KV,NI and KV,I are the evaporation constant for NI-Model and I-Model, 

respectively. The comparison is made in the subplot of Figure 5.1a. The results show 

that the deviations of evaporation constant between the NI-Model and I-Model are 

extremely large for ETH50 and ETH75 droplets, with a value of 28.95% and 13.54%, 

respectively. When it comes to ETH25 droplets, the deviation is relatively smaller than 

the other two composition cases. 

The difference also appears in the temperature evolution obtained by those two 

methods. It is observed the droplet temperature experiences a rapid increase in the early 

heating period. After a short while, the droplet heating rate gradually slows down and 

reaches the quasi-steady state, which is the result of a balance between sensible and 

latent heat. The divergence between NI-Model and I-Model is evident especially after 

the initial heating period, as indicated in Figure 5.1b. For the I-Model predictions, the 

pseudo-state temperature decreases with the initial ethanol concentration in the liquid 

phase. However, for the results of the NI-Model, the pseudo-state temperature for 

ETH50 and ETH75 droplets is closer to that of ethanol, while the pseudo-state 

temperature for ETH25 is more comparable to heptane. This behavior is caused by the 

preferential evaporation of individual components in the mixture. For binary or multi-

component droplet, the lighter components evaporate at a different timing than the 

heavier components, depending on the physical properties or ambient conditions. This 

specific fashion of evaporation behavior is normally referred as preferential evaporation 

[147]. In general, the droplet temperature at the end of evaporation should always 

approach the adiabatic evaporation temperature of the residual component. Therefore, 

the differences in temperature evolution between the NI-Model and I-Model predictions 

imply a distinct change of the preferential evaporation inside the mixture. 
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5.1.2 Preferential evaporation of heptane and ethanol 

The discrepancies between the NI-Model and I-Model in modeling the droplet 

diameter and temperature provide a clue for the evaporation order of heptane and 

ethanol components in the mixture. Figure 5.2 displays the evolutions of surface mass 

fraction of heptane and ethanol obtained from the NI-Model and I-Model. It should be 

noted that the surface mass fraction is a major parameter in deciding the mass and heat 

transfer rate, as well as the preferential evaporation behavior of individual components 

inside a multi-component droplet. The increase or decrease of the mass fraction with 

time denotes the evaporation sequence of two components. Here, a significant 

difference in the variation of mass fraction between the NI-Model and I-Model is 

observed. For all I-Model results, the heptane mass fraction at the droplet surface 

gradually increases with time, while the ethanol mass fraction has a reduction trend 

with time. The variation tendency of heptane and ethanol is always positive or negative 

regardless of the initial composition in the liquid phase. In other words, the evaporation 

order of those two components is always the first vaporization of ethanol followed by 

heptane in any case. 

However, for NI-Model predictions, the vaporization order changes depending on 

the initial composition in the mixture. Heptane can evaporate faster or slower than 

ethanol. For ETH50 and ETH75 droplets, heptane evaporates faster than ethanol as 

denoted by the decreasing mass fraction of heptane with time. While for the ETH25 

droplet, the evaporation order reverses. The alteration of the evaporation sequence is 

due to the influence of the non-ideality of the mixture presented by the molecular 

interactions. 

  

(a) Surface mass fraction of heptane (b) Surface mass fraction of ethanol 
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Figure 5.2 Comparison of the surface mass fraction of heptane and ethanol for I-Model 

and NI-Model at Tamb=473 K and Pamb =1 bar. 

As mentioned previously, the separation factor is a critical parameter for 

comprehending the order vaporization of multi-component droplets. Figure 5.3 provides 

the evolution of the separation factor for the binary system. It can be seen the variation 

of separation factors agrees well with the change of mass fraction. Firstly, the separation 

factors for all the ideal droplets are below 1. This consents with the sequence 

evaporation behavior, with the first evaporation of ethanol and followed by heptane 

because ethanol has a lower boiling point than its counterpart heptane. By contrast, for 

the NI-Model system, the separation factor is larger than 1 for ETH50 and ETH75 

droplets, which leads to the inversion of the evaporation order compared with the ideal 

cases. This indicates liquid composition is decisive for the evaporation order. 

 

Figure 5.3 Evolution of separation factor in the binary system for ideal and non-ideal 

cases at Tamb=473 K and Pamb =1 bar. 

5.1.3 The non-ideal behavior under different conditions 

This section focuses on the impact of ambient conditions on the non-ideal 

behaviors by varying the ambient temperature up to 473 K and ambient pressure of 10 

bar. The other initial conditions are the same as the last section. Firstly, the variation of 

normalized droplet diameter and surface temperature under different conditions are 

presented in Figure 5.4. In general, the evaporation and heating processes of droplets 

under those conditions are quite similar to the result obtained under 373 K and 1 bar 

ambient conditions. The initial increase in droplet diameter is caused by thermal 
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expansion when droplets are exposed to high temperature and pressure conditions. 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 5.4 Evolution of normalized squared diameter and surface temperature for ideal and 

non-ideal cases at different ambient conditions; (a) and (b) are the ambient condition of 

Tamb=373 K and Pamb =10 bar; (c) and (d) are for Tamb=473 K and Pamb =1 bar; (e) and (f) 

correspond to Tamb=473 K and Pamb =10 bar. 

As described before, for ideal VLE, the separation factor depends only on the 

temperature. While both the pressure and temperature coupled with the liquid 
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composition affect the separation factor for the non-ideal approach. The variation of the 

separation factors for all the cases is compared in Figure 5.5. Firstly, the separation 

factors for all the I-Model cases are similar and less than 1 as expected. In contrast, the 

separation factors evaluated by the NI-Model for ETH50 and ETH75 droplets differ 

appreciably with the I-Model results, having values considerably larger than 1. For 

ETH25 droplets, the NI-Model results are much closer to the I-Model. This indicates 

that when the concentration of the less volatility component in the mixture is large, the 

liquid can be regarded as ideally to some extent. When the lighter component dominates 

the mixture, the assumption of the ideal mixture is not valid. 

  

(a) ETH25 droplet (b) ETH50 droplet 

 

(c) ETH75 droplet 

Figure 5.5 The variation of the separation factor for three types of droplets under all the 

conditions. 

Secondly, enhancing ambient temperature and pressure has a slight influence on 

the separation factor for ETH50 droplets as the differences under different conditions 
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are trivial as shown in Figure 5.5b. By contrast, for ETH75 droplet, increasing ambient 

temperature diminishes the value of 12 to a large extent as displayed in Figure 5.5c. 

Besides, a higher ambient pressure leads to a larger 12 under 373 K yet a lower 12 

under 473 K condition. The variation of 12 under different ambient conditions for 

ETH50 and ETH75 droplets conveys the information that the ambient condition alters 

the relative volatility in the mixture quantitatively. In general, the value of separation 

factors is relatively smaller under higher ambient temperature and pressure conditions. 

This means the difference in the physical properties between individual components in 

the mixture is weakened by increasing ambient temperature and pressure because of the 

thermodynamic influence. It discloses that the non-ideal equilibrium is more likely to 

be affected by ambient conditions when the lighter components dominant the mixture. 

5.2 Comparison against rainbow measurement 

This section aims to investigate the ability of the rainbow technique in measuring 

the evolution of temperature, size, and composition during the binary droplet 

evaporation process. As presented by the simulation results, the non-ideal vapor-liquid 

equilibrium has an obvious impact on the temperature evolution and preferential 

evaporation of heptane/ethanol droplets. It is rare to examine this difference from the 

perspective of the experiment to the author’s knowledge. However, the rainbow 

measurement can check this distinct evaporation behavior of binary droplets. The main 

thinking is to pick the most similar evolutions of refractive index in the liquid phase by 

comparing the refractive index of rainbow measurement with the refractive indices 

obtained from two models. This can validate the accuracy of different models as well 

as interpret the temperature and concentration distributions of each component inside 

the droplet, which gives a new sight to measure the evaporation behavior of binary 

droplets. Table 5.2 lists the key parameters for experiments. 

Table 5.2 Key parameters of experimental conditions. 

 Section 5.2 Section 5.3.1 Section 5.3.2 

Initial temperature (K) 293 293 293 

Initial velocity (m/s) 6.5 6.5 6.5 

Injection pressure (bar) 1.2 1.2 1.2 
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Injection frequency (kHz) 26.13 26.13 26.13 

Pinhole diameter (μm) 50 50 50 75 100 

Initial volume fraction of 

ethanol 

0.25 
0.25 

0.75 
0.5 0.50 

0.75 

Initial diameter (μm) 

109.90 109.90 108.63 

108.63 

108.63 

143.62 

107.46 173.98 

Ambient temperature (K) 373 373 473 373 473 

5.2.1 Transient variation of diameter and refractive index 

The variation of normalized diameter with time obtained by the experimental 

method and two models for ethanal and heptane binary droplets are compared in Figure 

5.6. As indicated, during the transient heating stage, two methods show an obvious 

difference in predicting the evolution of normalized diameter. The model using the ideal 

equilibrium has a smaller reduction in diameter by contrast with the non-ideal 

equilibrium prediction. The measurements from the rainbow experiment validate the 

accuracy of the model adopting the non-ideal equilibrium. This reveals that the 

influence of non-ideal equilibrium cannot be neglected for binary mixture with distinct 

physical properties of each component. Apart from that, it is observed that the reduction 

rate of droplet diameter tends to decrease with the increase of ethanol mass fraction. 

Despite the ethanol being much lighter and having a lower boiling point, adding more 

ethanol into the mixture depresses the droplet shrinkage as ethanol has a higher latent 

heat of vaporization, which consents well with the evaporation behavior of individual 

components as investigated in chapter 4. 
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Figure 5.6 Variation of normalized droplet diameter. 

For binary droplets, the temperature and component mass fraction have a coupled 

influence on the resulting refractive index, which makes it impossible to get the values 

of those two parameters directly from the measured refractive index. Therefore, 

retrieving the value of temperature and concentration from the rainbow measurements 

needs the help of the simulation model. The idea is to compare the experimental results 

with the equivalent refractive obtained by the non-ideal equilibrium and ideal 

equilibrium, from which choosing the best fitting curves of simulation. 

In the first, the models predict the spatial distribution of refractive index along 

radius direction at different instants, as shown in Figure 5.7. The spatial distributions of 

the refractive index of three droplets are similar to each other for the ideal equilibrium 

method, i.e., the refractive index reduces andante from the droplet center to the surface 

at all instants. By contrast, the difference between the ideal and non-ideal predictions 

is distinct for all cases. For ETH50 and ETH75 droplets, the refractive index reduces 

appreciably from center to surface for non-ideal equilibrium predictions. While the 

refractive index of the ETH25 droplet has a completely different distribution with a 

much higher value at the droplet surface. The major difference between different 

predictions is at the position approaching the droplet surface. It is observed that the 

reduction tendency is similar to each other when the non-dimensional radius is smaller 

than 0.6. After that, the ideal equilibrium method has a slight rebound, whereas the non-

ideal equilibrium method has a sharp reduction for ETH50 and ETH75 droplets, and a 

rapid increase for ETH25 droplet. Theoretically, the light path inside droplet spreads 
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from the droplet surface to the non-dimensional radius of 0.6. Therefore, not all the 

liquid phase affects the light path and the resulting rainbow angle. Only the range from 

non-dimensional radius 1 to 0.6 is effective, which is defined as the impact zone. 

  

(a) ETH25 droplet (b) ETH50 droplet 

 

(c) ETH75 droplet 

Figure 5.7 The spatial distributions of the refractive index of three droplets obtained by two 

models under the ambient temperature of 373 K. 

The contrary variation trend of refractive index between ETH25 and ETH75 

droplets indicates that the evaporation scenery at the droplet surface of ETH25 is 

different from that of ETH50 and ETH75 droplets. Figure 5.8 compares the spatial 

distribution of temperature and mass fraction of heptane for ETH25 and ETH75 

droplets. All the results predicted by the ideal-equilibrium method have the same 

variation of mass fraction with advanced evaporation of ethanol and the accumulation 

of heptane at the droplet surface. When it comes to the non-ideal equilibrium 

predictions, the evaporation sequence depends on the individual droplet. For the ETH25 

droplet, the ethanol is evaporated preferentially at the droplet surface, which leads to 
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the accumulation of heptane and the growth of refractive index. However, for ETH75 

droplets, the heptane has prior evaporation at the droplet surface. Accordingly, ethanol 

cumulates at the droplet surface and brings about the reduction of the refractive index. 

The results reveal that the composition in the liquid phase has a decisive impact on the 

variation of the refractive index in the impact zone. 

  

(a) Temperature of ETH25 droplet (b) Mass fraction of heptane for ETH25 

droplet 

  

(c) Temperature of ETH75 droplet (d) Mass fraction of heptane for ETH75 

droplet 

Figure 5.8 The spatial distribution of temperature and mass fraction of heptane. 

5.2.2 Comparison of the equivalent refractive index 

This part explores the variation of equivalent refractive index with polynomial 

fittings. Figure 5.9 compares the fitting curves of the refractive index for the non-ideal 

equilibrium method and ideal equilibrium predictions with different polynomial orders. 

Focusing on the impact zone, two curves at instants of 0.5 and 0.65 are fitted by three 
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polynomial orders, respectively. On one hand, the variations of refractive index by the 

ideal equilibrium method for all three droplets are consistent with each other, which can 

be fitted by the polynomial order of 1. On the other hand, for non-ideal equilibrium 

predictions, the optimum fit order varies from 8 to 5 with time for the ETH25 droplet. 

While the ETH50 droplet has the most satisfactory results with a polynomial order of 

4 at t=0.5 and 3 at t=0.65, which is the same as the ETH75 droplet. This reveals a trend 

that the polynomial order and the corresponding refractive gradient reduce with time. 

  

(a) The non-ideal equilibrium of ETH25 (b) The ideal equilibrium method of 

ETH25 

  

(c) The non-ideal equilibrium of ETH50 (d) The ideal equilibrium method of 

ETH50 
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(e) The non-ideal equilibrium of ETH75 (f) The ideal equilibrium method of 

ETH75 

Figure 5.9 The refractive index simulated with different polynomial orders for ETH25, 

ETH50, and ETH50 droplets. 

The relation between the equivalent refractive index and the polynomial order is 

compared in Figure 5.10. The variation tendency of the equivalent refractive index for 

the ETH50 and ETH75 droplets is consistent with each other. By contrast, the ETH25 

droplet shows a converse variation trend. For the ETH25 droplet, the results reveal that 

when the refractive index at the droplet surface has a larger value, the equivalent 

refractive index firstly increases then decreases with the polynomial order. The 

equivalent refractive index corresponding to a polynomial order 1 is inside the 

refractive indices range of the liquid phase. While the other equivalent refractive indices 

are smaller than the refractive index range of the liquid phase. Besides, the equivalent 

refractive index deriving from 8 to 5 differs trivially. For the other ETH50 and ETH75 

droplets with a larger refractive index at the droplet center, the equivalent refractive 

index resulting from a polynomial order 1 is also in the refractive indices range of the 

liquid phase. Whereas the rest equivalent values locate above the refractive index range 

of the liquid phase. Therefore, the equivalent refractive indices from the ideal and non-

ideal equilibrium methods have a significant difference. 
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(a) ETH25 droplet (b) ETH50 droplet 

 

(c) ETH75 droplet 

Figure 5.10 The equivalent refractive index with polynomial order for ETH25, ETH50, 

and ETH75 droplets. 

The evolution of the refractive index from model prediction and experimental 

measurements are compared in Figure 5.11. The refractive indices at the center and 

surface of the droplet are also plotted for comparison. For the non-ideal equilibrium 

model, the equivalent refractive indices with two polynomial orders have been 

displayed. The results indicate that the refractive index reduces gradually with time. In 

addition, the differences of refractive index among droplet surface, droplet center, and 

the equivalent refractive index are tiny for ideal equilibrium prediction but apparent for 

non-ideal equilibrium predictions. The differences of the equivalent refractive index 

between the two models for all types of droplets are evident. The results show that the 

non-ideal equilibrium predictions are more consent with the experimental 

measurements for ethanol and heptane binary droplets. Although the polynomial order 

experiences a variation from 8 to 5 for ETH25 droplet and from 4 to 3 for ETH50 and 
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ETH75 droplet respectively, the equivalent refractive index because of the order change 

is unobvious. The experimental results validate the accuracy of non-ideal equilibrium 

simulation in predicting the temperature and concentration as well as the necessity of 

considering the impact of the non-ideal mixture. 

  

(a) ETH25 droplet (b) ETH50 droplet 

 

(c) ETH75 droplet 

Figure 5.11 The comparison of refractive index between model and experiment for 

ETH25, ETH50, and ETH75 droplet. 

5.2.3 Overall variation of refractive index 

The temporal evolutions of the refractive index at the center and surface of 

different droplets are illustrated in Figure 5.12. The results indicate a considerable 

difference not only in the numerical value but also in variation tendency. In the first, for 

ETH25 droplet, the refractive index from the non-ideal equilibrium model experiences 

three segments including decrease, increase, and again decrease section. By contrast, 

the ideal equilibrium model produces a sharp decay and slightly growing refractive 
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index. Regarding the other two droplets, the refractive index keeps declining all the 

time for non-ideal equilibrium predictions. Nevertheless, the ideal equilibrium models 

generate similar variation trends with the ETH25 droplet. Taking the refractive index at 

droplet surface as an example, the maximum deviations of ideal equilibrium prediction 

from the non-ideal equilibrium results are 0.009, 0.018, and 0.013 respectively. 

Consistent behavior is the refractive index inside droplet declines with increasing the 

mass fraction of ethanol. This is due to the refractive index of ethanol being intrinsically 

smaller than that of heptane. 

 

Figure 5.12 The variation of normalized diameter and refractive index of different droplets. 

The overall temperature and concentration evolutions are displayed in Figure 5.13 

to comprehend the temporal variation of the refractive index. For non-ideal equilibrium 

prediction, the quasi-steady temperature of ETH25 droplet is higher than the other two 

droplets approaching the wet-bulb temperature of heptane. For ETH50 and ETH75 

droplets, their quasi-steady temperature is close to each other with a value of 305 K. 

That is, adding more ethanol into the mixture tends to reduce the quasi-steady 

temperature, which accordingly declines the evaporation rate. The mass fraction of 

heptane declines with time for ETH50 and ETH75 droplets, whereas increases for 

ETH25 droplet. The temperature together with the composition decides the variation of 

the equivalent refractive index. In the initial stage, the sharp decrease of refractive index 

is the outcome of intensive droplet heating. Later, the composition dominates the 

variation of refractive index for the rest of the droplet lifetime for ETH50 and ETH75 

droplets. For the ETH25 droplet, the second rapid heating stage of the droplet takes 
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over the control of the refractive index, which modifies the refractive index curve from 

rising to falling. 

  

(a) Temperature (b) Mass fraction of heptane 

Figure 5.13 The evolution of temperature and mass fraction of heptane for different 

droplets. 

5.3 Comparative investigation of binary droplet evaporation 

This section sheds a light on the variation of normalized diameter and refractive 

index with time obtained by the experimental and numerical method for ethanal and 

heptane binary droplets under different configurations. The coupling influence of 

temperature and concentration on the refractive index has been revealed. Three types 

of droplets, namely ETH25, ETH50, and ETH75, are investigated under the ambient 

temperature of 373 K and 473 K. The pinhole sizes are in the range of 50-150 m. 

5.3.1 Evaporation characteristics under different ambient conditions 

Figure 5.14 compares the evolutions of diameter and refractive index of ETH25 

and ETH75 droplets under the ambient temperature of 373 K and 473 K conditions. 

The pinhole size is 50 μm. For ETH25 droplet, the evaporation rate during this transient 

period is enhanced from 0.07 mm2/s under 373 K to 0.135 mm2/s under 473 K. By 

contrast, the evaporation rate increases from 0.067 mm2/s to 0.116 mm2/s by enhancing 

ambient temperature for ETH75 droplet. Therefore, increasing ambient temperature 

from 373 K and 473 K promotes the evaporation rate ETH25 and ETH75 droplets by 

92.86% and 73.13% respectively. Increasing ambient temperature enhances the 
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evaporation rate of the heavier droplet to a more extent. This reveals that binary droplet 

with a much heavier component is more sensitive to the change of environment. 

Comparing the refractive index variations under 373 K and 473 K, it is found that 

increasing ambient temperature reduces the refractive index, which holds for both 

ETH25 and ETH75 droplets. For ETH25 droplet, the overall variation refractive index 

at the droplet surface is larger than that at the droplet center. The difference of refractive 

index between droplet surface and center is relatively large under 473 K with a 

maximum value of 0.0028 compared with a maximum of 0.0013 under 373 K 

temperature conditions. This indicates that enhancing ambient temperature enlarges the 

gradient of refractive index in the liquid phase for ETH25 droplets. On the other hand, 

for the case of ETH75 droplet, the refractive index at the droplet center is always higher 

than that at the droplet surface under two ambient temperatures. The maximum 

differences of refractive index between droplet surface and center are 0.004 under 473 

K and 0.0027 under 373 K, respectively. For ETH25 droplet, the reductions of refractive 

index during the present research range are 0.001 and 0.0026 respectively under 373 K 

and 473 K conditions. While the refractive index of ETH75 droplet reduces 0.001 and 

0.0013 under 373 K and 473 K respectively. The reduction rate of the refractive index 

is promoted by enhancing ambient temperature. In a nutshell, the ETH25 droplet with 

a much heavy component in the liquid phase is more likely to be affected by the 

environment change as a result of the enlargement of the refractive index difference in 

the liquid phase and the promoted reduction rate of the refractive index under 473 K 

condition. This behavior is consistent with the variation of diameter. 

  

(a) Diameter (b) Refractive index 
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Figure 5.14 The variation of normalized diameter and refractive index of ETH25 and 

ETH75 droplets under 373 K and 473 K. 

The spatial distributions of temperature and mass fraction for ETH25 and ETH75 

droplets under 373 K and 473 K are plotted in Figure 5.15. The temperature distribution 

and evolution presented in Figure 5.15a have the same variation tendency under different 

ambient conditions. However, the ETH25 droplet always maintains a lower temperature 

than the ETH75 droplet. In addition, the temperature, as well as the temperature 

gradient in the liquid phase under 473 K, is larger than that under 373 K conditions, 

which reveals a faster heating rate in the liquid phase. For the mass fraction of heptane, 

ETH25 and ETH75 droplets have a converse variation trend. Despite that, enhancing 

the ambient temperature impacts the evolutions of mass fraction in the same way, i.e., 

leading to a larger concentration of heptane for ETH25 droplet and a smaller mass 

fraction of heptane for ETH75 droplet under 473 K, which reveals the promotion of 

mass regression by increasing ambient temperature. 

  

(a) Temperature evolutions (b) Mass fraction evolutions 

Figure 5.15 The spatial distribution of mass fraction and temperature. 

5.3.2 Droplet evaporation with different sizes 

The evaporation characteristics of droplets produced from three pinhole sizes of 

50, 75, and 100 μm are investigated in this section. Taking the ETH50 droplet as an 

example, the initial droplet diameters generated from three pinholes are 109.66, 143.62, 

and 173.98 μm respectively. As compared in Figure 5.16. the normalized droplet 
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diameter reduces with time for all droplet sizes. As the time after normalization differs 

obviously from each other among three droplets, it is difficult to tell the influence of 

droplet size on the diameter evolutions. Therefore, the reduction rate of diameter is 

plotted in Figure 5.16b. The results show a negative impact of droplet size on the 

reduction rate of diameter for experimental measurements during the present stage 

under both 373 K and 473 K ambient conditions. In addition, the reduction rate of 

diameter is greatly enhanced by increasing ambient temperature. Accordingly, the 

inhibition impact by increasing droplet size is more pronounced under 473 K. 

  

(a) Normalized droplet diameter (b) Reduction rate of diameter 

Figure 5.16 The regression of diameter for three droplet sizes. 

Next, the refractive index of three droplets under 473 K is compared in Figure 5.17. 

It indicates that a larger droplet has a higher refractive index value. ETH50 droplets 

with different initial diameters have a similar distribution in the liquid phase, i.e., a 

higher refractive index at the droplet surface and a lower refractive index at the droplet 

center. As a consequence, the resulting refractive index is larger than the refractive 

indices in the liquid phase. 
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Figure 5.17 The variation of refractive index for three droplets. 

After comparing the transient refractive index of three droplets, the variation of 

the refractive index during the whole droplet lifetime is compared in Figure 5.18. It can 

be seen that the refractive index of a larger droplet is lower than that of a smaller droplet. 

The evolution of the refractive index can be separated into two stages, a rapid reduction 

period followed by an andante regression period, which holds for all the droplets. This 

behavior is the coupling influence of temperature and concentration in the liquid phase. 

As displayed in Figure 5.19, the temperature increases shapely during the transient 

heating stage, which leads to the remarkable decrease of refractive index during this 

stage. In addition, despite that the mass fraction of heptane at the droplet center remains 

constant during this stage, it decreases significantly at the droplet surface all the time, 

which intensifies the reduction of the refractive index. However, judging from the 

variation curves of the refractive index, the liquid phase temperature has a decisive role 

in controlling the refractive index during this stage. The composition in the liquid phase 

determines the variation of the refractive index later on. 
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Figure 5.18 The variation of refractive index for droplets with different initial diameters 

under the ambient temperature of 473 K. 

 
 

(a) Temperature (b) Mass fraction of heptane 

Figure 5.19 The variation of temperature and concentration for three droplets. 

5.3.3 Influencing factors of equivalent refractive indices 

It is observed that the difference of the resulting equivalent refractive index and 

the refractive index at droplet surface links with the refractive index gradient in the 

liquid phase. Taking ETH25 droplet as an example, the measured refractive index 

differs obviously from the value in the liquid phase under the ambient temperature of 

473 K compared with that under the 473 K condition. Therefore, the relationship of 

those differences is plotted in Figure 5.20. The horizontal axis is the refractive index 

difference between droplet surface and center, while the vertical axis stands for the 

minus of refractive index at droplet surface and equivalent refractive index. All the data 
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points in Figure 5.14b and Figure 5.17 are utilized for plotting the fitting curve. The 

results demonstrate a linear relationship between the refractive index gradient in the 

liquid phase and the resulting refractive index. The larger the refractive index gradient 

in the liquid phase, the larger difference between the equivalent refractive index and the 

refractive index at the droplet center. It indicates that when the refractive index at the 

droplet center is smaller than the value at the droplet surface, the resulting equivalent 

refractive index is smaller than the refractive index at the droplet center, i.e., smaller 

than the smallest value in the liquid phase. Conversely, when the refractive index at the 

droplet center is larger than the value at the droplet surface, the equivalent refractive 

index is larger than the refractive index at the droplet center, i.e., larger than the largest 

value in the liquid phase. 

 

Figure 5.20 The relationship of refractive index difference among droplet surface, droplet 

center, and the equivalent refractive index. 

5.4 Summary 

The evaporation behavior of ethanol and heptane binary droplet has been 

investigated in this chapter by using both experiment and simulation methods. The main 

contribution is the observation of an inverse evaporation order of heptane and ethanol 

components due to the impact of non-ideal vapor-liquid equilibrium. Besides, the 

preferential behavior of ethanol and heptane binary droplet is confirmed with the 

rainbow measurement for the first time. The results provide a new sight to measure and 
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understand the evaporation behavior of binary droplets. Major concluding remarks are 

as follows: 

1. The influence of non-ideal vapor-liquid equilibrium on the preferential 

evaporation of binary droplet is evaluated. The results reveal a significant 

change of separation factor and an inversion of the evaporation order of 

ethanol and heptane components at the droplet surface when the lighter 

component dominates the mixture. 

2. The comparison of the refractive index between the rainbow measurements 

and model predictions confirms the accuracy of the non-ideal vapor-liquid 

equilibrium model in predicting the preferential evaporation behavior of 

binary droplet for the first time. The necessity of considering the impact of the 

non-ideal mixture has also been demonstrated. 

3. The coupling influence of ambient temperature, pressure, and compositions in 

the liquid phase on the preferential evaporation behavior of droplets is revealed. 

It reveals that the effect of the non-ideal vapor-liquid equilibrium is more likely 

to be affected by ambient conditions when the lighter components dominant 

the mixture. 

4. The joint influence of temperature and liquid compositions on the refractive 

index of the binary droplet is obtained. The temperature controls the variation 

of the refractive index in the early evaporation stage while the composition 

determines the refractive index later on. Besides, the composition dominates 

the spatial distribution of the refractive index near the droplet surface. 
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6. Conclusions and future work 

6.1 Conclusions 

Droplet transport and evaporation are ubiquitous in many industries and biological 

applications ranging from engines to thermal management to inkjet printing and so on. 

The evaporation of droplets in engines decides the formation of fuel vapor, which is 

critical for the combustion behavior of fuel spray and the emission performance. 

Meanwhile, the ever-rising emission standard and the environmental-friendly 

awareness bring up the change of evaporation environment and a number of green 

alternative fuels. Both the change of fuel type and vaporizing conditions have a 

significant impact on the droplet evaporation process. The investigations on the 

evaporation process of different kinds of droplets under complex ambient conditions 

are essential to achieve clean and efficient combustion. The combination of 

experimental method and simulation approaches have been utilized to shed a light on 

the joint influence of ambient conditions and liquid fuel type on the evaporation 

behavior of droplets. The high accuracy optical rainbow refractometry has been 

designed and established. An inversion algorithm considering a parabolic refractive 

index gradient in the liquid phase has been proposed to simultaneously extract the 

diameter and temperature distributions from the scattering light patterns. A systematical 

analysis of the differences between the experimental data and simulation results has 

been made. The main conclusions are as follows: 

1. The droplet evaporation experimental system based on the rainbow technique 

has been designed and established, which is mainly composed of droplet 

generation, the high-temperature chamber, and the rainbow image system. 

The reliability and repeatability examinations have been made to ensure the 

accuracy of the rainbow measurement.  

2. An inversion algorithm has been proposed to simultaneously extract the 

droplet diameter and temperature distributions from the scattering light 

patterns for the first time. The method improves the accuracy of the post-

processing process by considering the impact of refractive index gradient and 

the modification of shape change on the rainbow angle. 
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3. A non-ideal vapor-liquid equilibrium model based on the effective 

conductivity and diffusivity model has been created. The method incorporates 

the impact of convection, the interactions between neighboring droplets, 

temperature-dependent physical parameters, and the polarity differences 

between different components. The accuracy of the established model is 

verified with the experimental data and simulation results in the literature. 

4. The transient evaporation characteristics of free-falling ethanol and heptane 

droplets under different ambient temperatures are investigated with the 

rainbow technique. The parabolic distribution of refractive index along the 

radius direction is validated. The underlying relationship between the 

measured temperature and the temperature gradient inside droplet is revealed. 

5. The impact of ambient temperature, the initial droplet diameter, and the fuel 

type on the reduction rate of droplet size and heating rate in the liquid phase 

has been obtained. The results indicate that less volatile droplets are more 

likely to be affected by the change of ambient temperature or the initial droplet 

size compared with more volatile droplets. 

6. The influence of liquid compositions on the preferential evaporation behavior 

of binary droplet is observed. The results reveal a significant change of 

separation factor and an inversion of the evaporation order of ethanol and 

heptane component at the droplet surface when the lighter component ethanol 

dominates the mixture.  

7. The comparison of the refractive index between the rainbow measurements 

and model predictions confirms the accuracy of the non-ideal vapor-liquid 

equilibrium model in predicting the preferential evaporation behavior of 

binary droplet for the first time. The coupling influence of ambient 

temperature, pressure, and compositions in the liquid phase on the preferential 

evaporation behavior of droplets is revealed. 

6.2 Innovations 

1. The high accuracy droplet evaporation setup based on the rainbow technique 

has been designed and established. An inversion algorithm has been proposed 
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by taking into account the impact of refractive index gradient and shape change 

of droplet on the rainbow angle. The diameter and temperature distributions of 

vaporizing droplets under high-temperature conditions have been measured 

simultaneously for the first time. 

2. A non-ideal vapor-liquid equilibrium model based on the effective 

conductivity and diffusivity model has been created and validated. The method 

incorporates the impact of convection, the interactions between neighboring 

droplets, temperature-dependent physical parameters, and the polarity 

differences between different components. 

3. The influence of liquid compositions on the preferential evaporation behavior 

of binary droplet is observed. The results reveal an inversion of the evaporation 

order of individual components at the droplet surface when the lighter 

component dominates the mixture. The rainbow experiment confirms the 

accuracy of non-ideal vapor-liquid equilibrium model in predicting the 

preferential evaporation behavior of binary droplet for the first time. 

6.3 Future work 

The accurate description of the droplet evaporation behavior and the development 

of evaporation theory and measurement technique has been achieved by coupling the 

experimental method and simulation approach in this work. Future work can focus on 

the evaporation behavior under high-pressure conditions. It is challenging to achieve a 

stable stream of a free-falling droplet in the first. On one hand, the pressure difference 

demands a higher injection pressure of the generator. On the other hand, any pressure 

disturbance leads to the oscillation of the droplet stream, which finally reflects on the 

distortion of scattering patterns. Furthermore, the simulation is designed for a single 

droplet, which is not strictly consistent with the experimental configuration. The 

neighboring droplet inside the droplet stream has an influence on the mass and thermal 

diffusion in the vapor phase, which is considered by the dimensionless spacing 

parameter in the present model. Further effort can be done on extending the single 

droplet model to droplet stream configurations. 
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