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Résumé - Cette étude numérique analyse l’impact de l’écoulement interne sur le dépôt de particules 

dans une goutte sessile en évaporation. La goutte colloïdale s'évapore sur une surface adiabatique et elle 

est chauffée localement par le dessous, soit au centre, soit à la périphérie. Le modèle numérique prend 

en compte les effets de la poussée, du refroidissement par évaporation et de la thermo-capillarité. Sur 

une surface totalement adiabatique, un écoulement dans le sens horaire, combiné à un écoulement radial 

sortant, entraîne un dépôt en forme d’anneau. Une surface totalement isotherme génère un écoulement 

dans le sens antihoraire, formant une bosse centrale. Le chauffage local périphérique crée un anneau et 

une bosse centrale, tandis que le chauffage local central réduit l’anneau et produit une bosse plus fine et 

plus étendue. Ces résultats soulignent l’influence du chauffage local sur l’écoulement interne et par 

conséquent sur les motifs de dépôt. 

Abstract - This numerical study investigates the impact of internal flow on particle deposition in an 

evaporating sessile droplet. The colloidal droplet evaporates on an adiabatic surface and is locally heated 

from below, either at the center or the periphery. The numerical model incorporates the effects of 

buoyancy, evaporative cooling and thermo-capillarity. On a fully adiabatic surface, a clockwise flow 

combined with outward radial flow at low contact angles results in ring-shaped deposition. In contrast, 

a fully isothermal surface induces a counterclockwise flow, forming a central bump. Peripheral local 

heating enhances edge deposition, creating both a ring and a central bump. Central local heating reduces 

the edge ring and produces a thinner and more extended central bump. These results highlight the 

influence of thermal boundary conditions on internal flow and consequently on deposition patterns. 

Nomenclature 

C concentration, kg/m3 

D vapor diffusion coefficient, m2/s 

Dp particle diffusion coefficient, m2/s 

k thermal conductivity, W/m K 

P pressure, Pa 

R contact radius, m 

T temperature, °C 

t time, s 

𝑉⃗  velocity vector, m/s 

𝑉⃗ 𝐼 velocity vector of moving interface, m/s 

𝑛⃗ , 𝑡  normal and tangential unit vectors 

Xp particle concentration, kg/m3 

Xps particle Surface concentration, kg/m2 

Greek Symbols 

, ,  toroidal coordinates, rd 

T thermal diffusivity, m2/s 

 dynamic viscosity, kg/m s 

 density, kg/m3 

𝜏̄̄ stress tensor, Pa 

 contact angle, ° 

𝜎 surface tension, N/m 

Subscripts  

ℓ, 𝑔 liquid, gas  

 at infinity in surrounding air 
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1. Introduction 

The evaporation of sessile droplets is a complex physical process involving fluid flow, heat 

and mass transfer and interactions between solid, liquid and gas phases. Growing interest in this 

phenomenon stems from its importance in numerous technological applications. In fields such 

as nano-coating, chip manufacturing and disease diagnostics, precise control over the size and 

shape of particle deposition is a critical factor for optimizing performance [1]. 

The literature shows few numerical studies on particle deposition, while experimental 

research focuses on identifying deposition patterns and understanding their formation 

mechanisms [2]. Particle-substrate interaction has a minor role, while internal fluid flow in the 

evaporating droplet strongly influences deposition [3]. Thermal boundary conditions affect 

flow structure: high thermal conductivity substrates drive strong flow through thermocapillary 

forces and evaporation near the contact line [4, 5], while insulating substrates reduce 

evaporation and weaken the flow [6]. Deegan et al. [7] showed that a pinned contact line and 

high evaporation flux generate a radial outward flow, forming the coffee-ring stain. Gleason et 

al. [8] found that lower contact angles reduce radial flow, minimizing the coffee-ring effect. 

Yen et al. [9] used a laser-induced differential evaporation technique to create a central-peak 

deposition pattern by inducing a radial inward flow. Hu and Larson [10] found that the 

thermocapillary effect creates a cellular flow, forming a central bump-shaped deposition. 

Ristenpart et al. [11] showed that internal thermocapillary flow direction depends on the thermal 

conductivity ratio between the substrate and droplet. Malinowski et al. [12] used external vapor 

sources to create temperature gradients, altering internal flow and reducing the coffee-ring 

effect. All these results underline the importance of understanding the mechanisms driving the 

internal flow and the influence on particle deposition. By elucidating how thermal properties 

and flow dynamics interact during droplet evaporation, one can better control the size and shape 

of particle deposits, a key factor for applications involving colloidal droplets on homogeneous 

substrates. 

This study investigates the evaporation of a colloidal sessile droplet through the 

implementation of a numerical model that accounts for both buoyancy-induced convection in 

the surrounding air and thermo-capillary convection within the fluid phases. The main focus is 

on understanding how the internal flow within the evaporating droplet influences particle 

transport and the resulting deposition pattern. The flow is induced by non-uniform thermal 

boundary conditions at the contact surface of the droplet. Specifically, a local heating is applied 

either at the center of the droplet or at the periphery, while the remaining surface is adiabatic.  

2. Mathematical formulation 

Figure 1 represents a sessile droplet with an initial volume of 1 mm³. The liquid in the droplet 

is a colloidal suspension composed of polystyrene nanoparticles with a diameter of 100 nm. 

diluted in water with an initial concentration of 0.1 g/L (polystyrene/water density ratio  1. 

mass diffusion coefficient = 1.710-11 m2/s). The droplet evaporates on a horizontal adiabatic 

solid surface with a radius of R∞=100 R and an initial contact angle θ0=50. Local heating is 

applied beneath the droplet, either at its center or near its periphery. It is represented as a narrow 

isothermal zone with a thickness of 0.05 R and a temperature Tw  T∞. The spherical cap shape 

of the droplet and the pinned contact line are maintained during evaporation [6]. The relative 

humidity (Ha) is 50% and the ambient air temperature (T) is 25°C. 



 

 

 

 

 

Figure 1: Physical domain: The droplet is deposited on an adiabatic solid surface with an 

isothermal zone (red) located either at the droplet center (case a) or periphery (case b).  

The mathematical formulation of the studied problem is based on the continuity equation, 

the Navier-Stokes equations, the energy equation, the particle concentration equation within the 

droplet, and the vapor concentration equation in the surrounding air. These governing equations 

are expressed in toroidal coordinates to accurately model the interactions at the liquid-gas 

interface [4]. They are given by:  

 𝛻⃗ ⋅ 𝑉⃗ = 0 (1) 

 𝜌( 𝑉⃗ ⋅ 𝛻⃗ ) 𝑉⃗ = −𝛻⃗ 𝑃 + 𝜇 Δ𝑉⃗ − 𝜌 𝑔 [𝛽𝑇(𝑇 − 𝑇∞) + 𝛾 𝛽𝐶(𝐶 − 𝐶∞)] 𝐼  (2) 

 𝑉⃗ ⋅ 𝛻⃗ 𝑇 = 𝛼𝑇ΔT (3) 

 𝑉⃗ ⋅ 𝛻⃗ 𝐶 = 𝐷 ΔC (4) 

      
𝜕𝑋𝑝

𝜕𝑡
+ 𝛻⃗ . (𝑉⃗  𝑋𝑝 − 𝐷𝑝 𝛻⃗ 𝑋𝑝) = 0 (5) 

where 𝛽𝑇,𝐶 denotes the thermal or solutal expansion coefficient of the fluid, 𝐼  is a unit vector 

such as 𝐼 = −𝑒 𝑧 and the parameter 𝛾 is equal to 1 in gas phase and 0 in liquid phase. For 

momentum, energy, and vapor mass transport, the ratio of the diffusion time (td) to the droplet 

evaporation time (tf) is much smaller than unity. This validates the quasi-steady evolution of 

fields during the evaporation process. However, particle diffusion within the droplet is 

exceedingly slow. Consequently, the particle concentration field (Xp) evolves in an unsteady 

manner as the liquid-gas interface recedes. To solve the governing equations, appropriate 

boundary conditions must be defined. Far from the droplet, the fluid is assumed to be stationary, 

and the vapor concentration is given by 𝐻𝑎 𝐶𝑣(𝑇∞). The solid surface is modeled with no vapor 

permeability, no particle-substrate interaction, and a no-slip condition. Figure 1 illustrates the 

application of non-uniform thermal boundary conditions at the droplet base. At the liquid-gas 

interface, specific conditions are imposed to account for the physical processes governing 

evaporation and particle transport [4]. Mass continuity is given by:  

 𝜌ℓ (𝑉⃗ ℓ-𝑉⃗ 𝐼) ⋅ 𝑛⃗ = 𝜌𝑔(𝑉⃗ 𝑔-𝑉⃗ 𝐼) ⋅ 𝑛⃗ = 𝐽 ⋅ 𝑛⃗  (6) 

 

 



 

where J is the local evaporation flux. The total evaporation rate is obtained by integrating this 

flux over the entire interface. The mechanical stress balance, incorporating the thermo-capillary 

effect, is expressed as: 

 [(𝑛⃗  𝜏̄̄)ℓ − (𝑛⃗  𝜏̄̄)𝑔] ⋅ 𝑡 = 𝛻𝜎 ⋅ 𝑡  (7) 

The energy balance at the interface follows: 

 𝐽 ℎℓ𝑔 − 𝑞 ℓ ⋅ 𝑛⃗ + 𝑞 𝑔 ⋅ 𝑛⃗ = 0 (8) 

where ℎℓ𝑔 is the latent heat of evaporation and 𝑞  is local heat flux. Air at the interface is in a 

saturated state; its vapor concentration depends on temperature. Finally, the condition for 

particle transport at the interface ensures that particles do not cross it: 

 [−𝐷𝑝 ∇⃗⃗ 𝑋𝑝 + (V⃗⃗ − V⃗⃗ 𝐼) 𝑋𝑝] . 𝑛⃗  = 0 (9) 

3. Numerical Approach 

The governing equations (1–5) along with the associated boundary and interface conditions 

are solved numerically by using the finite volume method in a Eulerian approach [15]. 

Staggered and non-uniform grids with 66114 nodes () are utilized in the study domain 

with a very fine cell sizes (order of 10-6 R) around the contact line. Refining the mesh induces 

a maximum relative error less than 0.5 when evaluating the fields of u, v, P, T, C and Xp. The 

velocity-pressure coupling is addressed by SIMPLE algorithm. The unsteady particle transport 

equation (5) is time-discretized using a first order implicit scheme, with a time step chosen to 

correspond to a 0.01° change in the contact angle. This selection ensures both numerical 

stability and accuracy in tracking the evolution of particle concentration within the droplet. The 

time step is determined based on the evaporation rate and the variation in droplet volume. To 

discretize the convection and diffusion terms in the governing equations, the first order power 

law discretization scheme (PLDS) is employed. This method reduces numerical diffusion and 

provides a more accurate representation of convective effects, particularly at high Peclet 

numbers. The Gauss-Seidel method and the Thomas algorithm are combined to iteratively solve 

the system of discretized equations based on convergence criteria: maximum relative error on 

each dependent variable  0.1%, maximum residual of each conservation equation  10-5 and 

maximum allowable residual of continuity equation  10-8. The developed computation 

program in Fortran is validated against the numerical results of Wang [16]. In his PhD thesis, 

this author numerically studied the effects of Marangoni flows on particle transport and 

deposition during droplet evaporation on a glass substrate. As shown in Fig. 2, a satisfactory 

qualitative agreement is observed by comparing the particle concentration field obtained by the 

computation program and that of Wang for  = 20.  

 

Figure 2: Comparison with particle concentration field obtained numerically by Wang [16] for a 

contact angle of 20. The droplet is made up of water with dispersed polystyrene particles. 

4. Results and discussion 

The pinned droplet evaporates on an adiabatic surface with two local heating cases: center 

(a) and contact line (b). Two limits are also considered: fully adiabatic (Ad) and fully isothermal 
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(Is). These thermal boundary conditions (BCs), applied beneath the droplet, can significantly 

influence internal flow patterns, thereby affecting particle transport and deposition. 

Figure (3) illustrates velocity fields and temperature profiles at liquid-gas interface for a 

contact angle of 20°. The interface temperature gradients indicate the thermo-capillarity 

importance and allow to explain the flow pattern appearing inside the droplet. For the fully 

adiabatic contact surface (Ad), the surface temperature is low and decreases slightly from the 

droplet apex to the contact line, resulting in an almost negligible negative temperature gradient 

and very weak thermocapillary effects. This leads to a clockwise unicellular flow that 

transitions to an outward radial flow at low contact angles.  

 

 

 

 
 

 

 

Figure 3: Velocity fields and temperature profiles for a contact angle of 20. 

In case (a), with local heating at the center of the wetting surface, the droplet receives more heat 

compared to the adiabatic case. Here, the surface temperature decreases from the apex to the 

contact line with a steeper gradient along the interface, generating strong thermocapillary 

effects that sustain a clockwise unicellular internal flow, even at low contact angles. For case 

(b), where local heating is applied at the contact line, the contact line temperature exceeds that 

of the apex. This creates significant thermocapillary effects, resulting in a counterclockwise 

unicellular internal flow that persists until evaporation is complete. Lastly, for the fully 

isothermal wetting surface (Is), the surface temperature is the highest among all cases. 

However, the thermocapillary effects remain weak, and the positive temperature gradient along 

the liquid-gas interface induces a counterclockwise unicellular flow inside the droplet. 

Figure 4 shows temperature gradient variations along the liquid–gas interface as a function 

of the contact angle. The temperature gradient is almost zero when the drop base is subjected 

to fully adiabatic boundary conditions. However, it increases significantly in other cases, 

especially when local heating is applied with Tw = 30 °C. Thermocapillary effects are relatively 

weak and diminish over time as the contact angle decreases during evaporation on a fully 
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isothermal wetting surface. In contrast, the introduction of local heating intensifies the 

thermocapillary effects, which, unlike in the fully isothermal case, increase in time during 

evaporation. The position of the local heating significantly affects the dynamics of the cellular 

flow and induces its inversion. Thermocapillary effects are more pronounced when local 

heating is applied at the periphery of the drop (case b). However, at low contact angles, these 

effects become even stronger when local heating is applied at the center of the drop (case a).  
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Figure 4: Temperature gradient along liquid-gas interface as a function of contact angle. 

Figure 5 represents particle concentration fields in the sessile droplet for a wall temperature 

of 30°C and a contact angle of 6°. These fields are strongly influenced by the internal flow 

generated by the different thermal boundary conditions considered (cases Ad, a, b, Is).  

 

 

 

 

Figure 5: Velocity fields (right) and particle concentration fields (left) for a wall temperature of 

30C and a contact angle of 6. At this contact angle, the droplet, due to its small volume, exhibits a 

significantly higher average particle concentration than the initial one.  

In the fully isothermal case (Is), particles show low concentration near the droplet edge, 

while they primarily accumulate in the central region. For the fully adiabatic case (Ad), 

thermocapillary effects induce a clockwise unicellular flow that rotates particles within the 

droplet. At low contact angles, such as 6°, a dominant radial flow transports particles toward 

the contact line, forming ring-like deposition pattern after drying. In contrast, for non-uniform 

thermal boundary conditions, the internal flows create distinct dynamics. In case (a), a high-

velocity and clockwise unicellular flow dominates, limiting particle transport to the droplet 

1.8 21.8 41.8 61.8 81.8 100    550    1000

X  / Xp 0p

1.581125897E-005

0.016 mm/s

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

98.8

0 0.05820804896089

58.2 mm/s

9.4 9.5 9.6 9.7 9.8 9.9 10 10  25  40  55   64

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X  / Xp 0p

8.3 8.5 8.7 8.9 9.1 9.3 9.5 9.7 9.9 10  410  810 1210

X  / Xp 0p

11.6 mm/s

0.0116348522

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 7.9883548959258E-005

0.08 mm/s

5 25 45 65 85 105 125 145

X  / Xp 0p

Case (Ad) 

Case (a) 

Case (Is) 

Case (b) 



 

edge and keeping most particles circulating within the droplet. In case (b), the counterclockwise 

unicellular flow has a dual effect: on one hand, it transports particles toward the droplet center, 

and on the other, the strong evaporation around the localized isothermal zone draws particles 

toward the contact line. These observations demonstrate that the thermal boundary conditions 

at the droplet base play a crucial role in structuring the internal flows, directly influencing 

particle distribution and the deposition patterns formed during evaporation. 

Figure 6 illustrates particle surface concentration distributions at the droplet base, evaluated 

near the end of evaporation at a low contact angle of 6°. The surface concentration Xps, 

representing the mass of particles deposited per unit area, is determined without particle-

substrate interaction. Below this contact angle, evaporation occurs rapidly, and the final surface 

concentration profile remains similar to that observed at 6°.  
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Figure 6: Particle surface concentration profiles for a contact angle of 6 (Tw = 25C or 30C). 

By examining Fig. 6, distinct distributions of particle surface concentration are observed 

depending on the applied thermal boundary conditions. In the fully isothermal case, the 

maximum particle concentration is located along the central axis of the droplet, gradually 

decreasing to zero at the contact line. This results in particle deposition forming a bump at the 

center of the droplet base [10]. In the fully adiabatic case, particles form a ring of maximum 

concentration at the contact line, followed by a thin layer of particles spread across the rest of 

the wetting solid surface. In the case with a local heating at the contact line (case b), a smaller 

ring of particles forms near the droplet edge, compared to the fully adiabatic case. A central 

bump also appears, larger and thinner than in the fully isothermal case. In the case with a local 

heating at the center of the droplet (case a), only a few particles are transported to the contact 

line, forming a very small ring. Most particles recirculate inside the droplet, resulting in a wider 

but thinner central bump compared to the fully isothermal case [12]. 

5. Conclusion 

A numerical investigation is conducted to study the influence of internal flow on particle 

deposition patterns in an evaporating sessile droplet. The colloidal suspension droplet 

evaporates in a pinned mode on an adiabatic solid surface with the wetting zone subjected to 

local isothermal heating. The numerical model incorporates the effects of buoyancy, 

evaporative cooling, and surface tension gradients. The results reveal that internal flow within 

the droplet significantly influences particle transport and deposition. For a fully adiabatic 

wetting surface, a clockwise unicellular flow, combined with an outward radial flow at low 

contact angles, leads to ring-shaped particle deposition. Conversely, for a fully isothermal 



 

wetting surface, a counterclockwise unicellular flow during evaporation results in a central 

bump-shaped particle deposition. When the droplet is locally heated at the periphery of its base, 

strong flow near the contact line transports some particles to the droplet edge, forming a ring, 

while the remaining particles circulate within the droplet core, producing a central bump. 

However, when the droplet is locally heated at the center of its base, the ring at the edge nearly 

disappears and the central bump becomes more extended and thinner compared to the fully 

isothermal case. To conclude and provide a perspective for this work, experiments should be 

conducted to validate the numerical results obtained. 
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