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ABSTRACT. Evaporation of droplets on heated surfaces is important in a number of 
applications including the drying of paint and cooling of electronics. Questions are 
addressed both towards increasing the drying rate as well as on how to control the 
deposition of particles suspended in the fluid. This work aims to numerically investigate 
how the heat and mass transfer boundary condition at the droplet surface should be 
presented in order to fully represent the surrounding fluid flow. With aid of 
Computational Fluid Dynamics, a numerical study is therefore carried out to determine 
the general consequence of using a local heat transfer coefficient and how it affects the 
separate mechanisms of the internal flow in particular. Results show that the application 
of a local heat transfer boundary condition is important only if the internal velocity of the 
fluid inside the droplet is small. If the surface tension is high, i.e. if the flow is dominated 
by Marangoni convection, the surface temperature is instead controlled by the internal 
mixing rather than the local heat transfer. For the conditions studied, Marangoni 
convection is dominating and will enhance the drying rate when compared to the 
influence of conduction and natural convection. 
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1 Introduction  
 
Evaporation of droplets is important in a number of areas of application. Dropwise 
evaporative cooling is, for example, often used in electronic industries, nuclear thermal 
management and metallurgics. Another area where the behaviour of droplet evaporation 
is important is in drying of paint and in drying of dishes in a dishwasher. Generally 
questions are addressed both towards increasing the drying rate as well as on how to 
control the deposition of particles withheld in the fluid. To clarify these queries it is 
important that droplet evaporation, including the internal flow, is further investigated.  
 
Numerical modelling of the internal flow is a rather new area. Ruiz and Black 
investigated in 2002 the effect of internal thermocapillary convection, i.e Marangoni 
convection, on the heat transfer between a drop and the solid surface. Mollaret et al. 
(2004) investigated both numerically and experimentally how the substrate temperature 
affects the evaporation of a sessile droplet. Particle deposition was investigated by Girard 
et al., 2006, further examining the mechanics behind the non-uniform deposition patterns 
of suspensions withheld within a droplet. Strotos et al. (2008) simultaneously studied the 
coupled fluid flow and heat transfer of a droplet, the substrate and the surroundings using 
VOF. The model was compared to a simplified numerical approximation neglecting the 
internal flow, and the advanced model was found to give the best prediction when 
compared to experiments. Lu et al., 2011, also showed an enhancement in the evaporation 
rate when Marangoni flow was accounted for. In this model, the effects of 
thermocapillary flow and viscous resistance was accounted for as well as the buoyancy 
force which was neglected in the other papers mentioned above.  
There are various methods presented in the literature on how to determine the heat 
transfer boundary conditions on the surface of a droplet. One possibility is to apply a 
constant Nusselt number on the surface, usually a value appropriate for conduction (Ruiz 
and Black, 2002). Mollaret et. al  (2004) and Strotos and al. (2007) both used methods to 
determine the non-constant heat flux although further analysis of the behaviour was not 
considered. To further clarify the influence, a numerical investigation of the combined 
effects of heat and mass transfer coefficient, internal flow and evaporation is here 
presented.  Simulations are carried out on two-dimensional water droplets at two 
predefined contact angles. 
 
2 Theory 
 
The following continuity, momentum and energy equations hold for both the internal and 
external flow of the droplet 
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2.1 Interface boundary conditions 
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For a droplet subjected to evaporation, the source of energy may be expressed as 
lg)( hmTTh ls −−= ∞ϕ .   (4) 

The mass flux, lm , is determined from the difference in concentration between the 
saturated vapor at the surface and the surrounding relative saturation. The mass flux is set 
by (Incropera et. al, 2007)  
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If the convective heat transfer coefficient, h, is known, the convective mass transfer 
coefficient, hm, is obtained from the heat and mass transfer analogy according to 
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The saturated pressure, pv,sat,(T), is the vapor pressure corresponding to saturation at 
temperature T as derived from Antonie’s Equation (Himmelblau and Riggs, 2004)  
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with A = 18.3036, B = 3816.44 and  C = -46.13. The relative saturation, 
RS, is stated by  

satv

v

p
p

RS
,

=
.
  (8) 

The heat transfer coefficient, h, can be determined either from simulations or from 
correlations found in the literature. The Nusselt number (Nu=hD/k) for a half cylinder can 
due to symmetry can be calculated from natural convection for a cylinder as (Morgan, 
1975) 
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Expression (9) is valid in the range  10-2 < RaD < 102. Thermo capillary fluid motion 
occurs at an interface of two immiscible fluids whenever a temperature gradient exists as 
the fluid tends to flow towards areas of lower surface tension, thus initiating so called 
Marangoni convection. The shear stress, τ, at the interface can be related to the surface 
tension by (Carey, 1992) 
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 A simple correlation of the surface tension is stated in Kaviany (2001) as 
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where σ0 = 0.0755 N/m, Tc = 647.3 K, Tm = 6.14 K and n = 1.2 for water. The importance 
of Marangoni convection can be found from the Marangoni Number, which represents the 
ratio of surface tension to viscous forces (Ruiz and Black, 2002) 
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Hence if Ma is small Marangoni convection is of less importance. To exemplify, for a 
horizontal liquid film, Marangoni convection can be neglected when Ma is less than 80-
100 (Lu et al., 2011). 
 
3 Method 
The simulations are carried out with the Computational Fluid Dynamics (CFD) software 
ANSYS CFX 14 which is a hybrid method based solver. A predefined two-dimensional 
geometry represents the droplet. Due to symmetry and since forced convection is not 
addressed only a quarter of a circle is modeled. Assuming that the droplet remains in the 
form of a spherical cap, the height of the droplet changes as a function of the contact 
angle, θ, according to (Cioulachtjian et al. (2010)) 

2
tan θRhd = . (16) 

Two contact angles are examined in this work. In the first case the form is circular (h = R) 
yielding an angle of θ1 = 90o. In the second case, the height is half of the contact radius, 
which is remained at its initial value (Kumar and Prabhu, 2007), yielding a contact angle 
of θ2 ≈ 53o. Each step of the evaporation is assumed to reach steady state. The 
surrounding fluid flow is first computed and validated, and the heat transfer condition at 
the surface is then applied at the droplet surface enabling the two domains to be simulated 
separately. This method has been applied earlier on drying simulations of iron ore pellets 
with good result (Ljung et al., 2011, Ljung et. al. 2011). The surrounding domain is 
constructed around the droplet as a quarter of a circle with the droplet in origo. The size 
of the surrounding geometry is determined from simulations, and with a diameter of 200 
mm the flow close to the droplet is considered to be unaffected by the boundary 
surrounding the external domain. The droplet surface is assigned a specified shear to 
account for the effect of Marangoni convection, see Eq. 14, while the bottom has a no slip 
condition with a specified temperature to account for the heated plate. The plate will not 
be in contact with the air outside the droplet. A free slip boundary condition with a 
specified temperature corresponding to the external flow is applied at the wall 
surrounding the external domain. The substrate wall is assigned a temperature of 40 ᵒC 
while the surrounding air is initially set to 20 ᵒC. The air is regarded as a temperature 
dependent ideal gas to account for the natural convection, while the Boussinesq 
approximation is used for natural convection in the water domain. All simulations are 
carried out with the assumption of laminar flow. 
 
4 Results 
 
To start with, a mesh convergence study based on results from simulations of four 
consecutive grids is carried out in order to estimate the magnitude of the discretization 
error, see Fig. 1 (left). With a difference of only approximately 2 per mille between the 
extrapolated value and the mesh No. 3, a mesh with a total of 3 200 457 elements is used 
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in all further simulations. The droplet mesh is produced from the same interfacial values 
as for the surrounding mesh, see Fig. 1 (right).  

  
Fig. 1. Discretization error estimation with the area average heat transfer coefficient as 

key variable (left) and Mesh of droplet and surrounding at the interface (right). The 
center of the droplet coincide with the origo of the coordinate system. 

 
The heat transfer boundary condition at the droplet surface must first be found in order to 
determine the magnitude of heat transfer and evaporation. Simulations of the thermally 
driven flow surrounding the droplets yields, that the local variations of Nu increase with a 
decrease of θ, and is substantial for θ = 53ᵒ, see Fig. 2. The average Nu is slightly higher 
in the case of a smaller θ, Nu = 1.538 at θ1 = 90o to be compared to Nu =1.689 at θ2 ≈ 53o. 
The averaged value correspond well to the value retrieved from Eq. (9) of Nu =1.515. 
General for both shapes is that the maximum Nu is attained at the triple point where fluid, 
air and substrate meet. It is also at this point that the largest difference in Nu between the 
contact angles appears, while the results are quite similar close to the apex.  

 
Fig. 2. Comparison of local and average Nusselt number at the droplet surface. 

 
First, the separate effects of flow induced by natural convection and Marangoni 
convection are investigated. Eq. 12 yields a value of Ma ≈ 104, indicating that the 
Marangoni effect is significant. Following the results in Fig. 2 a local Nu is applied at the 
surface and when combined with conduction, simulations of the two types of convection 
show large difference in both temperature distribution and velocity of the internal flow, 
see Fig. 3 and 4 respectively. In the case of natural convection the temperature profile 
inside the droplet is dominated by conduction, due to the low internal velocity. When 
both Marangoni and natural convection is present the velocity of the fluid is up to three 
orders of magnitude greater and this implies a more efficient blending of heat, as the 
minimum temperature inside the droplet is higher. The type of convection furthermore 
shows a distinct influence in the direction of fluid movement. In the case of Marangoni 
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convection, fluid is moving from the triple point towards the apex along the surface while 
this motion is reversed when natural convection is dominating.  

 
Fig. 3. Temperature distribution inside the droplet with local Nu applied at the surface. 
Left: Conduction and natural convection Right: Full model (conduction, natural 
convection and Marangoni flow). 

 
Fig. 4. Velocity distribution and velocity vectors with local Nu applied at the surface. 
Left: Conduction and natural convection Right: Full model (conduction, natural 
convection and Marangoni flow). 
 
Comparison of the separate mechanisms of the internal flow confirms the result in Fig. 3 
and 4. No apparent difference in the droplet surface temperature is shown when the 
Marangoni model is combined with natural convection, see Fig. 5, as the Marangoni 
convection is dominating for the conditions studied here. Surface impurities may however 
decrease the Marangoni effect and for the further studies in this paper, a model with 
combined conduction and natural convection is considered as well as the full model. 

 
Fig. 5. Investigation of the separate effects of internal flow mechanisms on droplet 
surface temperature. 
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To start with, the effect of the heat transfer coefficient on the surface temperature is 
determined for the geometry with a contact angle of θ1 = 90o. When a low circulation of 
fluid inside the droplet is observed, i.e. for conduction and natural convection, the 
differences between local and average Nu is pronounced, see Fig. 6 left. The application 
of an average heat transfer condition reduces the surface temperature if the internal 
velocity is small. With Marangoni convection the blending is on the other hand more 
significant than the variation of heat transfer condition at the surface, see Fig. 6 right, as 
both boundary conditions show almost identical results. 

 
Fig. 6. Surface temperature with conduction combined with natural convection (left) and 
full model (right).  
 
As the local evaporation rate is strongly influenced by the mass transfer coefficient, there 
are distinct differences between applications of local or average Nu at the surface. see 
Fig. 7. The total drying rates are though rather independent on the type of boundary 
condition as the type of convection is more significant (see Table. 2). It is clear from Fig. 
7 that Marangoni convection will increase the drying rate.  

 
Fig. 7. Local drying rate with an average Nu applied at the surface (left) and a local Nu 
(right). 
 
The results are verified in the simulations with a smaller contact angle. The influence of 
the shape on the drying rate is finally determined in table 2. Simulations show that the 
drying rate is higher for both types of convection in the case of a decreased contact angle.  
 

Table 2. Dependence of shape/model on drying rate 
Geometry Model Total drying rate 

[kg/m^2s] 
Local Nu 

Total drying rate 
[kg/m^2s] 
Ave Nu 

Θ=90ᵒ Natural convection 0.000801 0.000790 
 Full model 0.000880 0.000879 
Θ=53ᵒ Natural convection 0.000956 0.000938 
 Full model 0.000985 0.000985 
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5 Conclusions 
Simulations show that the difference between a local and averaged heat transfer 
coefficient is more prominent if the internal velocity is low. If Marangoni convection is 
sufficiently high, the surface temperature is instead fairly independent of the heat transfer 
boundary condition, due to an increased mixing inside the droplet. The inclusion of a 
locally dependent boundary condition will thus depend on the requested level of detail. 
The natural convection is negligible for the conditions studied here when compared to 
Marangoni convection. The simulations do however show the importance of taking 
Marangoni convection into account, as this type of convection will increase the local 
drying rate. Simulations furthermore show that the averaged heat transfer coefficient is 
increased with decreased contact angle. This indicates that for a transient simulation of a 
drying droplet a heat- and mass transfer coefficient obtained at the start of evaporation 
should be modified later on in the evaporation process. Both contact angles will show the 
same tendencies regarding surface temperature and evaporation rate, but the evaporation 
rate is higher for the lower contact angle.  
For future work a more advanced model of surface tension and a variety of substrate 
temperatures should be further investigated, to validate the results also for a wider range 
of conditions.  
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