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ABSTRACT
We propose a reaction-limited evaporation model within the color-gradient lattice Boltzmann (LB) multicomponent framework to address
the lack of intrinsic evaporation mechanisms. Unlike diffusion-driven approaches, our method directly enforces mass removal at the fluid
interface in a reaction-limited manner while maintaining numerical stability. Using the inherent color-gradient magnitude and a single
adjustable parameter, evaporation sites are chosen in a computationally efficient way with seamless mass exchange between the components,
with no change to the core algorithm. Extensive validation across diverse interface geometries and evaporation flux magnitudes demonstrates
high accuracy, with errors below 5% for unit density ratios. For density contrasts, the method remains robust in the limit of smaller evap-
oration flux magnitudes and density ratios. Our approach extends the applicability of the color-gradient LB model to scenarios involving
reaction-limited evaporation, such as droplet evaporation on heated substrates, vacuum evaporation of molten metals, and drying processes
in porous media.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0253799

I. INTRODUCTION

Evaporation can occur in different regimes, specifically
diffusion-limited (DL) and reaction-limited (RL), depending on
the governing mechanism. In the diffusion-limited regime, vapor
molecules move away from the liquid–vapor interface due to dif-
fusion. This regime is commonly observed when evaporation occurs
in a still mixture of gases and is often chosen for studying evapora-
tion in droplets.1–8 However, in scenarios such as evaporation in a
vacuum, a pure vapor phase, or in the presence of a gas draft, the DL
regime may not be applicable.9 In such cases, the RL regime, where
the transfer rate of molecules across the liquid–vapor interface is the
limiting mechanism, should be considered.

RL evaporation plays a crucial role in various applications. It
is considered in continuum models for drying in porous media,10,11

with applications in soil water evaporation12 and water evaporation
in polymer electrolyte fuel cells.13 RL evaporation is also utilized in
studying the evaporation of molten metals, such as in the vacuum

refining of Manganese (Mn) steel melts14 and the vacuum evap-
oration of pure metals, such as titanium and zirconium, at high
temperatures in rarified environments.15 Additionally, in the context
of drop evaporation, the RL regime is significant for the evapora-
tion of micro-drops of pure liquids16 and for drop evaporation from
heated substrates.3,17,18

The Hertz–Knudsen (HK) relation,19,20 based on the kinetic
theory of gases, is often used to model the local mass flux ϕ, leav-
ing the interface in RL evaporation. Using the Clausius–Clapeyron
law, the HK relation can be expressed as

ϕ =
Λ ρv L

T3/2
sat

√
Mv

2πRg
[Ti − Tsat]. (1)

Here, 0 ≤ Λ ≤ 1 represents the accommodation coefficient (a
measure of liquid volatility), Mv is the molecular mass of the vapor,
ρv is the density of the vapor, Rg is the universal gas constant,
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L is the latent heat of vaporization, Ti is the interface temper-
ature (assumed to be continuous across the interface), and Tsat
is the saturation temperature. The difference between Tsat and Ti
drives the flux. Despite known limitations,21 the HK relation’s sim-
plicity has led to extensive use in theoretical works on droplet
evaporation.3,8,17,18,22,23 It has been adopted for the non-equilibrium
one-sided (NEOS) model for evaporation due to its capability of
decoupling the drop dynamics from the vapor side.24 In this work,
we adopt a similar approach for Lattice Boltzmann (LB) simulations.

Among the different classes of LB multicomponent models,25

the color-gradient (CG) approach26,27 has found widespread appli-
cation in studying two-phase flows in porous media,28–30 thermo-
capillary flows,31–33 and microfluidic applications.34,35 Its strength
lies in achieving large kinematic viscosity ratios (up to 1000)25

and independent tuning of crucial parameters, such as surface ten-
sion and interface thickness.36 In recent years, several works36–40

have improved the CG model, making it viable for general three-
dimensional multiphase/multicomponent flows and overcoming the
limitations of the previous implementations. However, unlike the
pseudo-potential41 (PP) and free-energy42 (FE) based multicompo-
nent models, the CG model does not have an inherent method of
achieving evaporation. The multicomponent PP and FE methods are
well-known for exhibiting diffusion-limited evaporation43,44 and are
subsequently used for drying applications.45–50 The CG model does
not exhibit similar diffusion behavior as it is intended for immiscible
fluids.

Additionally, the CG model uses an isothermal equation of state
that does not account for phase change. Aursjø and Pride51 pro-
posed an LB model for two partially miscible fluids where the fluid
has two distinct regions—an interfacial region where color separa-
tion and surface tension are enforced and a miscible region where
an advection–diffusion equation governs concentrations. Subse-
quently, they demonstrated the dissolution of one fluid component
into another while maintaining a freely moving interface. The model
shares CG features and could be adopted for diffusion-limited evap-
oration but introduces the complication of solving two different
algorithms in complementary fluid regions (interface and bulk).
Another approach used in the CG literature52,53 is to convert one
fluid component into the other (red to blue) at the domain’s bound-
aries. However, the said conversion cannot be considered evapo-
ration as it does not obey any evaporation regimes. Considering
the above literature, there is a need for a straightforward evapora-
tion method in the CG model. Considering the limitations of the
CG model with diffusion-limited evaporation, we propose a novel
way to achieve reaction-limited evaporation. Unlike the diffusion-
driven approaches of PP and FE models, the current method directly
enforces mass removal at the fluid interface in a reaction-limited
manner. Additionally, it involves a low computational overhead and
no change to the core CG algorithm. This extends the usability
of CG models to scenarios involving reaction-limited evaporation.
To the best of the authors’ knowledge, this approach has not been
attempted before in the CG framework.

In RL evaporation, the rate of mass loss is directly related to the
liquid–vapor surface area. The proposed method involves remov-
ing fluid mass from the lattice sites in the interface region formed
between the fluid components. We have developed a consistent way
of selecting these evaporation sites based on the calculated color-
gradient magnitude and a threshold value (free parameter). The

threshold, which depends on a given set of CG model parameters,
is chosen through a series of benchmarks. As a result, the current
method can yield results consistent with RL evaporation.

The remaining sections of this paper are organized as fol-
lows: Sec. II explains the CG model and the RL evaporation algo-
rithm, while Sec. III presents benchmarks and discusses the strategy
for choosing the free parameter. Finally, Sec. IV summarizes the
findings and explores potential use cases of the current method.

II. SIMULATION METHOD
A. Color-gradient lattice Boltzmann
multicomponent model

In this work, we adopt the generalized three-dimensional color-
gradient (CG) model proposed by Leclaire et al.36 For a given fluid
component k, f k

i (x, t) represents the density of particles at site x at
time t moving along the link direction i with velocity ci. A color-blind
distribution function is then defined as fi = ∑k f k

i with the compo-
nent density, total fluid density, and color-blind population velocity
given by ρk = ∑i f k

i , ρ = ∑k ρk, and u = 1
ρ∑i fici, respectively. The

collision step is performed on the color-blind population via the
BGK54 (Bhatnagar–Gross–Krook) single relaxation time collision
operator (ΩBGK), given by

ΩBGK( fi) = fi −
Δt
τ
[ fi − f eq

i ]. (2)

Here, τ is the effective relaxation time determined from the har-
monic density weighted average of the component relaxation times
(τk) as 1

τ = ∑k
ρk
ρ

1
τk

. The component viscosity νk is defined as
νk = c2

s (τk −
Δt
2 ), where cs is the lattice speed of sound, and the

equilibrium distribution function f eq
i , based on a Maxwellian

distribution, is given by

f eq
i (ρ, u) = ρ[Ai + Biᾱ +Wi(3(ci ⋅ u) +

9
2
(ci ⋅ u)2

−
3
2
(u ⋅ u))].

(3)

Ai, Bi, and W i are lattice-specific weights and can be found in
Ref. 36. Parameter ᾱ is introduced to account for the density ratio
(γ) between fluid components and is determined using the arith-
metic density weighted average of the component free parameters
(αk) as ᾱ = ∑k

ρk
ρ αk. The least dense fluid component is assigned

αk =W0 and αk = 1 − [1−W0]

γk
is used for the rest, where γk = ρin

k /ρ
in
min

is the ratio of the initial densities of a given component k to the least
dense component. The pressure in each homogeneous region is then
given by

pk = ρkζ[1 − αk], (4)

where ζ is a lattice dependent weight,36 related to the isothermal
speed of sound (ck

s )
2.

A perturbation operator (Ωpert)
26,55 is used to enforce surface

tension in the CG model. It is given by

Ωpert( fi) = fi +∑
r
∑

b=r+1

9
4

σrb

τ
∣Frb∣ [Wi

(Frb.ci)
2

∣Frb∣
2 − Ci], (5)
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where Ci is a lattice dependent weight.36 For a given pair of
fluid components (ρr , ρb) having surface tension σrb, Frb is the
color-gradient defined as

Frb = ∇(
ρr − ρb

ρr + ρb
). (6)

A recoloring operator (Ωrecol) is then used to recover the component
populations from the color-blind population,

f r∗
i ≡ Ωr

recol( fi) =
ρr

ρ
fi +∑

b
b≠r

β
ρrρb

ρ2 cos (ϑrb) f eq
i (ρ, 0), (7)

where 0 ≤ β ≤ 1 controls the interface thickness and ϑrb is the angle
between the color-gradient vector Frb and lattice velocity vector ci.

After the above operations (collision → perturbation → recol-
oring), the resulting distribution functions f k∗

i are then streamed to
the neighboring lattice nodes, completing one timestep,

f k
i (x + ciΔt, t + Δt) = f k∗

i (x, t). (8)

We use a D3Q19 lattice in the current work (i = 0–18), and the
lattice spacing Δx and timestep Δt are taken to be unity in respective
lattice units.

The gradient of the color function ρN
= (

ρr−ρb
ρr+ρb
) is calculated via

a compact finite difference scheme, given as

∂ρN
(x)

∂xα
=

1
c2

s
∑

i
Wi ρN

(x + ci) ciα. (9)

B. Reaction-limited evaporation
In reaction-limited evaporation, the total mass loss rate

(dM/dt) is directly proportional to the surface area of the evapo-
rating liquid, denoted as AS, and can be expressed as

dM
dt
= −∬

AS

ϕ dAS, (10)

where ϕ represents the scalar mass flux normal to the elemental area
dAS, and is considered a constant in this context.

In lattice Boltzmann (LB) simulations, mass removal must be
accounted for at the interface region between fluid components,
referred to as evaporation sites (x ∈ xI). At each discrete evaporation
site, an elementary volume of (Δx)3, where Δx is the lattice spac-
ing, can be assumed. The combined mass flux leaving through its
faces can be set as ϕ. This allows for the re-expression of Eq. (10) for
discrete evaporation sites in LB as

dM
dt
= −∬

AS

ϕ dAS = −S∑
x∈xI

ϕ(Δx)2. (11)

Here, S represents a correction factor (a real-valued constant) intro-
duced to account for errors resulting from the discretization of the
fluid interface on a lattice, which will be further discussed later. The
total mass change can also be attributed to a mass sink with rate

φ = dρ/dt (a constant) in each elementary volume, leading to the
following relations:

dM
dt
= −S∑

x ∈ xI

ϕ(Δx)2
= −∑

x ∈ xI

φ(Δx)3, (12)

ϕ = S̄ φ Δx [S̄ =
1
S
]. (13)

Consequently, achieving an evaporation rate similar to reaction-
limited evaporation with mass flux ϕ can be realized by removing
fluid mass from evaporation sites at a rate of φ, following the rela-
tion in Eq. (13). In LB, φΔt represents the fluid mass to be removed
per unit volume of an evaporation site in one timestep Δt. The mass
exchange between the resting populations of the evaporating and
surrounding fluid components is described as follows:

f r
0(x, t)new

= f r
0(x, t) − φΔt

f b
0(x, t)new

= f b
0(x, t) + φΔt

∀ x ∈ xI. (14)

The above equation adjusts the individual component densities
(ρr , ρb), while the total density (ρ) at a site remains unaffected.
Consequently, the method is globally mass-conserving and does not
affect momentum.

The sites where evaporation occurs (x ∈ xI) can be determined
using the color-gradient magnitude ∥Frb∥ between two fluid compo-
nents. This magnitude varies from zero in bulk to a maximum value
near the interface region, as illustrated in Fig. 1(a). A threshold (Γ)
can then be applied to select evaporation sites at the interface based
on the criterion

∥Frb∥ > Γ. (15)

Here, Γ is a specified constant set at the beginning of the simulation
and remains unchanged throughout. The selection of Γ determines
the value of the real-valued correction factor S̄ = 1/S. For simplic-
ity, S̄ is assumed to be a natural number constant. The optimal
value of Γ is determined by ensuring that the total mass loss rate
is equal in both the LB simulation and the analytical solution, i.e.,
Eq. (11) is satisfied. The position of the interface during evaporation
is compared between the LB simulations and analytical solutions.
Figures 1(b), 1(c), and 1(d) display the evaporation sites selected at
the fluid interface for S̄ = 3, 2, and 1, along with their correspond-
ing Γ, for an evaporating spherical drop with unit density ratio and
β = 0.99.

From Fig. 1, it can be inferred that S̄ roughly represents the
number of layers of evaporation sites selected at the interface. How-
ever, if S̄ is not carefully chosen, holes may appear in the selected
layer, as shown in Fig. 1(d) for S̄ = 1. To avoid this issue, it is
recommended to choose S̄ > 1.

The overall method is summarized as follows:

1. Given a flux ϕ and a chosen S̄, the mass sink rate φ is
determined using Eq. (13).

2. The evaporation sites (x ∈ xI) for a given pair of fluid
components are chosen using the criterion ∥Frb∥ > Γ.

3. Mass is exchanged between the fluid components at the
evaporation sites using Eq. (14).
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FIG. 1. (a) Color-gradient magnitude ∥F rb∥ at different lattice sites for a spherical drop. (b)–(d) Evaporation sites (marked by ●) selected at the spherical interface for different
S̄ and corresponding Γ (in lattice units). The colors show the density of the evaporating fluid ρr . The results shown are for the unit density ratio and β = 0.99.

4. The color-blind distribution ( fi = ∑k f k
i ) and macroscopic

variables (ρk = ∑i f k
i , ρ = ∑k ρk, and u = 1

ρ∑i fici) are
determined.

5. Collision, perturbation, and recoloring operations are system-
atically carried out as per Eqs. (2), (5), and (7), respectively.

6. A streaming step is performed via Eq. (8), completing one
timestep.

The color-gradient magnitude ∥Frb∥ used in step 2 uses the value
determined from the previous timestep during the perturbation
step to save computational effort. It is evident that this procedure
has a small computational overhead and does not change the core
algorithm of the CG-LB method.

III. RESULTS AND DISCUSSION
We demonstrate RL evaporation using the method introduced

in Sec. II B. During evaporation, we compare the interface positions
in LB simulations with analytical solutions whenever possible. The
simulations involve initializing a pair of fluid components (red-blue)
and achieving equilibrium based on a domain-wide velocity-based
convergence criterion of 10−7. Subsequently, evaporation begins,
with the red fluid assumed to be the evaporating component. The
interface position is considered to be where the density of the evap-
orating fluid is half of the maximum value. No-slip boundary condi-
tions are enforced on the walls using halfway-bounce back boundary
conditions (BC).56 Additionally, the walls are neutrally wetting. The
units for quantities such as length, velocity, ρ, σ, τ, and ϕ and Γ
are specified in their respective lattice units. The simulations are
conducted with no density contrast (ρr = ρb = 1), interface thick-
ness parameter β = 0.99, surface tension σ = 0.1, and unit relaxation
parameters (τr = τb = 1), unless stated otherwise.

In Sec. III A, the effect of interface shape on the choice of Γ is
shown for a given set of CG parameters and over a wide range of
ϕ. Section III B investigates the effect of the CG model parameters
on the choice of Γ. Section III C shows the accuracy of the cur-
rent method in the case of space and time-varying evaporative flux.
In Sec. III D, we discuss the findings and comment on the overall
method. All results are shown henceforth with S̄ = 3.

A. Effect of interface shape
1. Flat interface

We consider a pseudo-one-dimensional domain with dimen-
sions [x, y, z] = 4 × 128 × 4, where there are no-slip walls at the
boundaries in the y-direction and periodic boundary conditions
(BC) at the remaining boundaries. The simulation begins with red
fluid up to y = 80 and the remaining space filled with blue fluid in the
y-direction. For a constant mass flux ϕ leaving through surface area
AS and constant fluid density ρ = ρ0, the height h(t) of the interface
as a function of time can be derived from Eq. (10) as

h(t) = h0 −
ϕ
ρ0

t, (16)

where h0 represents the initial height of the interface. The time for
complete evaporation can be calculated as te =

h0ρ0
ϕ . Here, ρ0 and

h0 correspond to the equilibrium values from the lattice Boltzmann
(LB) simulation.

In Fig. 2(a), we compare LB and analytical results for the nor-
malized height h/h0 of the interface as a function of the normalized
time t∗ = t/(h0ρ0/ϕ). We find good agreement between the ana-
lytical and LB results for Γ = 0.31 for ϕ = 0.03, 0.003, 0.0003, which
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FIG. 2. Comparison between LB and analytical results for an evaporating (a) flat
interface, (b) spherical drop, and (c) hemispherical drop. Plot of the normalized
interface position (h/h0 and R/R0) with normalized time (t∗).

correspond to interface speeds of approximately dh
dt ≈ 0.03, 0.003,

0.0003, respectively. The error between the LB simulation and ana-
lytical solution grows as the interface height becomes comparable to
the interface thickness (≈5), especially at later stages of evaporation.
Thus, we only report results up to h/h0 = 0.1 at t∗ = 0.9. We report
the percentage error in the interface position (h/h0) compared to the
analytical solution. For ϕ = 0.0003, the errors are found to be 0.33%
and 2.7% at t∗ = 0.52 and 0.9, respectively. Similarly, for ϕ = 0.03,
the errors are 0.4% at t∗ = 0.52 and 3.9% at t∗ = 0.9. These results

suggest that the dependence of ϕ on the accuracy of the results is
weak, indicating that a single value of Γ could be used regardless of
the choice of ϕ.

Furthermore, we demonstrate the effect of Γ on the accuracy
by including a result with Γ = 0.305 in Fig. 2(a). For ϕ = 0.03 and
Γ = 0.305, the errors are found to be 1.1% at t∗ = 0.52 and 9.26%
at t∗ = 0.9. Γ = 0.305 will be used as a common threshold for
comparison across all succeeding cases.

2. Freely suspended spherical drop
A three-dimensional (3D) domain of size 1283 is used with peri-

odic BC in all directions. The simulation is initialized with a sphere
of red fluid of radius R0 = 44 lattice nodes at the center of the domain
and the surroundings with the blue fluid. For a constant mass flux ϕ
leaving through surface area AS and constant fluid density ρ = ρ0,
the radius R(t) of the spherical interface as a function of time can be
derived from Eq. (10) as

R(t) = R0 −
ϕ
ρ0

t, (17)

where R0 is the initial radius of the drop. The time to complete
evaporation can be found as te =

R0ρ0
ϕ . ρ0 and R0 are taken as the equi-

librium values from the LB simulation. Since pressure p and density
ρ are related in LB via the equation of state [Eq. (4)], ρ depends
on R(t) because of the Laplace pressure. R(t) can then be derived
from Eq. (10), taking into account the variable density (shown in
Appendix A), leading to

R(t) +
4σ

3c2
s ρb

ln (R(t)/R0) = −
ϕt
γρb
+ R0. (18)

The above equation can be solved for R(t) numerically.57 We take
the density of surrounding (blue) fluid ρb = 1, density ratio γ = 1,
and lattice speed of sound cs = 1/

√
3.

Figure 2(b) shows the comparison between the LB simula-
tions and analytical results for the normalized drop radius R/R0 vs
the normalized time t∗ = t/(R0ρ0/ϕ). For the analytical results, the
effect of variable density is only visible at smaller radii (R/R0 < 0.1)
where the Laplace pressure becomes significant. We compare results
till t∗ = 0.81 (R/R0 = 0.18) where the drop radius is still larger
than the interface thickness. The error between the analytical and
simulation results is ≈3% at t∗ = 0.81. Hence, the effect of vari-
able density is insignificant. For Γ = 0.305, good agreement is
found between the analytical (constant density) and LB results
for ϕ = 0.03, 0.003, 0.0003, which correspond to interface speeds of
dR
dt ≈ 0.03, 0.003, 0.0003, respectively. For ϕ = 0.0003, the error is
found to be 0.5% and 0.4% at t∗ = 0.54 and 0.81, respectively. For
ϕ = 0.03, the error is found to be 0.2% and 2.1% at t∗ = 0.54 and 0.81,
respectively. Once again, for the chosen Γ, the results do not vary
significantly with ϕ. A simulation performed on a 2563 lattice using
R0 = 88 is also included in Fig. 2(b) to demonstrate that a single value
of Γ leads to accurate results regardless of the drop size.

3. Hemispherical drop on substrate
Similar to Sec. III A 2, we use a 3D domain of size 1283

with periodic boundaries with the exception of no-slip walls at the
y-direction boundaries. The simulation is initialized with a hemi-
sphere of red fluid of radius R0 = 44 at the center of the bottom
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wall. Analytically, the radius R(t) of the hemispherical drop evolves
through Eqs. (17) and (18) for the constant and variable fluid
density, respectively.

Figure 2(c) shows the comparison between LB and analyti-
cal results for normalized drop radius R/R0 vs normalized time
t∗ = t/(R0ρ0/ϕ). Once again, we find the effect of variable density
to be insignificant at t∗ = 0.81, where we compare the results. For
Γ = 0.305, good agreement is found between the analytical (constant
density) and LB results for ϕ = 0.03, 0.003, 0.0003, which correspond
to interface speeds of dR

dt ≈ 0.03, 0.003, 0.0003, respectively. For
ϕ = 0.0003, the error is found to be 0.23% and 4.28% at t∗ = 0.54
and 0.81, respectively. For ϕ = 0.03, the error is found to be 3.6% and
0.45% at t∗ = 0.54 and 0.81, respectively. For faster evaporation rates
(ϕ = 0.03), the irregularity in error is observed due to the local con-
tact angle deviating from 900 as the contact line moves. As a result,
the drop deforms slightly out of its hemispherical shape. Data from a
simulation on 1923 lattice using R0 = 66 are also included in Fig. 2(c)
to demonstrate that the choice of Γ can be independent of the drop
size.

4. Pinned spherical cap
A 3D domain of size 1923 is used with no-slip walls at the y-

direction boundaries and periodic BC at the remaining boundaries.
A cylindrical cavity of inner radius 50, outer radius 53, and height 8
is placed at the center of the bottom wall. A spherical liquid drop
is initialized such that its interface is pinned at the outer edge of
the cavity at equilibrium, resulting in a contact angle of θ ≈ 1200.
The setup and equilibrium drop profile are shown in Figs. 3(a) and
3(b). For a constant mass flux ϕ leaving through surface area AS and

constant fluid density ρ = ρ0, the height h of the spherical cap as a
function of time can be derived from Eq. (10) as

h(t) = h0 −
2ϕ
ρ0

t, (19)

where h0 is the initial height of the spherical cap. The time to com-
plete evaporation can be found as te =

h0ρ0
2ϕ . ρ0 and h0 (excluding the

cavity height) are taken as the equilibrium values from the LB sim-
ulation. h(t) can also be derived from Eq. (10), taking into account
the variable density (shown in Appendix B), leading to

h(t) +
4σ

3c2
s ρb
[ln(

a2
+ h(t)2

a2
+ h2

0
) −

a4

(a2
+ h(t)2

)
2 ]

=
−2ϕt
γρb

+ h0 −
4σ

3c2
s ρb

a4

(a2
+ h2

0)
2 , (20)

where a is the drop contact radius (constant) taken equal to the equi-
librium value from the LB simulation (a = a0). We take the density
of the surrounding (blue) fluid ρb = 1, the density ratio γ = 1, and
the lattice speed of sound cs = 1/

√
3. Equation (20) is solved for h(t)

numerically.57

The contact radius is determined by tracking the interface posi-
tion in a plane just above the cylindrical cavity. As shown in Fig. 3(c),
the contact line moves slowly instead of becoming immobilized. A
similar behavior has been observed when pinning the contact line
with wetting boundary conditions.58 For the current case, unpinning
happens when the contact line reaches the inner edge of the cylindri-
cal cavity (a/a0 = 0.95) and, subsequently, starts to move downward

FIG. 3. (a) 3D view of pinned spheri-
cal drop resting on top of the cylindrical
cavity, with walls on the top and bottom
of the domain. (b) Drop profile at vari-
ous stages of evaporation, slice taken at
z-position midpoint. (c) Plot of the nor-
malized LB contact radius (a/a0) with
normalized time (t∗). (d) Comparison
between LB and analytical results. Plot
of the normalized drop height h/h0 with
normalized time (t∗).
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[shown in Fig. 3(b)]. ϕ = 0.03 has not been considered in the results
as it leads to a premature unpinning of the contact line, as shown by
the dotted line in Fig. 3(c).

Figure 3(d) shows the comparison between LB and analyti-
cal results for the normalized drop height h/h0 vs normalized time
t∗ = t/(h0ρ0/2ϕ). Results are compared till unpinning, which for
most cases occurs near t∗ ≈ 0.63 [Fig. 3(c)]. For analytical solutions,
the difference between the constant and variable density results is
insignificant owing to the lack of high curvatures. For Γ = 0.305 (the
threshold used in previous sections), the error between the LB sim-
ulation and the analytical solution at the nearest data point after
unpinning (at t∗ = 0.664) is found to be 8% and 7% for ϕ = 0.003 and
0.0003, respectively, while at t∗ = 0.332, the error is 2.5% and 1.2%
for ϕ = 0.003 and 0.0003, respectively. It should be noted that the
analytical solution assumes the contact radius to be fixed through-
out the evaporation, while the same drifts in the simulations [shown
in Fig. 3(c)]; hence, some error is expected. The same can be offset
by adjusting the threshold. For Γ = 0.29, good agreement is found
between the analytical and LB results for ϕ = 0.003 and 0.0003 with
errors of 1.9% and 0.7% at unpinning, respectively.

B. Effect of parameters of the color-gradient model
1. Interface thickness parameter

The interface thickness in the CG-LB method is determined by
the parameter β, which ranges from 0 to 1. Here, we present results
for β values of 0.99, 0.9, 0.8, and 0.7, corresponding to interface
thicknesses of ∼5, 6, 7 and 8 lattice nodes, respectively. The bench-
marks for flat and spherical interfaces in Secs. III A 1 and III A 2
are repeated with varying β in Figs. 4(a) and 4(b), respectively. It
can be observed that parameter Γ varies weakly with the interface
thickness. A maximum difference (absolute) of 0.005 is observed in
Γ across all the β values considered for each of the flat and spherical
cases. Additionally, the difference in Γ between the flat and spherical
cases remains consistent for a given β (∣Γ flat − Γsphere∣ = 0.005). Thus,
changing the interface thickness has a minor effect on Γ, and this
effect is uniform across different interface shapes. It is also evident
that changing the interface thickness does not affect the accuracy
of the method, as shown in Fig. 4, where the results for all β show
similar deviations from the analytical results. We conclude that the
interface thickness should be considered when selecting Γ, but the
method itself is not constrained by the interface thickness beyond
standard numerical resolution considerations.

2. Density contrast
In the case of a density contrast (γ ≠ 1), an outlet for the non-

evaporating fluid component (blue fluid) needs to be added in the
domain to maintain the desired density ratio between the two com-
ponents. This was not necessary for the unit density ratio cases
shown previously. We use a pressure boundary condition59,60 to
implement the outlet for the blue fluid. We replicate the benchmark
from Sec. III A 2 for a spherical interface with a drop radius R0 = 44
and a domain size of 1923. The simulation is initiated with ρr = 2,
ρb = 1 for γ = 2 and ρr = 4, ρb = 1 for γ = 4, followed by equilibra-
tion. During the evaporation stage, outlets are specified at each of
the z-direction boundaries for the blue fluid with ρb = 1 enforced.

Figure 5(a) compares LB and analytical (constant density)
results for a spherical interface with γ = 2 and 4. The following range

FIG. 4. Comparison between LB simulations and analytical results for an evapo-
rating (a) flat interface and (b) a spherical drop for varying β. Plot of the normalized
interface position (h/h0 and R/R0) with normalized time (t∗).

of errors are reported in the interval t∗ = 0.5–0.85. For γ = 2 and
Γ = 0.32, the error is found to be 2.6%–8.7% and 0.17%–1.1% for
ϕ = 0.03 and 0.003, respectively. For γ = 4 and Γ = 0.33, the error
is found to be 5.7%–17.1% and 2%–4.6% for ϕ = 0.03 and 0.003,
respectively. In both cases, good agreement is found for smaller ϕ,
while the error increases for larger ϕ and higher γ.

This behavior differs from the observations for γ = 1, where the
accuracy was weakly dependent on ϕ. This difference stems from
the outlet boundary conditions used for the density contrast cases.
For smaller ϕ, the outlet boundary conditions can maintain the blue
fluid at the desired density. However, for larger ϕ, the blue fluid
may accumulate over the interface, leading to an increase in density
(ρb), which then affects the magnitude of the color-gradient and the
accuracy of the results. Depending on the domain geometry and the
location/number of outlets, the accuracy can vary significantly when
using larger ϕ.

Figure 5(b) recreates the flat interface benchmark from
Sec. III A 1 for γ = 2 and 4, with an increased domain size of 1603 lat-
tice nodes and an outlet at the upper y-direction boundary. For the
case of ϕ = 0.03 and γ = 4, we observe the effect described in the pre-
vious paragraph more prominently than in the spherical case. The
error in the interface position h/h0 increases significantly, deviating
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FIG. 5. Comp arison between LB simulations and analytical results for an evapo-
rating (a) spherical drop and (b) a flat interface for density ratio γ = 2 and 4. Plot
of the normalized interface position (h/h0 and R/R0) with normalized time (t∗).

away from the analytical solution as the evaporation proceeds. Nev-
ertheless, as shown in Fig. 5(b), accurate results can still be achieved
with smaller ϕ and γ.

It is observed that as γ increases, the difference in threshold
Γ between the flat and spherical interfaces also increases: ∣Γ flat −

Γsphere∣ = 0.02 and 0.04 for γ = 2 and 4, respectively. It suggests that
Γ must be chosen separately for different shapes of the interface
to get accurate results for γ > 1. In contrast, for γ = 1, as shown in
Sec. III A, a single value of Γ gives fairly accurate results across dif-
ferent interface shapes. Hence, the threshold Γ needs to be fine-tuned
to suit applications involving density contrast and different interface
shapes.

C. Evaporation with space and time-varying flux
Unlike the results shown in Secs. III A and III B, we now

assume a space and time varying evaporative flux. Based on the-
oretical works of drops evaporating on heated substrates in the
reaction-limited regime,3,8,18 we adopt a commonly used expres-
sion for the flux Φ∗ (dimensionless) at the interface, neglecting the
Laplace correction and the substrate thickness. It is given by

Φ∗ =
1

K + h∗
, (21)

TABLE I. Reported error in the interface position for an evaporating hemispherical
drop with variable flux Φ for different K, with Γ = 0.305.

K Φmax/Φmin Error (%) At R/R0

1 2 6.71 0.23
0.5 3 14.39 0.21
0.25 5 43.83 0.2

where h∗ is the local height of the drop (dimensionless) and K is
a constant related to the kinetic effects and volatility of the liquid.8
Φ∗ varies with drop height as such that the flux is higher near the
contact line (h∗ → 0) as compared to the top of the drop (h∗ → 1).

We recreate the benchmark from Sec. III A 3 for a hemispheri-
cal drop on a 1923 domain and with R0 = 66 using Φ∗. The schematic
for the problem depicting relevant parameters is shown in Fig. 6(a).
The initial drop radius R0 is taken as the length scale, ϕS is taken as
the flux scale, and R2

0/ν is taken as the viscous time scale. The dimen-
sional flux can be written as Φ = ϕS Φ∗ and h∗ = h/R0. For constant
density (assumed for simplicity) and flux Φ, Eq. (10) can be solved
(shown in Appendix C) to recover the following differential equation
for the drop radius R(t):

dR(t)
dt
=

ϕS R0

ρ R(t)
ln(

KR0

R(t) + KR0
). (22)

Equation (22) is solved numerically57 with the initial condition
R(t = 0) = R0.

For K = 1, 0.5, and 0.25, the variation of Φ∗ with the normal-
ized radial coordinate r/R is shown in Fig. 6(b). Initially (R/R0 = 1),
Φ∗ increases toward the contact line (r/R→ 1) with the maximum
increase for K = 0.25 and a minimum increase for K = 1. Near the
end of the evaporation (R/R0 = 0.1), the variation of flux across the
interface diminishes for all K as a smaller height of the drop remains.
Hence, Φ∗ varies both with space and time. The mass flux scale ϕS
is kept fixed at 0.001. The dimensional flux Φ can then be converted
to a mass sink rate φ for LB simulations using Eq. (13) at different
evaporation sites depending upon the local height h∗.

Figure 6(c) shows the comparison between LB and analytical
results for the normalized drop radius R/R0 vs the normalized time
t∗ = t/(R2

0/ν) with variable flux Φ using K = 1, 0.5, and 2.5. The
results presented use the same Γ = 0.305 as in Sec. III A 3. We report
the error at the closest data point to R/R0 ≈ 0.2 (Table I). The agree-
ment between LB and analytical results is better for larger K, i.e.,
smaller differences between the maximum and minimum values of
flux (Φmax/Φmin). For K = 0.5, an error of ≈14% is observed cor-
responding to Φmax/Φmin = 3, which marks the limit of the current
method. For K > 1, the flux does not vary strongly with space and
time (Φmax/Φmin ≈ 1), and the error is expected to be much lower
(not shown here). Therefore, the current method can be used with
weakly space-time varying flux with reasonable error. It is to be
noted that with a larger evaporation rate close to the contact line,
the drop can slightly deform out of the hemispherical shape, leading
to some error in the early stages of evaporation [visible for K = 0.25
in Fig. 6(c)].
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FIG. 6. (a) Schematic of hemispherical drop evaporating from a substrate with
space and time varying flux Φ at the interface. (b) Variation of evaporative flux Φ∗
with radial positions r/R for different K at the beginning (R/R0 = 1) and nearing
the end (R/R0 = 0.1) of evaporation. (c) Comparison between LB and analytical
results for variable flux Φ at different K. Plot of the normalized drop radius (R/R0)

with normalized time (t∗).

D. Method overview
We summarize the findings from Secs. III A–III C and com-

ment on the optimum strategy for choosing Γ. Table II shows the
error in the interface position for different shapes considered in
Sec. III A when a common Γ = 0.305 is used and for the largest ϕ
possible. A maximum error of ∼9% is observed for the flat inter-
face, while it is under 8% for the curved interfaces. The upper range
of the error is generally observed at the end of evaporation and is
not indicative of the majority duration, for which the error is usu-
ally well under 5%. The interface shapes considered to span from no
curvature (flat) to increasing curvature (spherical and hemispheri-
cal) to decreasing curvature (pinned spherical cap). Different drop
evaporation modes, namely, constant contact angle and constant

TABLE II. Reported error in the interface position for cases considered in Sec. III A
for Γ = 0.305.

Interface shape
Error in interface

position (%)a

Flat Section III A 1 1.1–9.26
Spherical Section III A 2 0.2–2.1
Hemispherical Section III A 3 0.45–3.6
Pinned spherical cap Section III A 4 2.5–8
aReported at the largest ϕ wherever possible.

contact radius, are also taken into account in the hemispherical and
pinned spherical cap cases. Therefore, a single value of Γ could be
used for a general shape of the interface with reasonable error for
the unit density ratio and associated set of CG model parameters.
The optimum value of Γ could be obtained by recreating some of the
benchmarks detailed in Sec. III A for flat and curved interfaces. If the
shape of the interface and its evolution are previously known, then
Γ could be adjusted for better accuracy via comparison with analyt-
ical or numerical results. In practical applications with dynamically
evolving interfaces, some errors may accumulate over time as the
interface shape continuously changes. These errors may be offset via
dynamically adjusting the evaporation flux ϕ as needed.

From the results in Sec. III B, Γ is found to be mainly dependent
on the interface thickness and density ratio. However, the effect of
changing the interface thickness on Γ was observed to be uniform
across different shapes, thus maintaining generality. For γ = 1, the
method is shown to work reliably over a wide range of evaporative
flux and interface shapes. For γ ≠ 1, the method requires an outlet for
the non-evaporating fluid component to maintain the desired den-
sity ratio. Accurate results are observed when both ϕ and γ are kept
small. Additionally, it is recommended to tune Γ on a case-by-case
basis for accurate results.

While the current model for RL evaporation is derived for a
constant flux ϕ (Sec. II B), the results from Sec. III C demonstrate
that it can be used with space and time-varying flux as long as
the variation in the flux is not large (Φmax/Φmin ≤ 3). For constant
flux and unit density ratio, the method has shown good accuracy
over two orders of magnitude of evaporative flux (ϕ = 0.01–0.0001),
covering both the fast and slow evaporation rates. The maximum
rate is limited by the fluid density of the evaporating fluid compo-
nent (ρr) and the fluid interface speed being less than 0.1 (to avoid
compressibility errors).

The dependence of Γ on S̄ was shown in Figs. 1(b), 1(c), and
1(d). S̄ > 1 is recommended to avoid holes in the selected evapora-
tion sites around the interface. Additionally, S̄ = 3 was used in the
current study due to the minimal dependence of ϕ on the accuracy of
the results for a given Γ. The same dependence was found to increase
for S̄ < 3. For instance, between ϕ = 0.03 and 0.003, the error is found
to vary by ∼1.5%, 9.5%, and 13% for S̄ = 3, 2, and 1, respectively, for
the spherical interface case (Sec. III A 2).

IV. CONCLUSION
We have developed a method for achieving reaction-limited

evaporation for the CG LB multicomponent model and have suc-
cessfully validated it against analytical solutions for various interface

J. Chem. Phys. 162, 114110 (2025); doi: 10.1063/5.0253799 162, 114110-9

© Author(s) 2025

 12 D
ecem

ber 2025 10:51:28

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

shapes. This method involves tuning a single free parameter (thresh-
old) to select evaporation sites at the interface and then exchanging
the fluid mass between the components. We have demonstrated that
a single threshold value can be used for a general shape of the inter-
face with reasonable error over a wide range of flux magnitudes for
a given set of CG model parameters, especially for the unit density
ratio. However, for density contrast, we recommend using smaller
evaporation fluxes and density ratios for accurate results.

Our method utilizes the inherently calculated color-gradient
magnitude and the resting populations for mass exchange, mak-
ing it computationally inexpensive, locally applicable, and easy to
implement. Importantly, it does not require any changes to the core
algorithm of CG, making it compatible with other CG variants as
well. Similar to the NEOS models used in theoretical studies, evap-
oration occurs solely at the interface and is decoupled from the
vapor phase dynamics. In principle, the same approach could be
extended to other multicomponent LB models (pseudo-potential
and free-energy) using the color-gradient magnitude to identify the
evaporation sites followed by a mass exchange between the compo-
nents. However, investigating the stability of the interface due to the
mass exchange is necessary to achieve consistent results. In CG, the
robustness of the recoloring step led to stable and accurate results.

The current method with constant evaporation flux can be used
to study isothermal RL evaporation, for example, when there is a
neutral gas draft over the interface. The flux can be modeled by the
Hertz–Knudsen relation as done by Hernandez-Perez et al.61 for the
evaporation of drops from millimeter-sized pillars, showing good
agreement with experimental results. The current method can also
be used to study non-isothermal RL evaporation if the flux varies
weakly with space and time. For drop evaporation on heated sub-
strates, the experimental value for the K parameter in the space-time
varying flux [Eq. (21) used in Sec. III C] is K = 10 for water and K = 1
for isopropanol as suggested by Murisic and Kondic.3 As a result, the
flux varies weakly with the drop height for these fluids, and the cur-
rent method can be used with reasonable error for such applications.
The method also extends the CG model to study evaporation in
porous media with possible applications in soil water evaporation12

and polymer electrolyte fuel cells.13
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APPENDIX A: R (t ) FOR A SPHERICAL DROP
WITH VARIABLE DENSITY

For a pair of fluid components (ρr , ρb) with density ratio
γ = ρr/ρb (ρr > ρb) and surface tension σ, the pressure p in each
component is given by [using Eq. (4)]

pb = ρbζ[1 −W0] = ρb c2
s , (A1)

pr = ρrζ
[1 −W0]

γ
=

ρr c2
s

γ
. (A2)

Assuming red fluid inside the spherical drop and blue fluid
surrounding it, according to the Young–Laplace equation, we have

pr − pb =
2σ
R

. (A3)

Substituting the pressures from Eqs. (A1) and (A2) in the above
expression, we get

ρr = γ [ρb +
2σ
Rc2

s
]. (A4)

Here, we assume ρb to be a constant. For a constant mass flux ϕ leav-
ing through surface area AS and variable density ρ(t), Eq. (10) can
be written as

d(ρV)
dt

= −ϕAS, (A5)

dV
dt
= −

ϕ
ρ

AS −
V
ρ

dρ
dt

. (A6)

Substituting volume V = (4/3)πR3, surface area AS = 4πR2, and
Eq. (A4) for ρ in the above equation leads to

dR
dt
= −

ϕ/γ
4σ

3Rc2
s
+ ρb

. (A7)

Solving the above differential equation using the initial condition
R = R0 at t = 0, we get

R(t) +
4σ

3c2
s ρb

ln (R(t)/R0) = −
ϕt
γρb
+ R0. (A8)

This equation is solved for R(t) numerically.57
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APPENDIX B: h (t ) FOR A PINNED SPHERICAL DROP
WITH VARIABLE DENSITY

For a spherical cap with contact radius a and height h, vol-
ume V and surface area AS of the spherical cap are given by
V = 1

6 πh(3a2
+ h2
) and A = π(a2

+ h2
), respectively. The density of

the drop ρ is given by Eq. (A4), where R = a2
+h2

2h is the radius of cur-
vature of the spherical cap. Substituting volume V , surface area AS,
and ρ in Eq. (A6) and simplifying for h(t), we get

dh
dt
=

−2ϕ/γ
4σh

(a2
+h2
)c2

s
+ ρb +

4σ
3c2

s
h (3a2

+ h2
) a2

−h2

(a2
+h2
)

3

, (B1)

where the contact radius a is taken as constant for the pinned spher-
ical cap. Solving the above differential equation using the initial
condition h = h0 at t = 0, we get

h(t) +
4σ

3c2
s ρb
[ln(

a2
+ h(t)2

a2
+ h2

0
) −

a4

(a2
+ h(t)2

)
2 ]

=
−2ϕt
γρb

+ h0 −
4σ

3c2
s ρb

a4

(a2
+ h2

0)
2 . (B2)

The above equation is solved for h(t) numerically.57

APPENDIX C: R (t ) FOR A HEMISPHERICAL DROP
WITH SPACE AND TIME VARYING FLUX

We choose cylindrical coordinates (r, θ, z) for the current case
with the problem schematic and relevant parameters shown in
Fig. 6(a). The initial drop radius R(t = 0) = R0 is chosen as the length
scale. For a hemispherical drop, the drop height at any given r is

given by h =
√

R(t)2
− r2 and the normalized height is given by

h∗ = h/R0.
Let Φ∗ be the space- and time-varying flux (non-dimensional)

at the interface dependent on the local drop height h∗, as given by

Φ∗ = (K + h∗)−1
=
⎛
⎜
⎝

K +

√

R(t)2
− r2

R0

⎞
⎟
⎠

−1

, (C1)

where K is a constant. Φ∗ can be written in a dimensional form
assuming a flux scale ϕ such that Φ = ϕS Φ∗.

Equation (10) for constant ρ and variable flux Φ = ϕS Φ∗ can be
written as

dV
dt
=
−ϕS

ρ ∬AS

Φ∗ dAS. (C2)

In cylindrical coordinates, the elemental surface area on the
hemisphere is given by

dAS =
R

√

R2
− r2

r dr dθ. (C3)

Substituting dAS from the above equation, V = 2
3 πR3, and Φ∗ from

Eq. (C1) in Eq. (C2), we get

d
dt
(

2
3

πR3
) = −

ϕS

ρ ∫
2π

0
∫

R

0

⎛
⎜
⎝

K +

√

R(t)2
− r2

R0

⎞
⎟
⎠

−1

×
R

√

R2
− r2

r dr dθ. (C4)

After simplifying, we then get

dR(t)
dt
=

ϕS R0

ρ R(t)
ln(

KR0

R(t) + KR0
). (C5)

The above differential equation is solved for R(t) numerically via
an explicit Runge–Kutta method57 of order 5(4) with the initial
condition R(t = 0) = R0.
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