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a b s t r a c t 

Understanding the fundamentals of the kinetically-limited water evaporation in nanopores is of signifi- 

cant importance to improve the performance of modern evaporation-based thermal management devices. 

However, the ubiquitous existence of ions in aqueous solutions and charged function groups on solid 

walls have been ignored traditionally and the effect of surface charges on nanopore evaporation remains 

elusive. Herein, we consider the effect of surface charges on disjoining pressure and solve the system of 

equations governing the heat and mass transfer during the evaporation process from single nanopores 

numerically to yield the ultimate evaporation under various working conditions. Our results reveal that 

the surface charge, along with pore radius, wall temperature, and the relative humidity of ambient air, 

plays a critical role in determining the overall performance of the system. As the surface charge density 

increases, or as the pore radius decreases, the extended meniscus leads to a higher net rate of evapora- 

tion per unit pore area. Increasing the pore wall temperature increases the driving force for evaporation 

and results in a better performance despite the meniscus contracted. Results of this work provide new 

understanding of nanoscale phase-change heat transfer and is beneficial to applications requiring inten- 

sive evaporation, such as electronic cooling, forward osmosis, and membrane distillation. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

Evaporation, defined as the process of a material transform- 

ng from the liquid state to the vapor state, is a critical mecha- 

ism that governs the performance of evaporative cooling for elec- 

ronic devices [1–3] , steam generation for solar power plants [4–

] , evaporation-based seawater desalination [7,8] and electrokinetic 

nergy harvesting [9] . One way to enhance the performance of 

hese systems is to exploit evaporation from nanoporous mem- 

ranes because of its superior potential to dissipate heat and gen- 

rate vapor efficiently. It has been reported that the evaporation 

eat fluxes, defined as the heat rate dissipated per unit area, can 

e as high as 600 [ W / cm 
2 ] [10,11] . Furthermore, Li et al. experi-

entally demonstrated that the evaporation flux from nanopores 

epends critically on the pore diameter [12] . To explain this in- 

eresting observation, they discussed possible mechanisms includ- 

ng change of evaporation area due to surface-liquid interactions as 

ell as change of evaporation coefficient σe (defined as the fraction 

f the vapor molecules crossing the liquid-vapor interface due to 

vaporation) due to the presence of surface charges on nanopore 

alls. However, no quantitative analysis was proposed to explain 

his phenomenon. The purpose of this study is to theoretically 
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nvestigate the first mechanism, i.e., how surface charges affect 

he kinetically-limited evaporation through the extended menis- 

us and the resulting evaporation area. This analysis could fun- 

amentally unravel the complex interaction between solid, liquid 

nd dissolved ions confined in the nanopore, and the result drawn 

rom this study could further guide designs for novel phase-change 

ased devices. 

It is well known that the length scale of the pore diameter 

lays the most important role in establishing the physical model 

o describe the heat and mass transfer process of evaporation from 

anopores. Generally speaking, the capillary force attributed to the 

urface tension and the curvature of the meniscus dominates when 

he pore diameter is above 1 μm while the long-range van der 

aals force prevails above 10 nm for non-polar liquids [13] . A 

arge volume of the literature has modeled evaporation from mi- 

rochannels and cylindrical tubes based on the two forces [14–

1] . A novel study done by Narayanan et al. revealed that in addi- 

ion to the above forces, electrostatic forces arose in polar liquids 

n fact increases the evaporation flux from nanopores dramatically 

22] . The reason is that the electrostatic force acting on the inter- 

ace tends to expand the area of the liquid meniscus. Therefore, 

s the area for evaporation increases, the evaporation mass flux 

ormalized by the pore area increases. Inspired by this work, Pati 

t al. include the effect of slip velocity [23] while Lu et al. extend 

arayanan’s work to study the nonequilibrium and nonlocal effects 

f evaporation from nanopores [24] . Later, Lu et al. compares the 

https://doi.org/10.1016/j.ijheatmasstransfer.2023.123865
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Nomenclature 

Parameters 

˙ m mass flow rate 

˙ m 
′′ mass flux 

ε absolute permittivity 

ˆ σ accommodation coefficient 

κ local mean curvature 

μi chemical potential of ion i 

μl liquid viscosity 

�d disjoining pressure 

ψ electrical potential 

ρl liquid density 

ρxi number density of ions at a distance x away from 

the surface 

σ surface tension of water 

σlv surface charge density of the liquid-vapor interface 

σsl surface charge density of the solid-liquid interface 

A modified Hamaker constant 

e charge of one electron 

k Boltzmann constant 

k l thermal conductivity of water 

M molar weight of water molecules 

p atm ambient gas pressure 

P ele disjoining pressure due to the electrostatic force 

p li liquid pressure 

P v dw disjoining pressure due to the van der Waals disper- 

sion force 

p v i equilibrium vapor pressure at the interface 

p v partial pressure of vapor in the gas phase 

q heat flux 

R universal gas constant 

r c pore radius 

r i radial position of the liquid-vapor interface 

s entropy 

T absolute temperature of the ion solution 

T w pore wall temperature 

T li temperature of the liquid-vapor interface 

T v ambient gas temperature 

u l liquid velocity in the x-direction 

u li liquid velocity in the x-direction at the liquid-vapor 

interface 

v i specific number density 

v l liquid velocity in the r-direction 

v li liquid velocity in the r-direction at the liquid-vapor 

interface 

w li liquid velocity in the direction normal to the liquid- 

vapor interface 

z i charge number of ion i 

xperimentally measured kinetically-limited evaporation mass flux 

ith the result of DSMC, the H-K equation and the Schrage equa- 

ion [25] . The results show that given a constant accommodation 

actor, the Schrage equation coincides with the experimental re- 

ults and the DSMC better than the the H-K equation. Therefore, 

he Schrage equation is used in the subsequent analysis to model 

he vapor transport to account for the nonequilibrium effect of in- 

ensive evaporation. However, these studies omitted the existence 

f a trace amount of protons and hydroxyl radicals in water as 

ell as charged functional group on common surfaces. As a result, 

 modified electrostatic model to account for the complex solid- 

iquid-ion interaction is derived based on thermodynamic consid- 

rations in this study. This modified model is then incorporated 

ith the systems of equations for fluid flow, heat transfer, and 
2 
tress balance at the liquid-vapor interface in the continuum limit 

hich are solved numerically to discover the effect of intermolecu- 

ar forces between solid, liquid, and ions on the kinetically-limited 

vaporation. 

. Theoretical formulation 

The system of interest is shown in Fig. 1 (a), where the top and

ottom boundaries of the figure are the walls of the nanopore. Liq- 

id water comes into the control volume from the left boundary 

nd water vapor exits from the right boundary. The vapor is ex- 

osed to a vacuum chamber at 150 Pa with a mixture of air-vapor 

t a temperature T v . At steady-state, the evaporating meniscus in- 

ide a pore is generally divided into three regimes: (1) the ab- 

orbed thin film regime where the liquid is in equilibrium with the 

as and no evaporation happens; (2) the thin-film regime where 

he disjoining pressure dominates over the capillary pressure; (3) 

he meniscus regime where capillary pressure is prevailing. Beyond 

he meniscus regime, the liquid is modeled as fully-developed, 

aminar flow, which is described by the Hagen-Poiseuille equation. 

.1. Conservation of mass at the evaporating interface 

The mass transfer to the interface can be found as follow: 

Assuming a steady, axisymmetric, incompressible flow, and ne- 

lecting the radial pressure gradient compared to the dominating 

apillary pressure, the axial component of the momentum balance 

or the liquid flow is given by 

dP li 
dx 

+ 

μl 

r 

∂ 

∂r 

(
r 
∂u l 
∂r 

)
= 0 , (1) 

here p li is the liquid pressure, μl is the liquid viscosity and u l 
s the liquid velocity in the x -direction. The boundary conditions 

or fluid flow are the no-slip at the walls, u = 0 at r = r c , where

 c is the pore radius and the thermocapillary stress balance at the 

nterface, −μl (∂u ) / (∂r) = (∂σ ) / (∂x ) at r = r i , where σ is the sur-

ace tension of water, r i is the radial location of the meniscus. This 

oundary condition means that, the shear stress along the tan- 

ential direction of the liquid-vapor interface will be balanced by 

he tangential surface tension gradient due to possible tempera- 

ure difference along the interface, which is the cause of thermal 

arangoni flow and has been widely used in previous studies [21–

3] . 

Using these boundary conditions, the solution of Eq. (1) is 

 l = 

(
− 1 

4 μl 

dp li 
dx 

)(
r 2 c − r 2 + 2 r 2 i ln 

r 

r c 

)
− r i 

μl 

∂σ

∂x 
ln 

r 

r c 
, (2) 

To relate the evaporating mass flux at the interface with 

he water supply, we start with the mass conservation equa- 

ion ∂ u l /∂ x + (1 /r) ∂(rv l ) /∂r = 0 and integrate it between r = r i 
nd r = r c to obtain the water supplied to the interface: 

 i v li = 

d 

dx 

∫ r c 
r i 

ru l dr + r i u li 
dr i 
dx 

(3) 

ith the assumption that v l = 0 at r = r c , where v l is the liq-
id velocity in the r-direction and the subscript i denotes the in- 

erfacial property. Since the mass flow rate ˙ m = 

∫ 
ρl u l (2 π r) dr = 

 πρl 

∫ 
u l rdr, where ρl is the density of the liquid, substituting 

 

u l rdr in Eq. (3) in terms of ˙ m gives 

 li = 

1 

2 πρl r i 

d ˙ m 

dx 
+ u li 

dr i 
dx 

. (4) 

rom Fig. 1 (b), the velocity normal to the interface w li is given by

 = u sin θ − v cos θ, (5) 
li li li 
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Fig. 1. (a) Cartoon of the water meniscus confined in a nanopore. (b) Velocity component of fluid velocity. (c) Control volume analysis of heat transfer. 
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here θ is the angle between the normal vector to the wall 

nd the normal vector to the liquid-vapor interface as shown in 

ig. 1 (b). The supplying mass flux to the interface is therefore 

˙  ′′ = ρl w li = ρl (u li sin θ − v li cos θ ) . Replacing v li by Eq. (4) , we get

˙  ′′ = − 1 

2 π r i 

d ˙ m 

dx 
cos θ (6) 

s d r i /d x = tan θ . 
The mass flux leaving the interface at any point is described by 

he Schrage equation [26] : 

˙  ′′ = 

2 ̂  σ

2 − ˆ σ

(
M 

2 πR 

)1 / 2 
(

p v i 

T 1 / 2 
li 

− p v 

T 1 / 2 v 

)
(7) 

here ˆ σ is the accommodation coefficient and is assumed to be 

.3 in this work [25] , M = 0 . 018 [kg/mol] is the molar weight of

ater molecules, R = 8 . 314 [J/mol/K] is the universal gas constant, 

p v i is the equilibrium vapor pressure at the interface at a tempera- 

ure of T li , and p v is the partial pressure of vapor in the gas phase

t a temperature of T v . 

Equating ˙ m 
′′ with Eq. (7) and Eq. (6) and assuming the temper- 

ture discontinuity at the interface ( T li = T v ) is insignificant [21] ,

e arrive at 

cos θ

2 π r i 

d ˙ m 

dx 
= 

2 ̂  σ

2 − ˆ σ

(
M 

2 πRT li 

)1 / 2 

(p v i − p v ) , (8) 

here cos θ = 1 / 
√ 

1 + (d r i /d x ) 
2 . Substituting ˙ m = 

∫ 
ρl u l (2 π r ) dr 

nd Eq. (2) in Eq. (8) and integrating the resulting equation be- 

ween r = r i and r = r c , we finally get an equation for ˙ m as 

˙  = 

πρl 

8 μl 

(
−−dp li 

dx 

)
[(r 2 c − r 2 i )(r 

2 
c − 3 r 2 i ) − 4 r 4 i ln 

r i 
r c 
] 

+ 

πρl 

8 μl 

(
dσ

dT 

)(
dT li 
dx 

)
[4 r i (r 

2 
c − r 2 i ) + 8 r 3 i ln 

r i 
r c 
] (9) 

wo unknowns ( p li and T li ) are present in Eq. (9) and more equa-

ions are needed to solve them. 

.2. Solve for the interface temperature T li 

Omitting the advective heat transfer [22,23] , the energy conser- 

ation in the control volume shown in Fig. 1 (c) is given by 

 c,r − q c,x + q c,x + δx = q e , (10) 

here q e is the rate of heat transfer from evaporation: 

 e = −h f g 
d ˙ m 

�x (11) 

dx 

3 
eat conduction from the pore wall reads 

 c,r = −k l (2 π r c �x ) 

(
∂T l 
∂r 

)
w 

(12) 

he total heat transfer in the x -direction reads 

 c,x +�x − q c,x ∼ �x 

(
∂q c,x 
∂x 

)
, (13) 

here ∂ q c,x /∂ x can be evaluated by the Leibniz integral rule as 

∂q c,x 
∂x 

= 

∂ 

∂x 

∫ r c 
r i 

−k l (2 π r) 
∂T l 
∂x 

dr 

= (−2 πk l ) 
∫ r c 
r i 
r 
∂ 2 T l 
∂x 2 

dr + (2 πk l r i ) 

(
∂T l 
∂x 

)
i 

dr i 
dx 

(14) 

 linear temperature profile is assumed for the temperature varia- 

ion in the radial direction [21] : 

T l − T w 

T li − T w 
= 

r − r c 

r i − r c 
. (15) 

ubstituting Eqs. (11) , (12), (13) , and (14) back to Eqs. (10) with

15) , the governing equation for the temperature distribution is ob- 

ained: 

πk l 
3 

(r c + 2 r i )(r c − r i ) 

(
∂ 2 T li 
∂x 2 

)
+ 

2 πk l 
3 

(r c − r i ) 
∂r i 
∂x 

∂T li 
∂x 

+ 

2 πk l 
3 

(T li − T w ) 

(
∂r i 
∂x 

)2 

−
πk l 
3 

(r c + 2 r i )(T w − T li ) 
∂ 2 r i 
∂x 2 

+ 2 πk l r c 
t w − T li 
r c − r i 

= −h f g 
d ˙ m 

dx 

(16) 

here the detailed derivation can be referred to [22] . 

.3. Solve for the liquid pressure p li 

To find the liquid pressure p li , we look at the pressure balance 

t the interface: 

p atm − p li = 2 σκ + �d , (17) 

here p atm is the ambient pressure, p li is the liquid pressure at 

he interface, κ is the local mean curvature [27] and �d is the dis- 

oining pressure [28,29] . 

= 

1 

2 

(
1 

r i [1 + (d r i /d x ) 2 ] 1 / 2 
+ 

d 2 r i /dx 
2 

[1 + (d r i /d x ) 2 ] 3 / 2 

)
(18) 

d = P v dw + P ele , (19) 

here P v dw is the pressure inside the liquid due to the van der 

aals dispersion force between the liquid molecules and the solid 
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Fig. 2. The system of interest to derive P ele . The blue solid line represents the elec- 

trical potential distribution between the two surfaces (not to scale). Note that both 

surfaces are negatively charged. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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all and P ele is the pressure inside the liquid attributed to the elec- 

rostatic force acting between the dissolved ions and the solid wall. 

ssuming a Lennard-Jones interaction potential between the solid 

nd the liquid molecules, we find P v dw = −A/ 6 π(r c − r i ) 
3 , where

 = −3 . 148 e −20 [ J ] is the modified Hamaker constant [30] . 

It is note worthy of the sign convention used here - a positive 

alue of P v dw indicates the liquid molecules are attracted to the 

all molecules. Therefore, a negative value of A means that the 

all material is hydrophilic in nature. 

Two distinct solutions may be derived for P ele depending on 

he screening effect of the liquid film [31] . As the thickness of the

lm becomes thick enough, the thick water film screens the elec- 

rostatic force originating from the charged functional groups on 

he surface and P ele would be independent of the surface charge 

ensity. On the other hand, P ele would be dependent on the sur- 

ace charge density as the water film is not thick enough to screen 

he electrostatic force. In the below paragraphs, we would discuss 

hich solution is suitable for this study. 

The system of interest is shown in Fig. 2 , where the liquid so-

ution is bounded by two surfaces - the solid-liquid interface and 

he liquid-vapor interface. To find P ele we start with the chemi- 

al potential of different types of ions i in the solution [31] , μi =
 i eψ + kT log ρxi , where z i is the charge number, e is the charge of

ne electron, ψ is the electrical potential, k is the Boltzmann con- 

tant, T is the absolute temperature, and ρxi is the number density 

f ions at an arbitrary location x . This equation is valid for all types

f ions in the solution. The solid-liquid interface and the liquid- 

apor interface have a surface charge density of σsl and σlv , respec- 

ively, and the corresponding electrical potentials are ψ sl and ψ lv , 

espectively. The liquid-vapor interface is considered to be nega- 

ively charged with σlv = −2 . 4 [ mC / m 
2 ] [32] . On the other hand,

 typical solid surface is also considered to be negatively charged 

ith σsl ranging from 0 to -50 [ mC / m 
2 ] for silica, carboxyl, and 

ulfate surfaces [33] . Since both surfaces are considered to be neg- 

tively charged, there would be a point between the two surfaces 

here the electrical potential is the maximum, i.e. d ψ/d x = 0 . We

et the plane where d ψ/d x = 0 to x = 0 and also set ψ = 0 at

his plane. Assuming the system is in equilibrium and the surface 

harge densities σsl and σlv are constants, we have the Boltzmann 

istribution for 

xi = ρ0 i exp (−z i eψ/kT l ) , (20) 

here ρ0 i is the number density of ion i at x = 0 . The well-known

oisson equation for the net excess charge density at x reads 

ε∇ 
2 ψ = 
i z i eρxi , (21) 

here ε is the absolute permittivity of the solution, which when 

ombined with the Boltzmann distribution, gives the Poisson- 
4 
oltzmann (PB) equation 

 
2 ψ = −
i z i eρxi 

ε
(22) 

ifferentiating Eq. (20) with x and sum over all the species of ions 

n the solution, we have 

d
i ρxi 

dx 
= 

ε

2 kT l 

d 

dx 

(
dψ 

dx 

)2 

. (23) 

ntegrating the above expression from x = 0 to x = x , 

i ρxi − 
i ρ0 i = 

ε

2 kT l 

(
dψ 

dx 

)2 

x 

. (24) 

The Gibbs-Duhem equation states that d μi = −sd T l + v i d P , 
here v i is the specific number density [ m 

3 / (number of ions )] , 

 is the entropy of the system. Under isothermal assumptions and 

t a fixed point x in the solution, (d μi /d P ) x,T = (1 /ρxi ) x,T . Differ-

ntiating both sides with x ′ , the distance between the solid-liquid 

nterface and the liquid-vapor interface, we have (d P/d x ′ ) x,T = 

ρxi d μi /d x 
′ ) x,T . We could use this equation to find the pressure

f the counterions. The change in pressure at x on bringing two 

urfaces together from infinity ( x ′ = ∞ and P = 0 ) to a distance of

 
′ = D is obtained as 
 x ′ = D 

x ′ = ∞ 

d P = 
i 

∫ x ′ = D 
x ′ = ∞ 

ρxi 

d μi 

d x ′ d x 
′ (25) 

 x (D ) = −
i 

∫ x ′ = ∞ 

x ′ = D 
[ z i eρi (d ψ/d x ′ ) x d x ′ + kT l d ρxi ] (26)

sing Eq. (22) with some manipulation, Eq. (26) becomes 

 x (D ) = 

[
−1 

2 
ε( 

dψ 

dx 
) 2 x (D ) + kT l 
i ρxi (D ) 

]

−
[
−1 

2 
ε( 

dψ 

dx 
) 2 x (∞ ) + kT l 
i ρxi (∞ ) 

]
. (27) 

sing Eq. (24) to substitute for 
i ρxi (D ) , we find 

 x (D ) = kT l 
i ρ0 i (D ) (28) 

ince in the bulk solution when the two surfaces are separately 

nfinitely far away, the ion concentration tends to zero, 
i ρxi (∞ ) = 

 . Therefore, the problem of finding the pressure between the two 

urfaces reduces to finding the total number density of the ions at 

 separation distance of D . 

As the Debye length of pure water (pH = 7) is on the order of 1

 μm ] , the electrical double layer would cover the whole nanopore 

egime (pore radius ranging from 10 to 300 [ nm ] ) and expel the 

o-ions out of the pore regime. Thus, applying charge conservation 

nside the thin film regime and neglecting the concentration of the 

o-ions, 

eρcounterion (D )(π r 2 c − π r 2 i ) l + σsl (2 π r c ) l + σlv (2 π r i ) l = 0 . (29)

e have 

counterion (D ) = 

−2(σsl r c + σlv r i ) 

ze (r 2 c − r 2 
i 
) 

= 
i ρ0 i (D ) . (30) 

Substituting Eq. (30) back to Eq. (28) , we find 

 ele = 

−2 kT l (σsl r c + σlv r i ) 

ze (r 2 c − r 2 
i 
) 

. (31) 

ote that since (σsl r c + σlv r i ) /z is always negative, P ele is always 

ositive. The physical meaning of this is that by adding ions into 

he solution, the liquid becomes more attracted to the solid wall 

ince the wall and counterions attract each other by the electro- 

tatic force. This is also termed as the Osmotic limit as the liquid 
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lm approaches zero thickness [31] . Therefore, the disjoining pres- 

ure could be expressed as 

d = 

−A 

6 π(r c − r i ) 3 
+ 

−2 kT l (σsl r c + σlv r i ) 

ze (r 2 c − r 2 
i 
) 

. (32) 

The other extreme case for thick wetting films leads to the con- 

entional terms of P ele = (ε/ 2(r c − r i ) 
2 )(πkT l /ze ) 

2 used extensively 

n the literature and the derivation is as follows [22–24] : 

Setting the coordinate system to x = 0 at the mid-plane and 

 = ±D/ 2 at the two surfaces, we proceed by solving the PB equa-

ion ( Eq. (22) ) with two additional critical assumptions, i.e., only 

ounterions are present in the solution ( i = 1 ) and both the sur-

aces have identical surface potentials. The solution is given in [31] : 

 = 

kT l 
ze 

log ( cos 2 (Kx ) ) , (33) 

here K is a given by 

 
2 = 

(ze ) 2 ρ0 

2 εkT l 
. (34) 

ince i = 1 , Eq. (28) simply reduces to P ele = kT l ρ0 = 2 ε(kT l /ze ) 
2 K 2 .

o find the limiting value of K, we differentiate Eq. (33) at x =
D/ 2 and we find: 

dψ 

dx 

)
sur face 

= 

2 kT l K 

ze 
tan (KD/ 2) . (35) 

s D → ∞ for thick liquid films, K should approach π/D to keep 

an (KD/ 2) finite in Eq. (35) . Thus, 

 ele, thick f ilm 
= 

ε

2(r c − r i ) 2 

(
πkT l 
ze 

)2 

. (36) 

his equation is known as the Langmuir equation . The major differ- 

nce between the Langmuir equation and the Osmotic limit is that 

or the Langmuir equation , the P ele is independent on the surface 

harge as the liquid film is thick enough to screen the effect of 

he electrostatic forces originating from the surface charges on the 

all. Therefore, the Langmuir equation should only be applied to 

 thin film thickness ( δ) where δ is much larger than the Debye 

ength of the solution and only counterions are allowed to enter 

he liquid film. Hence the Langmuir equation is not suitable for this 

tudy and the Osmotic limit is a more appropriate expression. 

.4. Solving the system of equations 

The governing Eqs. (8) , (9), (16) and (17) form a set of com-

lete equations that we can use to solve the meniscus profile, 

nterface temperature T i , liquid pressure p li , as well as the to- 

al evaporation rate ˙ m . It is clear from this set of equations that 

he heat and mass transfer are coupled in three different ways. 

irst, from Eq. (9) , the temperature gradient along the x -direction 

ould change the mass flow rate by affecting the surface ten- 

ion. Secondly, from Eq. (17) , the local temperature would also af- 

ect the electrostatic disjoining pressure, which is part of the driv- 

ng force for mass flow. Thirdly, from Eq. (16) , the temperature 

rofile of the pore wall is directly correlated to the evaporative 

eat dissipation.To solve these equations, Eqs. (8) , (9), (16) and 

17) are first nondimensionalized by x̄ = x/r c , r̄ = r i /r c , p̄ = p li /p v ,
¯̇
  = ˙ m / ˙ m 0 , and T̄ li = 2 π r c k l (T li − T w ) / ˙ m 0 h f g , where ˙ m 0 equals to 

˙  0 = 

2 ̂  σ

2 − ˆ σ

(
M 

2 πRT w 

)1 / 2 

[ p v i (T w ) − p v ](2 π r 2 c ) . (37) 
m

5 
The four governing equations in their nondimensional forms are 

we drop the bar for simplicity): 

˙  
dx 

dr 
= �1 

(
−dP 

dr 

)
[(1 − r 2 )(1 − 3 r 3 ) − 4 r −4 ln (r)] 

+�2 

(
dT li 
dr 

)
[4 r(1 − r 2 ) + 8 r 3 ln r] (38) 

1 + �3 �4 T li )(1 + �4 T li ) 
−1 / 2 = − 1 

r 
√ 

1 + (d x/d r) 2 

d ˙ m 

dr 
(39) 

5 − P = �6 

( 

d x/d r 

r 
√ 

1 + (d r/d x ) 2 
+ 

d 2 x/dr 2 

(1 + (d x/d r) 2 ) 3 / 2 

) 

+ 

�7 

(1 − r) 3 
+ �8 

(
(1 + �9 r)(1 + �4 T li ) 

1 − r 2 

)
(40) 

d ˙ m 

dr 

(
dx 

dr 

)2 

= − T li 
1 −r 

(
dx 

dr 

)3 

+ 

1 

3 
T li 

(
dx 

dr 

)
+ 

1 

3 
(1 − r) 

dx 

dr 

dT li 
dr 

−1 

6 
(1 + 2 r ) T li 

∂ 2 x 

∂r 2 
+ 

1 

6 
(1 + 2 r)(1 − r) [(

dx 

dr 

)(
d 2 T li 
dr 2 

)
− d 2 x 

dr 2 
dT li 
dr 

]
. 

(41) 

he nondimensional groups are: 

1 = 

πρl r 
3 
c p v 

8 μl ˙ m 0 

(42) 

2 = 

ρl r c h f g 

16 μl k l 

(
dσ

dT li 

)
(43) 

3 = 

ρv h f g 

p v ,eq − p v 
(44) 

4 = 

˙ m 0 h f g r c 

k l T w 
(45) 

5 = 

p atm 

p v 
(46) 

6 = 

σ

r c p v 
(47) 

7 = 

−A 

6 π r 3 c p v 
(48) 

8 = 

−2 kT w σsl 

zer c p v 
(49) 

9 = 

σlv 
σsl 

(50) 

he systems of ODEs are solved by ode45 in MATLAB and the 

oundary conditions at x = 0 for the problem is 

1. r = r 0 = r c − t 0 , where t 0 is the absorbed thin film thickness. 

2. d r/d x = 0 as the slop is assumed to be flat. 

3. ˙ m = 0 since no evaporation happens in the absorbed thin film 

regime. 

4. p = �5 − �6 /r 0 − �7 / (1 − r 0 ) 
3 − �8 (1 + �9 r 0 ) / (1 − r 2 0 ) . 

5. T = 0 , assuming T li = T w 
6. d T /d x = 0 

The absorbed thin film thickness t 0 is obtained by the same 

ethod as in [22] and is omitted here for brevity. 
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Fig. 3. Effect of the surface charge density on the shape of the water meniscus for 

r c = 50 [ nm ] , T w = 90 °C, and RH = 0.3. 
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Fig. 4. Axial variation of the normalized disjoining pressure for different surface 

charges from -80 to -8, and -0.8 [ mC / m 
2 ] with r c = 50 [ nm ] , T w = 90 °C, and RH = 

0.3. Same color represents the same surface charge. Lines with markers represent 

P v dw while lines without markers represent P ele . 

Fig. 5. The effect of surface charge on the evaporation mass flux from a nanopore 

(orange dots) for r c = 50 [ nm ] , T w = 90 °C, and RH = 0.3. The mass flux increases 

monotonically as the magnitude of the surface charge increases. The blue line rep- 

resents the mass flux from a nanopore without considering P ele . (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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. Results and discussions 

.1. Effect of the solid-liquid surface charge density 

The effect of the surface charge on the meniscus shape of the 

inetically-limited evaporation is shown in Fig. 3 , corresponding to 

 c = 50 [ nm ] , T w = 90 °C, and RH = 0.3. 

A typical surface charge density value is in the range from 0 

o -50 [ mC / m 
2 ] for silica, carboxyl, and sulfate surfaces [33] . Thus, 

he surface charge density value for σsl in this work is selected as 

80, -8, and -0.8 [ mC / m 
2 ] to demonstrate the effect of charges on 

he evaporation kinetics. Meanwhile, the surface charge density for 

he liquid-vapor interface is kept at a constant of -2.4 [ mC / m 
2 ] 

nless stated otherwise. It is shown that as the magnitude of the 

harge density increases, the total interface area of the meniscus 

nside the nanopore increases. This is because the unique shape of 

he evaporating interface is the result of balancing the forces acting 

n the meniscus with the viscous pressure loss to supply enough 

ater for evaporation. In addition, the meniscus shape with the 

angmuir equation and with only the P v dw term are also shown in 

he figure as the dash-dot purple line and the dash green line, re- 

pectively. An interesting observation is that the meniscus would 

e extended further than the Langmuir equation only with a sur- 

ace charge density of -80 [ mC / m 
2 ] while it barely extends with 

 surface charge density of -8 and -0.8 [ mC / m 
2 ] . Near the center

f the meniscus where the disjoining pressure decreases rapidly in 

agnitude as shown in Fig. 4 , the meniscus must be highly curved 

o increase the capillary pressure gradient to sustain the required 

ass flux. 

On the other hand, as the meniscus approaches the pore wall 

 x/r c → 0 ), the liquid film becomes thinner and the disjoining pres-

ure significantly increases in magnitude. Therefore, the disjoining 

ressure gradient is large enough to drag sufficient water for evap- 

ration and the meniscus becomes less curved. As a result, as long 

s we actively tune the disjoining pressure to a larger value, the 

eniscus would be further extended. In fact, we had demonstrated 

his via introducing a larger surface charge density on the wall as 

he wall attracts the ions with a stronger electrostatic force and in- 

reases the disjoining pressure. This could be justified by studying 

he magnitudes of the components of the disjoining pressure in- 

ide the liquid as shown in Fig. 4 . As the surface is slightly charged

 σsl = −0 . 8 [ mC / m 
2 ] ), P v dw dominates P ele as x/r c is less than -

. However, as the charge density increases to -80 [ mC / m 
2 ] , the 

egime where P prevails over P prolonged to x/r c ∼ −0 . 5 and 
ele v dw 

6 
rastically extends the meniscus area from x/r c ∼ −1 . 8 to x/r c ∼
3 . 8 [34] . 

The corresponding mass flux evaporated from a charged 

anopore is shown in Fig. 5 . First, by considering the slightest 

xtension of the meniscus due to P v dw only, the mass flux has 

een increased from 24.12 to 103.85. This shows that the mass 

ux would be significantly underestimated with the Schrage equa- 

ion alone, which represents the traditional limit of evaporation 

rom nanopores. Secondly, it is observed that the mass flux in- 

reases from 107 to 237.4 [ kg / m 
2 s ] monotonically as the magni- 

ude of the surface charge increases from 0 to -100 [ mC / m 
2 ] . This

esult is outstanding since we achieved a 121% increase in mass 

ux by simply charging the wall. The corresponding heat flux is 

3.7 [ kW / cm 
2 ] , which greatly exceeds the required heat flux of 1 

 kW / cm 
2 ] to dissipate heat from GaN-based electronics [35] . 

.2. Effect of the liquid-vapor surface charge density 

So far, we have only considered a constant surface charge 

ensity of -2.4 [ mC / m 
2 ] on the liquid-vapor interface. However, 

his value is actually scattering from -2.4 to -70 [ mC / m 
2 ] on 

he literature [32,36] . Therefore, we select σ = −2 . 4 , −36 , and
lv 
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Fig. 6. The effect of the liquid-vapor surface charge density on the meniscus shape 

corresponding to r = 50 nm , σsl = −0 . 8 [ mC / m 
2 ] , ˆ σ = 0 . 3 , and RH = 0.3. The inset 

compares the average mass flux [ kg / m 
2 s ] at different σlv . 

Fig. 7. The effect of surface charge density on the liquid-vapor interface σsl on the 

evaporation mass flux from a nanopore for r c = 50 [ nm ] , T w = 90 °C, and RH = 0.3. 

The mass flux increases monotonically as the magnitude of σsl increases. 
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70 [ mC / m 
2 ] to demonstrate the effect of the liquid-vapor surface 

harge density on the meniscus shape. The results are plotted in 

ig. 6 with r = 50 nm , σsl = −0 . 8 [ mC / m 
2 ] , ˆ σ = 0 . 3 and RH = 0.3.

It is shown that increasing the surface charge density on the 

iquid surface has the exact same effect of increasing the surface 

harge density on the solid surface - the meniscus becomes further 

xtended and the mass flux increases. We further plot the effect of 

he surface charge density on the liquid-vapor interface versus the 

ass flux in Fig. 7 at various σsl . 

It can be shown that for all σsl , the mass flux increases as σlv 
ncreases. In addition, the maximum mass flux could reach up to 

00 [ kg / m 
2 s ] if the surface charge density of the liquid-vapor in- 

erface is -100 [ mC / m 
2 ] . However, it remains illusive of what the 

xact value of the surface charge density on the liquid-vapor inter- 

ace is in a nanopore. Further experimental study on this topic is 

ncouraged in order to provide better quantitative predictions for 

ealistic conditions. 

.3. Pore radius effect 

Fig. 8 shows the effect of the pore radius on the meniscus shape 

or T = 90 °C and RH = 0.3. It is observed the meniscus becomes

ore extended as the pore radius reduces, and this trend is the 

ame for different values of surface charge densities. As a result of 

he meniscus extension, smaller nanopores exhibit larger evapora- 
7 
ion fluxes (see Fig. 8 (b)). Taking σsl = −8 [ mC / m 
2 ] as an exam- 

le, the evaporation flux is only 86 [ kg / s / m 
2 ] for the nanopore 

ith a radius of 70 [ nm ], but reaches 293 [ kg / s / m 
2 ] for the

anopore with a radius of 10 [ nm ]. One possible explanation for 

he more extended meniscus and larger evaporation flux in the 

maller nanopore is that the disjoining pressure increases with the 

ecreasing pore radius. To verify this explanation, we plot P d (mea- 

ured from the non-evaporating thin film) V.S. the pore radius in 

ig. 9 with T = 90 °C, RH = 0 . 3 and ˆ σ = 0 . 3 . The orange diamond

epresents the data with σsl = −8 [ mC / m 
2 ] while the blue trian- 

le represents σsl = −0 . 8 [ mC / m 
2 ] . Surprisingly, we actually found 

hat P d would slightly decrease with the decreasing radius, vary- 

ng from 202 to 196 [ MPa ] as the pore radius decreases from 70

o 10 [ nm ]. This decreasing trend and the magnitude of the dis- 

oining pressure is consistent with the previous modeling study 

eported by Narayanan et al. [22] The large disjoining pressure re- 

ults from the ultrathin non-evaporating thin film thickness and 

he decreasing trend of the disjoining pressure can be attributed 

o the increasing non-evaporation thin film thickness in smaller 

anopores [22] . As show in the inset figure of Fig. 9 , the thickness

f the non-evaporating thin film indeed slightly decreases as the 

ore radius increases. However, this trend is different from what 

as been reported in a recent experimental study by Zou et al. [37] ,

here the water disjoining pressure in nanochannels was calcu- 

ated based on wicking experiments and molecular dynamics (MD) 

imulation of contact angle. Also, the magnitude of our calculated 

isjoining pressure in nanopores is two orders of magnitude higher 

han their results in nanochannels. We attribute these difference to 

he difference in experiments (i.e., evaporation V.S. wicking), simu- 

ation methods (i.e., continuum modeling V.S. MD simulation), op- 

rating conditions (including temperature and humidity) as well 

s nanoconfinements (1-D confined nanochannel V.S. 2-D confined 

anopores). 

Nevertheless, our modeling results show that the increasing ex- 

ension of the evaporation area in smaller nanopores does not stem 

rom the increasing disjoining pressure. Instead, we believe that 

t is a result of relatively larger range of disjoining pressure in 

maller nanopores. Fig. 10 shows the axial variation of capillary 

nd disjoining pressure for nanopores of pore radii 10 and 70 [ nm ] 

t two different surface charge densities. It is clear that the dis- 

oining pressure is significant over a larger portion of the inter- 

ace in the smaller nanopore. At the surface charge density of - 

.8 [ mC / m 
2 ] , the regimes where the magnitude of the disjoining 

ressure is significant ( P d /P v ≥ 1) ends at x/r c ∼ −4 . 5 for nanopore

ith a pore radius of 10 [ nm ] and at x/r c ∼ −0 . 5 for nanopore with

 pore radius of 70 [ nm ], respectively. Consequently, fluid flow can 

e sustained over a relatively longer regions in smaller nanopores, 

eading to the more extended meniscus and the higher evapora- 

ion flux per pore area. It is worth noting that when the sur- 

ace charge density increases to -8 [ mC / m 
2 ] , P ele increases and the 

egion where the disjoining pressure is significant becomes even 

arger, ending at x/r c ∼ −5 . This further extension of the meniscus 

lso leads to an increase in the evaporation mass flux as demon- 

trated in the inset of Fig. 8 . 

.4. Thermocapillary stresses in nanopores with various surface 

harge densities 

The effect of the thermocapillary stresses on the meniscus 

hape is presented in Fig. 11 at 90 °C with RH = 0.3. 

The predictions with the thermocapillary stresses are plotted in 

olid lines while the results without the thermocapillary stresses 

re plotted in dotted markers. As shown in the figure, the ther- 

ocapillary effect has negligible effect on the meniscus shape for 

ll of the cases considered (either 50 or 70 [ nm ] pores with -8

r -0.8 [ mC / m 
2 ] ). This can be justified by observing the temper- 
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Fig. 8. Effect of pore radius on the meniscus shape and evaporation mass flux. (a) The radius effect on the meniscus shape with different surface charge densities corre- 

sponding to T w = 90 °C and RH = 0.3. The dashed-dot lines represent r = 10 [ nm ] ; the dashed lines represent r = 35 [ nm ] ; the solid lines represent r = 70 [ nm ] . The lines 

with markers represent a surface charge density of -0.8 [ mC / m 
2 ] while lines without markers represent a surface charge density of -8 [ mC / m 

2 ] . (b) The corresponding 

evaporation mass flux at T w = 90 °C and RH = 0.3. 

Fig. 9. The disjoining pressure versus the pore radius with different solid-liquid 

surface charge densities with T = 90 °C, RH = 0 . 3 , and ˆ σ = 0 . 3 . The inset fig- 

ure shows the liquid film thickness versus the pore radius. 

Table 1 

Temperature difference along the liquid- 

vapor interface. 

max �T li 50 [ nm ] 70 [ nm ] 

-8 [ mC / m 
2 ] 2.0802 °C 3.2866 °C 

-0.8 [ mC / m 
2 ] 2.5829 °C 3.9809 °C 

a
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n

t
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c

i

Fig. 10. Axial variation of the normalized disjoining pressure for different surface 

charges at -0.8 and -8 [ mC / m 
2 ] with different pore radius of 10 and 70 [ nm ] at 

T w = 90 °C, and RH = 0.3. Same color represents the same radius. Lines with mark- 

ers represent P v dw while lines without markers represent P ele . 

Fig. 11. The effect of the thermocapillary stresses on the meniscus shape with dif- 

ferent surface charge densities corresponding to T w = 90 °C and RH = 0.3. The lines 

represent results with thermocapillary stresses while the markers represent results 

without thermocapillary stresses. 
ture change along the interface. The results are summarized in 

able 1 and the maximum temperature change along the meniscus 

s 3.98 °C. The corresponding maximum surface tension change is 

 . 88 × 10 −4 [ N / m ] , which is around 1% of the original value and is

egligible. These results show that the temperature gradient along 

he meniscus is not significant to affect the evaporation mass flux. 

.5. Temperature and relative humidity effect 

Although the thermal capillary effect only causes negligible 

hange of the evaporation area and evaporation flux, the operat- 

ng temperature can still significantly affect the evaporation per- 
8 
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Fig. 12. Effect of tem perature on the meniscus shape and evaporation flux. (a) The temperature effect on the meniscus shape with different surface charge densities cor- 

responding to r = 50 [ nm ] and RH = 0.3. Lines with markers represent a surface charge density of -0.8 [ mC / m 
2 ] while lines without markers represent a surface charge 

density of -8 [ mC / m 
2 ] . (b) The corresponding evaporation mass flux [ kg / m 

2 s ] at two different surface charge densities. 
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ormance via the other two coupling mechanisms. Fig. 12 demon- 

trates the effect of the wall temperature on the meniscus shape 

nd the evaporation mass flux with different surface charge densi- 

ies with r = 50 nm and RH = 0.3. 

It is observed that the length of the meniscus reduces as the 

emperature increases from 20 to 90 [ °C ] yet the average mass 

ux increases as the temperature increases. This dramatic jump in 

he performance is due to a higher vapor pressure at the interface. 

he magnitude of �8 decreases from 1.4286 to 0.0583. The de- 

rease in this term results in a lower driving force for liquid flow 

nto the thin film regime. Thus, the gradient of the curvature must 

e higher at a higher temperature to sustain a higher evaporation 

ate. This in turn results in a contraction of the meniscus. Interest- 

ngly, this trend is counter-intuitive and is in conflict with the re- 

ults published in [24] , where the meniscus shape should start flat 

nd becomes fully extended as the temperature increases to drive 

ore water to the meniscus area. Further experimental work is en- 

ouraged to justify this trend. In addition, the meniscus shape be- 

omes more extended as the surface charge density increases at a 

iven temperature. This is because that as the surface charge den- 

ity increases, the disjoining pressure term increases, leading to a 

maller gradient of curvature locally and extends the meniscus fur- 

her. This results in an increase in the average mass flux as shown 

n Fig. 12 b. 

Fig. 13 shows the shape of the meniscus at different relative 

umidity and different surface charge densities. Notice that while 

he Schrage equation states that the mass flux from nanopores is 

inearly proportional to the relative humidity, the results from this 

tudy suggests a non-linear trend as shown in Fig. 13 b. 

The discrepancy comes from the consideration of the extended 

eniscus. In addition, the effect of increasing the relative humid- 

ty is to decrease the potential for evaporation and is analogous to 

he effect of decreasing the temperature. As a result, the meniscus 

xtended further as the relative humidity increases. 

.6. Comparison with literature data 

Fig. 14 compares the ratio between the theoretical mass flux 

btained in this work at T w = 20 [ °C ], P v = 150 [ Pa ] and RH = 0.3
9 
ith the experimental data obtained in [12] as a function of the 

ore radius. The surface charge density reported in [12] is in the 

ange from -2 to 0 [ mC / m 
2 ] and the corresponding theoretical 

ass flux is relatively insensitive to the surface charge density in 

his range. Meanwhile, the surface charge density on the meniscus 

s assumed to be a constant at -2.4 [ mC / m 
2 ] [32] . It is shown

hat the mass flux ratio ( ˙ m 
′′ 
theo 

/ ˙ m 
′′ 
exp ), which is an indicator of 

he degree of discrepancy between the theoretical value and the 

ata, is larger than one, implying that all of the experiment data 

s below the theoretical value. More importantly, the mass flux 

atio increases from 9.3 to 21.3 as the pore radius decreases from 

52.3 to 13.9 [ nm ] . We believe the increase of the difference 

etween the theoretical value and the data originates from the 

hape of the meniscus. Since the nanopore devices for the ex- 

erimental studies are specifically designed to ensure that liquid 

ransport to the evaporation interface is not the transport limit, 

he meniscus shape may not correspond to the fully extended 

ase. In fact, based on the measured evaporation rates and the 

evice dimensions, we can calculate the corresponding apparent 

ontact angle for all the experimental cases. As shown in the 

nset of Fig. 14 , the apparent contact angle actually increases from 

1.2 to 83.8 as the nanopore radius decreases from 152.3 to 13.9 

 nm ] , indicating that the meniscus is the flattest when the pore 

adius is 13.9 [nm]. In contrary, the theoretical model in this work 

alculates the fully extended meniscus for all nanopores and our 

esults show that smaller nanopores would have more extended 

enisci and thus more evaporation area inside the nanopores. 

uch difference of the meniscus shape thus would lead to the 

bserved large difference between the theoretical predictions 

nd the reported experimental results and smaller nanopores 

re expected to show larger difference. This figure is significant 

ecause it demonstrates the importance of carefully designing 

he conduit hydraulic resistance at a known working temper- 

ture - we can simply engineer the conduit geometry profile 

nd increase the hydraulic resistance to obtain a fully extended 

eniscus, leading to a higher evaporation mass flux. This is in 

ontradictory to the mainstream articles [3,10,11,25,38] where 

he hydraulic resistance is minimized with multi-tier 

tructures. 
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Fig. 13. Effect of relative humidity on the meniscus shape and the evaporation mass flux. (a) The relative humidity effect on the meniscus shape with different surface 

charge densities corresponding to r = 50 nm T = 90 [ °C ]. Lines with markers represent a surface charge density of -0.8 [ mC / m 
2 ] while lines without markers represent a 

surface charge density of -8 [ mC / m 
2 ] . (b) The corresponding evaporation mass flux [ kg / m 

2 s ] at two different surface charge densities. 

Fig. 14. The ratio of theoretically computed mass flux versus experiment data ob- 

tained from [12] with T w = 20 [ °C ], P v = 150 [ Pa ] and RH = 0.3. The inset fig- 

ure shows the apparent contact angle as a function of pore radius obtained from 

[12] . 
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Finally, it is worth pointing out the difference of the fundamen- 

al mechanism leading to the increase of evaporation mass flux in 

his work and in [12] . In Li’s hypothesis, the proton concentration 

nside the nanopore regime is the key factor, and the evaporation 

ux would be higher given a higher proton concentration. Hence, 

s the pore diameter becomes smaller, the proton concentration 

ould increase due to the charge conservation equation as the 

lectrical double layer overlaps with each other, [ H 3 O 
+ ] ∝ r −1 . This 

ould lead to a higher evaporation mass flux even if the menis- 

us is flat, as reported in their SI. However, in this analysis, the 

echanism that leads to an increase in the mass flux is due to a 

arger evaporating area inside the pore. Thus, if the meniscus shape 

emains flat, the evaporation flux would not increase as the pore 

adius decreases. Furthermore, the accommodation factor increases 

s the pore radius decreases in [12] while in this work, the evapo- 

ation coefficient remains a constant ˆ σ = 0 . 3 , which is in line with

25] . Further experiments and simulations should be conducted to 
10 
ddress these issues and to verify the effect of surface charges on 

vaporation kinetics. 

It is worth noting that we only model traditional hydrophilic 

anopores in this study where the nanopore surface in contact 

ith the water is hydrophilic and the thickness of the nanopore 

s hundreds of nanometers. We believe only contact angle below 

0 ◦ can induce negative liquid pressure and capillary flow to en- 

ure liquid water supply to the evaporation interface. Since hy- 

rophobic pores do not provide such characteristics in theory, our 

odel would not apply to this situation. It is also note worthy 

hat a recent article published by Xiao et al. [39] did evapora- 

ion experiments with graphene nanopores and claimed that such 

anopore device had a better performance than SiN counterparts 

nder a pore diameter of 60 [ nm ] . However, since the contact an-

le of graphene is still on a heated debate [40,41] and the mem- 

rane is only an atom thick, we avoid comparing their experiment 

ata with this study to prevent further confusion. Further devel- 

pment is needed for addressing the theoretical maximum evapo- 

ation mass flux for hydrophobic pores and the thickness effect of 

he membrane on the evaporation kinetics. 

. Conclusions 

A theoretical analysis is carried out to study the surface charge 

ffect on the evaporation area of the kinetically-limited evapora- 

ion. This is achieved by considering the molecular interaction be- 

ween the solid, liquid and the ions dissolved in the solution. The 

oupled systems of equations for the fluid flow, heat transfer, and 

tress balance along the liquid-vapor interface are solved numeri- 

ally to unravel the meniscus shape, the pressure distribution in- 

ide the pore regime, and the corresponding average mass flux 

uring evaporation. Major remarks are summarized as follow: 

• The effect of increasing the magnitude of the solid-liquid sur- 

face charge density is found to always extend the meniscus 

at a given working condition, leading to a remarkable 121% 

increment when charging the wall to -100 [ mC / m 
2 ] . Mean- 

while, the classical Schrage equation underestimates the mass 

flux by 77.5%. This is attributed to the attractive electrostatic 

force between the charged solid wall and the counter-ions that 

increases the disjoining pressure and reducing the gradient of 
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the curvature near the wall. This result is significant since we 

could simply charge the evaporation surface to increase the per- 

formance of a thermal management device without consuming 

remarkable energy. 
• The effect of increasing the liquid-vapor surface charge density 

is found to also extend the meniscus at a given working condi- 

tion. The mass flux increased from 107 to 170 kg / m 
2 s . 

• The effect of decreasing the pore radius on charged walls is 

to further extend the regime where the disjoining pressure is 

significant. This leads to the extension of meniscus for smaller 

capillaries and a higher average mass flux. 
• The effect of increasing the temperature and decreasing the rel- 

ative humidity on charged walls are found to be comparable. 

They both lead to an increased potential for evaporation as the 

kinetically-limited evaporation is only a function of the pres- 

sure difference at the interface. 
• By comparing the theoretical work with available literature 

data, we point out that tailoring proper hydraulic resistance for 

a conduit at a given working condition in a thermal manage- 

ment device is important to optimize the average mass flux 

and this is achieved by extending the meniscus. On the other 

hand, the fundamental mechanism for enhancing the average 

mass flux is shown to be diverging from the existing literature. 

Further experiment and simulation effort is called to address 

these discrepancies. 
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