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a b s t r a c t 

A precise description of energy and mass transport across the liquid-vapor interface of water is central in dis- 

ciplines spanning from climatology to seawater desalination. We present a critical assessment of six recent ex- 

perimental data sets that report temperature jumps, vapor pressures, and evaporation rates during steady-state 

evaporation of water. The experimental data were used to test available theories. Three state-of-the-art theories 

that take the resistance of the liquid-vapor interface into account were compared; statistical rate theory, non- 

equilibrium thermodynamics, and kinetic theory of gases. Statistical rate theory appears to under-predict the 

difference between the saturation pressure and the actual pressure of the vapor phase. Interface transfer coeffi- 

cients for water compatible with non-equilibrium thermodynamics theory were determined. These coefficients 

predict the right order of magnitude of the evaporation fluxes from the different data sets. However, inconsis- 

tencies between the different data sets and indications of systematic measurement errors were identified during 

the determination and evaluation of these coefficients. The condensation coefficient in kinetic theory of gases 

computed from the experimental data span two orders of magnitude. All three theories were found to depend 

much on a precise determination of the conditions at the interface, in particular on the difference between the 

vapor phase pressure and the saturation pressure. Already a shift of 1–5 Pa changes the predicted evaporation 

rates significantly. For certain experiments, a change of 2 Pa modifies the evaporation rate predicted by statisti- 

cal rate theory by one order of magnitude. Overall, we show that determination of vapor pressures to a higher 

accuracy ( < 0.3 Pa) is needed to enhance the understanding of evaporation mechanisms and which theory to use. 
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. Introduction 

Evaporation and condensation of water is ubiquitous in nature and

f great importance to many fields like climatology [1] , seawater desali-

ation [2] , agriculture [3] as well as to numerous industrial applications

4–6] . One of the most frequently used ways to generate electricity is

y steam turbines, and this involves phase change of water in every

ycle [6] . In climatology, a correct description of evaporation and con-

ensation is crucial for precise climate models, on the local as well as

he global scale [1] . Phase transitions take place in seawater desalina-

ion technologies like membrane distillation [7,8] and flash evapora-

ion [9] . It has therefore since long been of interest to understand the

echanisms involved, in order to improve weather forecasts, enhance

vaporation rates in steam turbine cycles, or reduce energy needs in

istillation columns. At the most fundamental level, the basis for such

mprovements lies in a precise description of mass- and energy transport

cross the liquid-vapor interface, in particular of water. 
∗ Corresponding author. 
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Mass transport across the liquid-vapor interface is frequently de-

cribed, assuming a uniform temperature across the interface and with

he vapor pressure equal to the equilibrium saturation pressure [10,11] .

his, however, neglects the resistance of the interface itself and contra-

icts observations of temperature jumps at the liquid-vapor interface

uring steady-state evaporation of water [12–14] . Here, temperature

umps as large as 27.83 K have been reported [12] . Several studies

ave demonstrated that the interface resistances should be included for

 precise local description of phase transitions in distillation columns

15,16] or membrane distillation processes [8,17] . Interface transport

s also essential for a precise description of transport on the nanoscale,

here curvature effects can alter the interface resistances by up to one

rder of magnitude [18,19] . 

Since the first experiments of Ward and Fang [20,21] , there have

een many experimental efforts aimed at mapping the characteristics

f steady-state evaporation of water [12–14,22–24] . The experiments

iffer by many factors, such as the induced energy fluxes and the ob-

ained evaporation rates. Most of the experiments have been performed

or pure water in the supercooled regime, which is known to exhibit

nomalous behavior compared to other fluids [25] . The determination

f experimental values such as the vapor phase pressure or the heat

uxes has been prone to large statistical uncertainties [13,26] . Also,
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ystematic measurement errors close to the liquid-vapor interface have

een discussed [27] . Steady-state water evaporation experiments, re-

ently presented by Kazemi and Ward [14] , have to the best of our

nowledge, the highest accuracy reported to date. The collected exper-

mental data now spans a wide range of measured fluxes and temper-

ture jumps. This provides an excellent opportunity to evaluate their

onsistency, compare the data to other evaporation experiments in the

iterature [13,22–24] , and assess available theories. 

Steady-state evaporation of water has frequently been described by

inetic theory of gases (KTG), statistical rate theory (SRT) and non-

quilibrium thermodynamics (NET) [20,28,29] . All three theories have

n common that they predict a net mass flux across the vapor-liquid in-

erface if there is a non-uniform temperature across the interface and/or

f the vapor pressure deviates from the equilibrium saturation pressure.

TG has been used for more than a century to predict evaporation rates.

he arguably most famous expression is the Hertz-Knudsen (HK) equa-

ion [30] . The theory makes use of evaporation- and condensation co-

fficients that describe the fraction of molecules that undergo a phase

hange from liquid to vapor and vice versa [31] . They are usually deter-

ined by comparison to experiments since no commonly acknowledged

xpression is available [30] . So far, the HK formula has been shown

o give inaccurate and inconsistent predictions [30] . Experiments with

ater have resulted in condensation coefficients that differ by several

rders of magnitude [30] . Another subject of criticism is that the HK

quation does not satisfy momentum and energy balances for the inter-

ace transport [32] . We will reassess these findings in the present work

nd compare two expressions that originate from the HK equation to

ecent experimental data. 

In SRT, introduced by Ward and Fang [20] , the evaporation rate is

alculated by use of transition probabilities between quantum mechan-

cal states. The flux of molecules going from one phase to the other is

elated to the transition probabilities in both directions [14] . SRT ap-

lies to all fluids, and no fitting parameters are needed. It is in that sense

 general theory. But the theory does not provide an expression for the

nergy flux across the interface. Such a description is important since

vaporation is also driven by the temperature difference [33] . 

The energy- and mass fluxes across the interface are contained in

he framework of NET, which consistently accounts for the coupling

nd interaction between the independent fluxes [29,34] . A shortcom-

ng is that NET contains three unknown coefficients of transfer. While

oefficients for NET have been determined for the whole temperature

ange relevant for evaporation/condensation of water, an independent

ssessment of the coefficients was only possible for the resistance to heat

ransfer [26] . We shall here compare the ability of SRT and NET to pre-

ict evaporation (mass fluxes) for varying experimental conditions. Spe-

ial emphasis will be devoted to the role of the vapor pressure, i.e. the

eviation of this pressure from the pressure at saturation. All theories,

TG, SRT, and NET, have been used to describe steady-state evapora-

ion of water. However, there is still no consensus on which theory to

refer. This is not only due to the shortcomings of the theories discussed

bove, but also due to systematic and unsystematic uncertainties in the

xperimental data. 

In this work we shall critically assess six different experimental data

ets containing in total 159 single experiments [13,14,22–24] and evalu-

te their consistency. The different data sets will be used to compare and

ssess the three state-of-the-art theories. We review the essentials of the

hree theories in question in Section 2 . Post-processing of experimental

ata and evaluation procedures are described in Section 3 . We start with

 preliminary discussion of the experimental data in Section 4 , before

he results are presented in Section 5 . Concluding remarks are given in

ection 6 . 

. Theory 

The aim of this section is to provide sufficient background on the

hree theories that will be discussed, SRT, NET, and KTG. We refer to
2 
ard and Fang [20] , Kjelstrup and Bedeaux [29] and to Persad and

ard [30] for further details of SRT, NET and KTG, respectively. 

The fluxes across the interface must obey the mass-, energy- and

omentum- balances for transport across the interface. At steady-state

nd for one-dimensional transfer perpendicular to the surface, the fol-

owing fluxes across the interface are constant: 

𝑙 𝑣 𝑙 = 𝜌𝑔 𝑣 𝑔 = 𝐽 (1)

𝑙 ( 𝑣 𝑙 ) 2 + 𝑝 𝑙 ⟂ = 𝜌𝑔 ( 𝑣 𝑔 ) 2 + 𝑝 
𝑔 

⟂ = 𝐽 𝑚 (2)

 

′,𝑙 
𝑞 

+ 𝐽 ( ℎ 𝑙 + 

( 𝑣 𝑙 ) 2 

2 
) = 𝐽 ′,𝑔 

𝑞 
+ 𝐽 ( ℎ 𝑔 + 

( 𝑣 𝑔 ) 2 

2 
) = 𝐽 𝑞 (3)

here 𝐽 is the mass flux, 𝜌 the density, 𝑣 the velocity, 𝑝 ⟂ the pressure

erpendicular to the interface, 𝐽 𝑚 the momentum flux, 𝐽 ′
𝑞 

the measur-

ble heat flux, ℎ the enthalpy and 𝐽 𝑞 the total energy flux. The liquid-

nd the gas side of the interface are indicated by superscript 𝑙 and 𝑔, re-

pectively. The kinetic energy contribution can often be neglected, and

he measurable heat fluxes, 𝐽 ′
𝑞 
, are given in terms of the total energy

ux, 𝐽 𝑞 , and the mass flux, 𝐽 , by 

𝐽 
′𝑔 
𝑞 = 𝐽 𝑞 − 𝐽ℎ 𝑔 , (4) 

𝐽 ′𝑙 
𝑞 
= 𝐽 𝑞 − 𝐽ℎ 𝑙 , (5) 

𝐽 
′𝑔 
𝑞 = 𝐽 ′𝑙 

𝑞 
+ 𝐽 ( ℎ 𝑔 − ℎ 𝑙 ) , (6) 

qs. 1 to 6 are common to all theories. 

.1. Statistical rate theory 

SRT was developed in order to describe particle transport across an

nterface between two adjacent phases [35] and has for example been

xamined for gas sorption, chemical reactions and ion transport [30] .

he expressions for the description of the mass flux during evaporation

sing SRT were introduced by Ward and Fang [20] . SRT can be used

or the description of the evaporation flux for various fluids once the

olecular and fluid properties are known [30] . Here we present the

nal form of the equations, following Kazemi and Ward [14] . The mass

ux for evaporation, 𝐽 SRT , as predicted by SRT, is 

 SRT = 2 𝐾 𝑒 𝑋, (7)

here 𝐾 𝑒 is the equilibrium molecular exchange rate and 𝑋 is the ex-

hange probability. In SRT the exchange probability is determined by

he entropy change between the liquid and the vapor by 

 = sinh 
[ 
Δ𝑠 𝐿𝑉 
𝑘 𝐵 

] 
. (8)

ere, Δ𝑠 𝐿𝑉 is the deviation of the entropy difference between the liquid

nd vapor phase from equilibrium and 𝑘 𝐵 is the Boltzmann constant.

sing classical kinetic theory, the equilibrium molecular exchange rate

etween the phases can be expressed as 

 𝑒 = 𝜂𝑝 sat ( 𝑇 𝑙 ) 
√ 

𝑚 

2 𝜋𝑘 𝐵 𝑇 𝑙 
, (9)

here 𝑚 is the molecular mass, 𝑝 sat is the saturation pressure at the tem-

erature of the liquid and 𝜂 accounts for curvature effects on the satu-

ation values which can be determined using the Laplace equation (see

14] ). The change in entropy from liquid to vapor can be split into three

erms 

Δ𝑠 𝐿𝑉 
𝑘 𝐵 

= 

Δ𝑠 𝑐 
𝑘 𝐵 

+ 

Δ𝑠 𝑇 
𝑘 𝐵 

+ 

Δ𝑠 𝜔 
𝑘 𝐵 

, (10)

here Δ𝑠 𝑐 is the configurational term, Δ𝑠 𝑇 the temperature discontinu-

ty term and Δ𝑠 is the internal molecular-vibration frequency term. 
𝜔 
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Following the procedure by Kazemi and Ward [14] , the three terms

n the right-hand side of Eq. 10 can be expressed as: 

Δ𝑠 𝑐 
𝑘 𝐵 

= ln 
( 

𝑝 sat ( 𝑇 𝑙 ) 
𝑝 𝑔 

) 

+ 

𝑚𝜈𝑓 ( 𝑇 𝑙 ) 
𝑘 𝐵 𝑇 

𝑙 

( 

𝑝 𝑔 + 𝛾𝐿𝑉 𝐶 − 𝑝 sat ( 𝑇 𝑙 ) 
) 

, (11)

Δ𝑠 𝑇 
𝑘 𝐵 

= 4 
( 

1 − 

𝑇 𝑔 

𝑇 𝑙 

) 

+ ln 
( 

𝑇 𝑔 

𝑇 𝑙 

) 4 
, (12)

Δ𝑠 𝜔 
𝑘 𝐵 

= ln 
( 

𝑞 𝑣 
𝑣𝑖𝑏 

𝑞 𝑙 
𝑣𝑖𝑏 

) 

+ 

( 

1 
𝑇 𝑔 

− 

1 
𝑇 𝑙 

) DOF ∑
𝑖 =1 

( 

𝜃𝑖 

2 
+ 

𝜃𝑖 

𝑒 
𝜃𝑖 
𝑇 𝑔 − 1 

) 

, (13)

here 𝜈𝑙 is the specific saturation volume of the liquid, 𝐶 is the princi-

al curvature and 𝛾𝑙𝑣 is the liquid-vapor surface tension. The vibration

artition function is given by: 

 𝑣𝑖𝑏 ( 𝑇 ) = 

DOF ∏
𝑖 =1 

𝑒 − 𝜃𝑖 ∕2 𝑇 

1 − 𝑒 − 𝜃𝑖 ∕ 𝑇 
, (14)

here DOF is the vibrational frequency degree of freedom. The charac-

eristic temperature of water molecules provided by Kazemi and Ward

14] are 𝜃1 = 5254 K, 𝜃2 = 5405 K and 𝜃3 = 2288 K. 

Eq. 7 reduces after simplifying assumptions to an expression similar

o the HK equation with explicit expressions for the evaporation and

ondensation coefficients [30] . The condensation and evaporation coef-

cients are: 

∗ 
𝑒 
= 

𝑝 sat ( 𝑇 𝑙 ) 
𝑝 𝑔 

exp 
[ 
( DOF + 4) 

( 

1 − 

𝑇 𝑔 

𝑇 𝑙 

) ] ( 

𝑇 𝑔 

𝑇 𝑙 

) DOF +4 
, (15)

∗ 
𝑐 
= 

√ 

𝑇 𝑔 

𝑇 𝑙 
exp 

[ 
−( DOF + 4) 

( 

1 − 

𝑇 𝑔 

𝑇 𝑙 

) ] ( 

𝑇 𝑔 

𝑇 𝑙 

) DOF +4 
. (16)

.2. Non-equilibrium thermodynamics 

Transport of mass and heat across the liquid-vapor interface can be

escribed using NET, which is a theory that describes transport across

nterfaces without knowledge of the transfer coefficients. We present

wo alternative and equivalent formulations, based on the measurable

eat flux of the gas phase or the liquid phase. The variables in Eqs. 4 –5

re illustrated in Fig. 1 for a hypothetical enthalpy profile across the

nterface. The interfacial region is defined to start when the thermody-

amic properties start to deviate from the respective bulk values of the

iquid- or vapor phase (grey areas in Fig. 1 ). 

The total energy flux and the mass flux are constant during steady-

tate evaporation. The measurable heat flux, however, depends on the
ig. 1. An example of enthalpy- and temperature profile across a liquid-vapor 

nterface with a continuous description throughout the interfacial region (grey 

reas). 

f  

c

2

𝑋  

H  

f  

[  

e  

h

𝑋

3 
ocal enthalpy, i.e. the measurable heat flux on the vapor side of the

nterface differs from the one on the liquid side of the interface, cf. Eq. 6 .

his implies that also the transfer coefficients depend on whether the

orce-flux equations are evaluated with the measurable heat flux on the

apor- or the liquid side of the interface. We shall in the following refer

o the coefficients from NET that correspond to the measurable heat flux

n the liquid side as the liquid-side coefficients and the coefficients that

orrespond to the measurable heat flux on the vapor-side as vapor-side

oefficients . Note that both the liquid- and vapor-side coefficients apply

o the whole interface. The force-flux equations for the measurable heat

ux on the vapor side, 𝐽 
′𝑔 
𝑞 , are 

𝑋 𝑞 = 𝑅 𝑞𝑞 𝐽 
′𝑔 
𝑞 + 𝑅 

𝑔 
𝑞𝜇𝐽 , 

𝑋 

𝑔 
𝜇 = 𝑅 

𝑔 
𝜇𝑞 𝐽 

′𝑔 
𝑞 + 𝑅 

𝑔 
𝜇𝜇𝐽 , 

(17) 

here the left-hand-side contains the forces and the right-hand-side con-

ains the fluxes. Choosing the measurable heat flux on the liquid side,

 

′𝑙 
𝑞 

, results in the following alternative force-flux relations 

𝑋 𝑞 = 𝑅 𝑞𝑞 𝐽 
′𝑙 
𝑞 
+ 𝑅 

𝑙 
𝑞𝜇
𝐽 , 

𝑋 

𝑙 
𝜇

= 𝑅 

𝑙 
𝜇𝑞 
𝐽 ′𝑙 
𝑞 
+ 𝑅 

𝑙 
𝜇𝜇
𝐽 . 

(18) 

ere, 𝑋 𝑞 is the driving force due to a temperature difference, 𝑋 

𝑔 
𝜇 and

 

𝑙 
𝜇

are the driving forces due to a difference in chemical potential, and

 𝑖𝑗 are the overall interface transfer coefficients [29] . While the main

esistance to heat transfer, 𝑅 𝑞𝑞 , is independent of whether the force-flux

elations are evaluated with the vapor- or liquid side measurable heat

ux, the two coupling coefficients, 𝑅 𝑞𝜇 = 𝑅 𝜇𝑞 [36,37] and the resistance

o mass transfer, 𝑅 𝜇𝜇 , are not. Using that the entropy production must

e invariant with respect to the choice of force-flux formulation, the

oefficients can be converted from one side to the other by: 

 

𝑙 
𝑞𝑞 

= 𝑅 

𝑔 
𝑞𝑞 

= 𝑅 𝑞𝑞 , (19)

 

𝑙 
𝑞𝜇

= 𝑅 

𝑙 
𝜇𝑞 

= 𝑅 

𝑔 
𝜇𝑞 

− Δℎ 𝑣𝑎𝑝 𝑅 

𝑔 
𝑞𝑞 
, (20)

 

𝑙 
𝜇𝜇

= 𝑅 

𝑔 
𝜇𝜇

− 2Δℎ 𝑣𝑎𝑝 𝑅 

𝑔 
𝑞𝜇

+ (Δℎ 𝑣𝑎𝑝 ) 2 𝑅 

𝑔 
𝑞𝑞 
, (21)

or a conversion from the gas-side- to the liquid-side coefficients and by

 

𝑔 
𝑞𝜇

= 𝑅 

𝑔 
𝜇𝑞 

= 𝑅 

𝑙 
𝜇𝑞 

+ Δℎ 𝑣𝑎𝑝 𝑅 

𝑙 
𝑞𝑞 
, (22)

 

𝑔 
𝜇𝜇

= 𝑅 

𝑙 
𝜇𝜇

+ 2Δℎ 𝑣𝑎𝑝 𝑅 

𝑙 
𝑞𝜇

+ (Δℎ 𝑣𝑎𝑝 ) 2 𝑅 

𝑙 
𝑞𝑞 
, (23)

or a conversion from the liquid-side- to the gas-side coefficients. The

oefficients are related by the enthalpy of evaporation, Δℎ 𝑣𝑎𝑝 . 

.2.1. The thermodynamic driving forces 

The thermal driving force is: 

 

𝑔 
𝑞 
= 𝑋 

𝑙 
𝑞 
= 𝑋 𝑞 = 

1 
𝑇 𝑔 

− 

1 
𝑇 𝑙 
. (24)

ere, 𝑇 𝑙 and 𝑇 𝑔 are obtained by extrapolating the temperature profiles

rom the bulk liquid and vapor phases to the defined dividing surface

29] . The driving force due to a difference in chemical potential must be

valuated at the temperature of the vapor phase, when the measurable

eat flux is determined on the liquid-side: 

 

𝑙 
𝜇

= − 

1 
𝑇 𝑔 

( 

𝜇𝑔 ( 𝑇 𝑔 ) − 𝜇𝑙 ( 𝑇 𝑔 ) 
) 

, (25) 

= − 

( 

𝜇𝑔 ( 𝑇 𝑔 ) 
𝑇 𝑔 

− 

𝜇𝑙 ( 𝑇 𝑙 ) 
𝑇 𝑙 

) 

+ ℎ 𝑙 
( 

1 
𝑇 𝑔 

− 

1 
𝑇 𝑙 

) 

, (26) 

≈ − 𝑅 𝑤 ln 
( 

𝑝 𝑔 

𝑝 ( 𝑇 𝑔 ) 

) 

. (27) 

sat 
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Table 1 

Sets of experiments and notation of the different sets. 

Experiment Number Reference Set number 

1 - 45 Badam et al. [13] 1 ○
46 - 65 Jafari et al. [22] 2 ○
66 - 70 Kazemi et al. [23] 3 ○
71 - 75 Kazemi et al. [24] 4 ○
76 - 149 Kazemi et al. [14] (PMMA) 5 ○
150 - 159 Kazemi et al. [14] (Steel) 6 ○
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H
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T

3

 

a  

T  

o  
hen the measurable heat flux is determined in the vapor phase, the

riving force due to a difference in chemical potential must be evaluated

t the temperature of the liquid phase 

 

𝑔 
𝜇

= − 

1 
𝑇 𝑙 

( 

𝜇𝑔 ( 𝑇 𝑙 ) − 𝜇𝑙 ( 𝑇 𝑙 ) 
) 

, (28) 

= − 

( 

𝜇𝑔 ( 𝑇 𝑔 ) 
𝑇 𝑔 

− 

𝜇𝑙 ( 𝑇 𝑙 ) 
𝑇 𝑙 

) 

+ ℎ 𝑔 
( 

1 
𝑇 𝑔 

− 

1 
𝑇 𝑙 

) 

, (29) 

≈ − 𝑅 𝑤 ln 
( 

𝑝 𝑔 

𝑝 sat ( 𝑇 𝑙 ) 

) 

. (30) 

qs. 25, 26, 28 and 29 are exact formulations while Eqs. 27 and 30 rep-

esent approximations [29] . We have compared the three formulations

f the driving forces for all evaluated experiments and found good agree-

ent. Arguably, the expressions in Eqs. 27 and 30 are the simplest

xpressions for the chemical driving forces, and are therefore recom-

ended for general use. 

.2.2. Integral relations and square gradient theory 

NET treats the whole of the interfacial region (grey areas in Fig. 1 )

s an autonomous thermodynamic system. Properties of the interface

re described as overall excess variables, with respect to the position,

, of the Gibbs dividing surface [29] . Once the local description of the

eat transfer resistance throughout the interface, 𝑟 𝑞𝑞 , is known, it can

e used to determine the interface transfer coefficients by use of the

ntegral relations [38] : 

 𝑖𝑗 ( 𝑇 , 𝜉) = ∫
∞

−∞
𝑑𝑧 [ 𝜙𝑖𝑗 ( 𝑧 ) ex ] . (31)

ere, 𝑧 is the direction perpendicular to the interface. The transfer

oefficients are excess variables where 𝜙𝑖𝑗 ( 𝑧 ) ex = 𝜙( 𝑧 ) − 𝜙lef t Θ( 𝜉 − 𝑧 ) −
right Θ( 𝑧 − 𝜉) . Here, superscripts lef t and right indicate the position on

he left- or right hand side of the dividing surface and Θ is the Heavi-

ide function. The integral relations are 𝜙𝑞𝑞 = 𝑟 𝑞𝑞 , 𝜙𝑞𝜇 = 𝑟 𝑞𝑞 ( ℎ pos − ℎ ) and

𝜇𝜇 = 𝑟 𝑞𝑞 ( ℎ pos − ℎ ) 2 . Here, ℎ pos is the enthalpy of the adjacent bulk phase

nd ℎ is the local enthalpy throughout the interface (compare Fig. 1 ).

he enthalpy of the adjacent bulk phase is ℎ pos = ℎ 𝑙 when choosing the

easurable heat flux on the liquid side, while it is ℎ pos = ℎ 𝑔 when choos-

ng the measurable heat flux on the vapor side. The integral relations

ave been verified to work, e.g. by comparing to simulation results for

 Lennard-Jones spline potential [39] . 

A continuous description of thermodynamic properties throughout

he interface can be obtained by square gradient theory (SGT). In SGT,

he Helmholtz energy functional contains a contribution from the square

f the density gradient [40] : 

 [ 𝜌( 𝑧 ) , 𝑇 ] = ∫ 𝑑 𝑧 

[ 
𝑓 𝑒𝑜𝑠 ( 𝜌( 𝑧, 𝑇 ) + 

1 
2 
𝜅( 𝑇 ) |∇ 𝜌( 𝑧 ) |2 ] , (32)

here 𝑧 is the position perpendicular to the interface, 𝑓 𝑒𝑜𝑠 is the

elmholtz energy density given by the EoS, and 𝜅 is the influence

arameter. The equilibrium density profiles and other thermodynamic

ariables can be determined through the interfacial region by minimiz-

ng the Helmholtz energy at a fixed total number of particles and tem-

erature. This results in a continuous, thermodynamically consistent de-

cription of thermodynamic variables through the interface, which de-

ends on temperature, density, and the density gradient. The specific

nthalpy is: 

 𝑆𝐺𝑇 ( 𝜌( 𝑧 ) , 𝑇 ) = ℎ 𝑒𝑜𝑠 ( 𝜌( 𝑧 ) , 𝑇 ) − 

𝑇 

2 
𝜕𝜅( 𝑇 ) 
𝜕𝑇 

|∇ 𝜌( 𝑧 ) |2 − 𝜌( 𝑧 ) 𝜅( 𝑇 )∇ 

2 𝜌( 𝑧 ) , (33) 

here ℎ 𝑒𝑜𝑠 is the enthalpy given by the EoS. The variables obtained

rom SGT can be used to determine the local thermal resistivity, which

s defined by 𝑟 𝑞𝑞 = ( 𝜆𝑇 2 ) −1 for bulk phases. 
4 
.3. Kinetic theory of gases 

Kinetic theory of gases (KTG) was originally derived for simple hard

pheres and not for water [41] . Since the pioneering work of Hertz

42] and Knudsen [43] , KTG, however, has frequently been used to

tudy water evaporation. The mass flux across the interface from the

K equation is 

 HK = 

√ 

𝑚 

2 𝜋𝑘 𝐵 

( 

𝜎𝑒 
𝑝 sat ( 𝑇 𝑙 ) √

𝑇 𝑙 
− 𝜎𝑐 

𝑝 𝑔 √
𝑇 𝑔 

) 

, (34)

here 𝜎𝑒 and 𝜎𝑐 are the evaporation- and condensation coefficients, re-

pectively. Several formulations of the HK equation exist, with varying

ssumptions for the two unknown coefficients. An in-depth review of

he different formulations of the HK equation was presented by Persad

nd Ward [30] . A full set of interface relations for heat and mass trans-

er in NET that is based on KTG is given by Kjelstrup and Bedeaux [29] .

hese transfer coefficients were derived by Cipolla et al. [28] for hard

pheres and are presented and discussed in the supplementary informa-

ion. We shall in the following focus on a formulation by Schrage [44] ,

ho corrected the HK equation to include the bulk velocities of the va-

or. Assuming that 𝜎𝑒 = 𝜎𝑐 , the HK-Schrage expression can be written

s: 

 HKS = 

2 𝜎𝑐 
2 − 𝜎𝑐 

√ 

𝑚 

2 𝜋𝑘 𝐵 

[ 
𝑝 sat ( 𝑇 𝑙 ) √

𝑇 𝑙 
− 

𝑝 𝑔 √
𝑇 𝑔 

] 
. (35)

e shall further make use of the explicit expressions for the conden-

ation and evaporation coefficients from SRT (see Eq. 15 and 16 ) for a

omparison with those from the HK-Schrage expression. 

. Methodology 

This section is divided into four subsections to enhance readability.

he three theories have been evaluated by means of 6 data sets contain-

ng in total 159 single experiments. An overview of the sets of experi-

ents is summarized in Table 1 . 

The post-processing procedure of the experimental data from these

ets is described in Section 3.1 . The fluxes we determine are subse-

uently used to evaluate the three theories in question. SRT has no

nknown coefficients but gives explicit expressions for the evaporation

uxes. The evaluation procedure of these expressions is described in

ection 3.2 . NET has three unknown coefficients that will be determined

rom experimental input. The determination of these coefficients and

ow they are further evaluated by means of the experimental data is

escribed in Section 3.3 . KTG has two unknown coefficients. We shall

valuate two expressions from KTG, one assuming equality between the

oefficients and one that gives explicit expressions for the coefficients.

he evaluation of these expressions is described in Section 3.4 . 

.1. Post-processing of the experimental data 

The interface of the liquid in the experimental apparatus was held

t a constant position during the steady-state evaporation experiments.

his was done by carefully regulating the supply of liquid. The supply

f liquid gives the overall evaporation rate of the experiment, which
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W  
ay differ from the local one [22] . The evaporation chamber was evac-

ated before each experiment, such that water was the only component

resent in the chamber. The vapor pressure of water could thus be de-

ermined by measuring the overall pressure in the vapor phase. For all

xperiments, also the temperature profiles on both sides of the interface

ere measured. From these data, we first computed the heat fluxes ad-

acent to the liquid-vapor phase, i.e. on the liquid- and the vapor sides.

The heat fluxes on the two sides of the interface can be computed

rom knowledge of the temperature profile and the thermal conductivity

f the phase. Temperature profiles and vapor pressures were available

or experiment sets 1, 2, 3, and 4. The temperature profiles were either

rovided to us by the authors or extracted from the published profiles

sing PlotDigitizer [45] . Sets 5 and 6 did not have this information and

e used the heat fluxes given in the publication. 

To determine the heat fluxes, we first used a polynomial to fit the

emperature profiles in the liquid and the vapor phases. The fitted poly-

omials were either of first- or second-order, due to the different shapes

f the temperature profiles. The measurable heat fluxes were determined

n the vapor and liquid phases from Fourier’s law using the temperature

radient. 

The thermal conductivity was determined using the CoolProp pack-

ge [46] with local density and temperature as input values. CoolProp

ses the state of the art IAPWS formulation for thermodynamic proper-

ies of water [47] and an updated version of the IAPWS formulation for

he thermal conductivity [48] . The density of the vapor phase was ob-

ained by assuming a constant vapor pressure in the evaporation cham-

er. We determined the local density from the ideal gas law 

𝑔 ( 𝑧 ) = 

𝑝 𝑒𝑥𝑝 

𝑅 𝑤 𝑇 
𝑔 ( 𝑧 ) 

, (36)

here 𝜌𝑔 is the density of the vapor, 𝑅 𝑤 is the specific gas constant of

ater, and 𝑇 𝑔 is the local temperature in the vapor phase. The assump-

ion of a constant vapor pressure inside the evaporation chamber is sup-

orted by Kazemi and Ward [14] . They showed that the vapor pressure

s constant perpendicular to the interface during steady-state evapora-

ion. The density of the liquid was determined by the saturation density

t the given temperature of the liquid, which is a good approximation

or the low temperature regime: 

𝑙 = 𝜌𝑙∗ ( 𝑇 𝑙 ) (37)

here 𝜌𝑙∗ is the saturation density. 

The heat and mass fluxes should be consistent with the mass-, energy-

nd momentum- balances at the interface. This becomes especially im-

ortant as the evaporation flux in an experimental set-up may vary along

he liquid-vapor interface perpendicular to the transport direction [22] .

 consequence of this is that the local evaporation flux can differ from

he experimentally determined averaged overall evaporation flux. We

ave therefore re-analyzed the experimental data by means of the mass-

 energy- and momentum- balances, which reduce to a set of constant

uxes at steady-state (see Eqs. 1 - 3 ). Eqs. 1 - 3 were solved with the

eat fluxes, temperatures, and pressures in the vapor phase from ex-

eriments as fixed input values. The velocities in the liquid and vapor

hase were determined using Eq. 1 and the pressure in the liquid phase

y the IAPWS formulation with density and temperature of the liquid

s input values. We found the kinetic contributions in the momentum-

nd energy balances to be sufficiently small ( < 0 . 2% ) to be neglected. 

The procedure above was used to investigate whether the experi-

entally determined overall evaporation rate differed from the local.

y solving the three balance equations Eqs. 1 - 3 , it is possible to find a

et of fluxes that are in correspondence with the local heat fluxes, deter-

ined via the temperature profiles. We found good agreement between

he obtained mass fluxes and the ones measured by Jafari et al. [22] and

y Kazemi et al. [23] who used a similar procedure to determine the

ate of evaporation. By solving the balance equations in this way, how-

ver, certain multidimensional effects have been neglected, which will

e discussed further in Section 4 . 
5 
.2. Evaluating statistical rate theory 

SRT has no unknown coefficients. The evaporation flux can thus be

redicted from fluid properties and knowledge of temperatures and pres-

ures. The solutions to SRT were found by solving Eqs. 7 - 10 . The key

ariable in SRT is the deviation of entropy during steady-state evapora-

ion compared to the equilibrium situation. This difference in entropy

an either be described by the equations provided by Kazemi and Ward

14] ( Eqs. 11 - 13 ) or by a suitable equation of state (EoS). We have

ompared the expressions from Eqs. 11 - 12 to the determination of the

ntropy difference using the state-of-the art IAPWS formulation for wa-

er (see supplementary information) and found good agreement between

oth approaches. For simplicity, we have therefore chosen to use the ex-

ressions given in Eqs. 11 - 13 . Here, curvature effects were neglected

ue to their small contributions [24] , i.e. 𝐶 = 0 in Eq. 11 . 

The equations of SRT were found to give results strongly dependent

n the pressure in the vapor phase [14] . We, therefore, chose to study

he sensitivity of SRT with respect to the pressure difference between

he saturation pressure and the actual pressure in the vapor phase. To do

his, we refitted the vapor pressure to match the local evaporation rate

n SRT. This procedure was also employed by Kazemi and Ward [14] .

he vapor pressure was made a free variable within the range -10 Pa

 𝑝 𝑠𝑎𝑡 ( 𝑇 𝑙 ) − 𝑝 𝑔 ≤ + 35 Pa. We decided for this range as it covers the

hole range of measured differences between the vapor pressure and

he respective saturation pressures, including the uncertainties. 

.3. Determination of coefficients in non-equilibrium thermodynamics 

The Onsager relations [36,37] ( 𝑅 𝑞𝜇 = 𝑅 𝜇𝑞 ) leaves NET with three

nknown coefficients to be determined for two force-flux equations. In-

egral relations have been developed to help in this situation [38] and

e have chosen to combine the integral relations with SGT for the deter-

ination of the coefficients. Solving SGT profiles requires an EoS. The

ubic plus association (CPA) EoS has been used to represent the proper-

ies of water. We have refitted the CPA EoS by Queimada et al. [49] to

ncrease the accuracy in the supercooled regime, see the supplemen-

ary information. We further used a temperature-dependent influence

arameter, 𝜅( 𝑇 ) , to account for the anomalous behavior of the surface

ension of water as a function of temperature [50] . Using SGT together

ith the integral relations has the advantage that the obtained coeffi-

ients are thermodynamically consistent and that the fitting procedure

educes to only one unknown quantity that needs to be determined for

ach experiment; the local heat transfer resistance, 𝑟 𝑞𝑞 , through the in-

erface [51] . We found that the following expression reproduced most

recisely the fluxes from the steady-state evaporation experiments. 

 𝑞𝑞 ( 𝑧 ) = 

1 
𝜆( 𝑇 , 𝜌) 𝑇 ( 𝑧 ) 2 

+ 

( 

𝛽1 ( 𝑇 𝑙 ) 
𝜌( 𝑧 ) 1 . 5 

+ 

𝛽2 ( 𝑇 𝑙 ) 
𝜌( 𝑧 ) 4 . 5 

) |∇ 𝜌( 𝑧 ) |2 , (38)

here 𝛽1 and 𝛽2 are parameters that need to be determined. Eq. 38 en-

ures that the local description of the thermal resistance is always pos-

tive through the interfacial region, which gives a strictly positive local

ntropy production, in-line with the second law of thermodynamics. 

We computed the three coefficients, 𝑅 𝑞𝑞 , 𝑅 𝑞𝜇 and 𝑅 𝜇𝜇 for each single

xperiment using a fitting procedure. The fitting procedure used to de-

ermine the coefficients in NET is explained by means of the flow chart

n Fig. 2 . Each experiment was treated independently from the others,

nd the gas- and liquid side coefficients were determined for each ex-

eriment. The coefficients are known to depend on the temperature of

he surface [29,51,52] . The temperature of the surface, 𝑇 𝑠 , was approx-

mated as the liquid phase temperature, 𝑇 𝑠 ≃ 𝑇 𝑙 [26] . 

We first solved SGT to obtain equilibrium profiles across the inter-

ace at temperatures of the liquid-phase. Solving the SGT profiles gives

or each experiment a continuous description of the enthalpy, ℎ ( 𝑧 ) , the

ensity, 𝜌( 𝑧 ) and the gradient in density ∇ 𝜌( 𝑧 ) through the interface.

e further determined the local thermal conductivity, 𝜆( 𝑧 ) , using the
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Fig. 2. Flow chart of the fitting procedure used to determine the interface re- 

sistances of NET. 
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oolProp package with the local density and temperature as input val-

es [46] . 

The next step was to carry out a minimization procedure. The pur-

ose of the minimization procedure was to find the NET interface coef-

cients that minimize the difference between the predicted fluxes and

he experimental ones. The minimization procedure used the following

bjective function: 

 𝑜𝑏𝑗 = 

√ ( 

𝐽 ′
𝑞 
− 𝐽 ′sim 

𝑞 

𝑆 𝑄 

) 2 
+ 

( 

𝐽 − 𝐽 sim 

𝑆 𝐽 

) 2 
, (39)

here 𝐽 ′
𝑞 

and 𝐽 are the measurable heat flux and the mass flux from the

teady-state evaporation experiment. The fluxes obtained by inverting

he flux equations (see Eqs. 17 and 18 ) are denoted by superscript sim.

he expressions from Eqs. 27 and 30 were used for the determination

f chemical driving forces. We used scaling parameters to account for

he different order of magnitude of the two fluxes. These were 𝑆 𝑄 =
50 J/m 

2 s for the measurable heat flux and 𝑆 𝐽 = 10 −4 kg/m 

2 s for the

ass flux. The scaling factors were chosen such that they have a typical

alue of the mass- and heat fluxes and such that the ratio between them

as approximately equal to the average evaporation enthalpy in the

onsidered temperature range, 𝑆 𝑄 ∕ 𝑆 𝐽 ≈ Δ𝐻 𝑒𝑣 ≈ 2 . 5 ⋅ 10 6 J/kg. 

The minimization procedure was performed by adapting 𝛽1 and 𝛽2 
rom Eq. 38 . Knowledge about the local heat transfer resistance, 𝑟 𝑞𝑞 ( 𝑧 ) ,
nables the determination of the overall resistances ( 𝑅 𝑞𝑞 , 𝑅 𝑞𝜇 and 𝑅 𝜇𝜇)

f the liquid-vapor interface by solving the integral relations. The inte-

ral relations were solved with the equimolar surface as dividing sur-

ace, 𝜉 (see Eq. 31 ). The overall resistances were then used to determine

he measurable heat flux, 𝐽 ′sim 
𝑞 

, and mass flux, 𝐽 sim , by solving the flux

quations with the given experimental temperatures of the liquid and

apor as well as the pressure of the vapor phase. This procedure was

erformed using both the measurable heat flux on the gas side, 𝐽 
′𝑔 
𝑞 , and

he one on the liquid side, 𝐽 ′𝑙 
𝑞 

. The fitting procedure was done with the

fminsearch ” function of MATLAB. 

The use of a minimization procedure bears the risk of finding local

inima. Treating each experiment independently from the others has
6 
he advantage that the consistency of each experiment can be assessed

sing the conversion between the gas and liquid side (see Eqs. ( 19 - 23 ).

t further enables us to inspect whether the regressed coefficients follow

easonable trends with respect to the temperature of the surface without

 priori imposing any assumptions. Also, the risk of local minima can be

ecreased by varying the starting values for 𝛽1 and 𝛽2 in a wide range

or each experiment. The procedure allowed us to determine a consis-

ent set of gas- and liquid-side coefficients. The presented procedure has

wo drawbacks. First, it gives 𝛽1 and 𝛽2 the possibility to fluctuate and

ary from experiment to experiment. This means that 𝛽1 and 𝛽2 cannot

e used for extrapolation to other temperature regimes. Next, by using

he experimentally determined values we may induce a bias on the co-

fficients, originating from systematic or unsystematic uncertainties in

he experimental data. 

The computed NET coefficients were found to be very sensitive to

he pressure of the vapor phase and the temperature jump. Only data

ets 1, 5, and 6 provided large enough fluxes and temperature jumps to

llow coefficients determination within the same order of magnitude.

oefficients from sets 2, 3, and 4 varied by two orders of magnitudes.

e, therefore, show only coefficients from sets 1, 5, and 6 in the re-

ults sections and discuss their thermodynamic consistency and trends

ith respect to the temperature of the liquid. Based on this discussion,

e have chosen the most meaningful ones and present them as average

oefficients, with a linear variation in the temperature regime of the ex-

eriments. These linear fits of the coefficients are next used to reproduce

he fluxes from all experimental sets (1–6). In Section 5 , we first evalu-

te these fits using the experimental values as input. Next, we will make

he vapor pressure a free variable in order to study the sensitivity of the

esults with respect to the vapor pressure by matching the experimental

uxes. The pressures used are in the range -10 Pa ≤ 𝑝 𝑠𝑎𝑡 ( 𝑇 𝑙 ) − 𝑝 𝑔 ≤ +

5 Pa. 

.4. Evaluating kinetic theory of gases 

KTG has two unknown coefficients, which are the evaporation- and

he condensation coefficient [30] . We have evaluated the HK-Schrage

xpression by assuming equality between the evaporation- and conden-

ation coefficient (see ( Eq. 35 )). The condensation coefficients for the

K-Schrage equation were obtained by matching the mass flux. The

btained condensation coefficients are compared with the explicit ex-

ressions from Persad and Ward that are based on SRT (see Eqs. 15 and

6 ). 

. Preliminary evaluation of experiments 

We start with a discussion of the experiments and their uncertain-

ies. In order to obtain an overview of the experimental results, we have

hown the result for each variable as a function of the experiment num-

er in Figs. 3 and 4 . In all experiments, the temperature of the liquid

djacent to the interface was in the range of 258 K - 281 K. The tempera-

ure of the liquid determines the equilibrium saturation pressure which

as in the range of 200 Pa - 1062 Pa. For set 1, a heating element in the

apor phase was used to induce larger heat fluxes to the interfaces from

he vapor side. Sets 2 - 6 used a heat exchanger on the liquid side to

ontrol the temperature of the liquid. 

The difference between the saturation pressure and the actual pres-

ure of the vapor phase is shown in Fig. 3 a). A significant scatter is seen

n the data. Relatively large pressure differences were determined in the

xperiments from sets 1 and 6, while the pressure differences from sets

 - 5 exhibited a fluctuating behavior around the saturation pressure.

he temperature jumps and their uncertainties are shown in Fig. 3 b).

he magnitude of the temperature jumps varies significantly. While it

s possible to identify clear temperature jumps for sets 1, 5, and 6, the

emperature jumps of sets 2–4 are so close to zero that they fluctuate

etween positive and negative values within the reported uncertainty.
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Fig. 3. Comparison between the experimentally determined values of the dif- 

ferent data sets for a) the difference between saturation pressure and the experi- 

mentally determined vapor pressure and b) the observed temperature difference 

between vapor and liquid phase. 
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Fig. 4. Comparison between the experimentally determined values of the differ- 

ent data sets for a) the measurable heat fluxes on the gas side b) the measurable 

heat fluxes on the liquid side and c) the evaporation mass fluxes. 
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t  
he measured temperature jumps are more affected by the heat flux on

he vapor side ( Fig. 4 a) than by the one on the liquid side ( Fig. 4 b). 

This is particularly clear when we consider sets 2–4, where the tem-

erature jumps remain within the range 0.14 K - 0.55 K, despite large

iquid side heat fluxes. A direct connection between the vapor side heat

ux and the temperature jumps was also pointed out by Badam et al.

13] and is further supported by Wilhelmsen et al. [51] with results for

ennard-Jones fluids. There, the main resistance to heat transport ap-

eared on the vapor side of the interface. While it is possible to identify

 relation between the temperature jump and the measurable heat flux

n the vapor side, the connection between the pressure difference and

he fluxes is less clear. The uncertainties and fluctuating behavior of the

xperimentally determined vapor phase pressures are too large to make

ny conclusion about any trends on this topic. 

As explained in the Methodology Section, the heat and mass fluxes

 Fig. 4 c) are computed from the temperature profiles adjacent to the

nterface, assuming that the system can be described as an effective,

ne-dimensional transport process. The liquid side heat flux is the dom-

nant energy supply to the interface for most of the sets. The vapor side

eat fluxes are only larger than the liquid side ones for set 5. Since

he mass fluxes were determined by solving the energy balance (see

q. 3 ), they follow the trends of the liquid side heat fluxes of sets 1, 2,

, 4, and 6. The uncertainties shown in the figures include experimental

ncertainties in the temperature measurement as well as uncertainties

erived from the polynomial fit to the temperature profiles. The uncer-
7 
ainties were determined, using Gauss’ law of error propagation. Fluxes

rom sets 5 and 6 are shown without statistical uncertainties. An evalua-

ion of systematic measurement errors is much more difficult. This issue

ecomes especially relevant as it was shown that the measured temper-

ture jumps can depend on the chosen thermocouple [14] and may also

e influenced by heat conduction in the thermocouple, inaccessibility of

he interface or rarefaction effects [27] . Here, it is especially the vapor-
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Fig. 5. a) The predicted and experimental evaporation flux from SRT and b) 

the pressure difference obtained from SRT after fitting the vapor phase pressure 

to match the experimental evaporation flux. 
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hase temperature that is prone to systematic measurement errors [27] .

e have not been able to account for them in the present study. 

Another possible source of error is the simplification to a one-

imensional transport problem. It was shown that complex flow pat-

erns in the liquid and the vapor phase can evolve during evaporation

xperiments [23] . They can occur due to buoyancy effects, thermocap-

llary flow along the surface, Marangoni effects, or disturbances by the

resence of the thermocouple [27,53–55] . Three-dimensional heat con-

uction effects from the sides of the evaporation container may also be

resent. Heat conduction from the sides impacts especially the liquid

ide heat flux, which can be seen by comparing sets 5 and 6. While the

xperimental set-up was the same for both sets, the evaporation con-

ainer was made out of PMMA in set 5 and the one of set 6 consisted of

tainless steel [14] . The thermal conductivity of the container materials

n the experiments affects the heat conducted horizontally to the inter-

ace. An indication of the presence of such effects is non-linear temper-

ture profiles and a two-dimensional numerical model may therefore be

eeded for a priori prediction of these temperature profiles [23] . In the

resent study, we used the experimentally determined one-dimensional

emperature profiles. These profiles already include local effects and

e have assumed that the heat transfer via conduction is described by

ourier’s law sufficiently close to the interface. The validity of this as-

umption is supported by the good agreement of the obtained evapo-

ation fluxes and the ones from Kazemi et al. [23] who used a two-

imensional model for the determination of the evaporation fluxes. The

hosen approach of determining the local fluxes is not only common

ractice in the literature [14,22] , but was also necessary due to lack of

nowledge of the exact conditions at the inlet and outlet as well as of

he surrounding of the evaporation container for some of the sets. The

xperimental data discussed above shall now be used to evaluate the

hree theories in question. 

. Results and discussion 

In the following, we examine the three theories in question and dis-

uss whether they give a good representation of the experimental data

resented in Section 4 . A discussion follows, including how to obtain

ore experimental results that can further enhance the understanding

f evaporation. This follows in Section 5.4 . 

.1. Statistical rate theory 

As discussed in the Methodology section, the expressions of the mass

ux from SRT were evaluated using the entropy difference between the

iquid and vapor states at the interface. The evaporation flux computed

rom SRT in this way ( Fig. 5 a) does not show any reasonable agreement

ith the experimental value of the mass flux. The predicted values de-

iated from the experimental values by up to two orders of magnitude.

he scatter in the predicted evaporation flux mirrors the scatter in the

ressure difference, which can be seen by comparing to Fig. 3 a). The

redictions from SRT are clearly most sensitive to the deviation of the

ressure in the vapor phase from the saturation pressure. 

The sensitivity of SRT to the pressure difference is of interest. The

apor pressure was therefore refitted to match the measured evapora-

ion flux. The vapor pressure difference so obtained is compared to the

xperimentally determined one in Fig. 5 b). 

The large sensitivity of the mass flux towards the vapor pressure en-

bles us to fit the evaporation flux within a small range away from the

aturation pressure. It was possible to match most of the evaporation

uxes with a pressure difference of only 1 Pa. The largest pressure dif-

erence needed to match the respective evaporation flux was 3 Pa. How-

ver, this result does not agree with the measured pressure differences.

ere, set 1 is particularly notable. Shifting the pressure difference from

round 10 Pa to 1–3 Pa changes the predicted evaporation flux by two

rders of magnitude. The pressure difference obtained follows the ex-
8 
ected trend, i.e. the larger the pressure difference, the larger the evap-

ration flux. 

SRT appears to under-predict the experimental pressure difference in

ost of the experiments. The predicted pressure difference is, however,

or many of the experiments within the statistical error of the experi-

ents. The uncertainty in the experimentally determined vapor pressure

s large (see Fig. 3 a). An exception is data set 6, where the vapor pres-

ure differences are larger and show a systematic trend with relatively

mall uncertainties. A conclusion on whether the predictions from SRT

gree or not with experimental data is not possible because there are

oo few data points available with small uncertainties and significant

ressure differences. 

.2. Non-equilibrium thermodynamics 

We shall next evaluate the NET expressions for interface transfer of

ass and heat. We start with a presentation of the NET coefficients ob-

ained from the integral relations and SGT. An evaluation follows of the

ET coefficients concerning to their ability to reproduce the experimen-

ally determined fluxes. 

The coefficients from NET will be evaluated by their overall trends,

agnitudes, and by consistency checks. All coefficients were found to

e consistent with respect to the conversion from the liquid- to the gas

ide and vice versa (compare Eqs. 19 –23 ). The coefficients were also

ound to obey the criterion set by a positive entropy production [29] ,

hich means that the product of the main coefficients must be larger
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a  
han the one of the coupling coefficients ( 𝑅 𝑞𝑞 𝑅 𝜇𝜇 − 𝑅 𝑞𝜇𝑅 𝑞𝜇 > 0 ). Lastly,

he liquid side coupling coefficients were found to be negative while the

apor side coefficients were found to be positive. This is in agreement

ith the criterion set by the integral relations. 

While all coefficients were found to fulfill these consistency checks,

hey did not show a clear trend with respect to the temperature of the

iquid-phase, where 𝑇 𝑠 ≃ 𝑇 𝑙 . Data sets 1 and 6 appeared to follow the

ame trend, however, and have similar magnitudes, while data set 5

eviated clearly from the two other data sets. The difference between

he data sets is especially clear when we examine the gas-side coeffi-

ients. The difference between the liquid- and gas side coefficients is

otable. We further observed that the coefficients of set 5 increased

ith increasing temperature of the liquid, while the coefficients from

ets 1 and 6 exhibited the opposite behavior. This points toward an in-

onsistency in data set 5, since it is known that the coefficients should

ecrease with increasing temperature of the surface [29,51,52] . The op-

osite trend of data set 5 stems from a larger deviation with respect

o the other sets for temperatures above 270 K. A personal communi-

ation with Kazemi [14] revealed that one of the pressure transduc-

rs was customized to the pressure range 0 - 500 Pa. For data set 5,

he experimentally determined pressures below 500 Pa should thus be

he most accurate, which could explain a stronger deviation from the

ther coefficients above 270 K. Another explanation may be provided

y the absolute value of the pressure differences of the experiments.

hile the measured vapor pressures of sets 1 and 6 are clearly below

he respective saturation pressure, the ones from set 5 are closer to the

aturation pressure. The relative change of the chemical driving force

f set 5 was thus much more sensitive to the experimental uncertain-

ies compared to those from sets 1 and 6. Systematic errors in the tem-

erature measurements may be another reason for the deviations be-

ween the coefficients. The problem of systematic errors was discussed

y Kazemi and Ward [14] , who showed that the measured temperatures

f the gas phase from data set 5 depended on the wire thickness of the

hermostat. 

We found that the coefficients from data set 1 also depended on the

xperimental set-up, which is indicated by the two different shades of

lue in the figure. A heating device located above the liquid-vapor inter-

ace in data set 1 was used to induce larger vapor side heat fluxes [13] .

he heating device was either turned off (NH) or turned on (H). The

eviating coefficients observed for these two conditions may indicate

 systematic measurement error. The coefficients in NET should for a

ingle-component system only depend on the properties of the surface,

nd not on the experimental conditions. This means that the coefficients

hould not depend on whether the heater is turned on or not. A similar

upposition about experiment set 1 was made by Kazemi et al. [27] who

ound in a numerical study that the heater may have influenced the

emperature measurement in the gas phase. We have highlighted these

iscrepancies in the different data sets. The constraints imposed by the

ramework of SGT enabled us to identify these deviating behaviors. SGT

s therefore not only a useful tool to deal with uncertainties but also

o identify deviating or thermodynamically inconsistent behaviors. This

eans that for the given data sets, we were unable to determine a uni-

orm set of coefficients, but only to give an order of magnitude estimate

f the coefficients. We further compared the total magnitude of the coef-

cients to the ones predicted by KTG [29] (see supplementary informa-

ion). Here, we found the coefficients from KTG to be one to two orders

f magnitude smaller than the ones presented in Fig. 6 . A larger devi-

tion, however, is not surprising since the coefficients from KTG were

erived for hard spheres and not for water. 

Due to the deviating behavior of the coefficients from data set 5 with

espect to the temperature of the liquid phase, we will in the following

xclude this data set for the approximation of the coefficients. The co-

fficients will be analyzed by linear fits of sets 1 and 6 in the given

emperature regime. The fit was done with respect to the temperature

f the liquid and is indicated by the black dashed lines in Figs. 6 . The

oefficients of these linear fits are provided in Appendix A. The NET
9 
oefficients will in the following be evaluated by these linear fits by in-

ersion of the force-flux equations ( Eqs. 17 and 18 ) to predict the fluxes

t given experimental conditions. 

Fig. 7 shows the predictions from NET when using the experimen-

ally determined temperature jumps, vapor pressures, and coefficients

t the respective temperatures of the liquid, approximated by the lin-

ar fits, as input. The coefficients predict the fluxes from set 1 and set

 to a reasonable accuracy. Even though the data from the other data

ets are not reproduced qualitatively, the right order of magnitude is

btained for the measurable heat fluxes on the vapor side for all sets.

he evaporation fluxes and the measurable heat fluxes on the liquid side

eviate for sets 2–5. The deviations from data set 2 are notable. While

he coefficients from NET appear to predict the first 6 experiments of set

 with sufficient accuracy, the predicted fluxes deviate clearly for the

ther experiments. The evaporation chamber of data set 2 was mounted

n a heating device to control the liquid side heat fluxes [22] . Simi-

ar to set 1, this heater was turned off for the first 6 experiments. This

ndicates, that the heater may have impacted the determination of the

xperimental values also in set 2. Also, the constant offset between the

redicted evaporation fluxes and the experimental values from data set

 is noticeable. Here, the predicted evaporation fluxes were approxi-

ately two times larger than the experimental values for most of the

xperiments. The deviations of the predicted measurable heat fluxes on

he liquid side are more significant. 

While the predictions from NET were deviating for some of the sets,

hey predicted the right order of magnitude for most of the evaporation

uxes and vapor side measurable heat fluxes. The determined coeffi-

ients may thus be used for a rough approximation of the importance

f including the interface resistance in models for the description of

vaporation- and condensation fluxes in the given temperature regime.

y using a sensitivity analysis, we found the evaporation fluxes and the

easurable heat fluxes on the liquid side to be more sensitive to the

ifference between the saturation- and the vapor pressure, while the

easurable heat fluxes on the vapor side are more sensitive toward the

emperature jumps. 

To study the sensitivity of NET with respect to the pressure differ-

nce, we refitted the vapor pressure to match the measured fluxes. Fig. 8

hows the resulting predictions. A comparison of Figs. 8 and 7 reveals

hat a significantly improved agreement with experimental data is possi-

le by small adjustments to the vapor pressure. The measurable heat flux

n the vapor side only varied slightly with a change in vapor pressure for

ets 2–4, where the temperature jumps remained in a range of 0.14 K and

.55 K. This again indicates a high sensitivity of the measurable heat flux

n the vapor side towards the temperature jump. For the given regime,

he measurable heat flux on the vapor side only changes with a change

n vapor pressure if the temperature jump is very small. It was possible

o obtain good agreement between the predicted and experimentally de-

ermined fluxes, due to the sensitivity of the evaporation flux and the

iquid side measurable heat flux towards the vapor pressure. Comparing

he experimentally determined vapor pressure differences and those ob-

ained from the fit ( Fig. 8 d) shows varying tendencies for the different

ets. While the fit predicts larger pressure differences for sets 2–4, the

ressure of the vapor phase was shifted towards values larger than the

aturation pressure for set 5. Considering set 5, two things are particu-

arly noteworthy. First, it is possible to obtain a good match for most of

he fluxes by shifting the vapor pressure only 5 Pa, which demonstrates

he large sensitivity of the coefficients with respect to the vapor pressure

ifference. Second, the fitted pressure difference follows the same trend

s that from the experiments, which could indicate a systematic error

n the measurements used for the determination of the coefficients or in

ata set 5. 

.3. Kinetic theory of gases 

The expressions from KTG were evaluated by fitting evaporation-

nd condensation coefficients to match the evaporation flux from the
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Fig. 6. Transfer coefficients determined using exper- 

imental data set 1, 5 and 6. The figures show from 

top to bottom the resistance to heat transfer, the cou- 

pling coefficient and the resistance to mass transfer, 

respectively. The left column are the liquid-side co- 

efficients and the right column are the vapor-side co- 

efficients. 
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espective experiments. The coefficients were either obtained by match-

ng the evaporation flux (HKS) or explicitly given (PW), as described in

ection 3.4 . The condensation coefficients from all experimental sets are

hown in Fig. 9 . The coefficients span more than two orders of magni-

ude, a result well-known in the literature [30] . While the coefficients

rom Persad and Ward [30] are close to unity, the coefficients from the

ther formulation are two orders of magnitude smaller. We find that

he coefficients from the HKS expression from data sets 1 and 5 have

he same order of magnitude. The coefficients from data set 5 show

 clear decreasing trend with increasing temperature for temperatures

elow 270 K. A decreasing trend with increasing temperature has also

een documented in the literature [56,57] . Similar to the cases of SRT
10 
nd NET, we found these coefficients to be very sensitive to the vapor

ressure. 

The explicit expressions for the condensation and evaporation co-

fficients of Persad and Ward were obtained by neglecting the vibra-

ional contributions of the full SRT expressions [30] . We found the vi-

rational contribution of the full SRT expressions to be negligibly small

or the given data sets (see the supplementary information). Using the

xplicit expressions for the evaporation- and condensation coefficients

esults therefore in the same prediction of the evaporation flux as the

ull SRT expressions (see Fig. 5 a). The prediction captures the differ-

nce in magnitude between the different data sets, corresponding to the

ifferent pressure differences, but the predictions deviate from the ex-
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Fig. 7. Comparison of the obtained a) mass fluxes b) measurable heat fluxes 

on the liquid side and c) measurable heat fluxes on the vapor side with the 

experimentally obtained values using the different set of coefficients. Here, the 

experimentally determined pressures were used. 
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Fig. 8. Comparison of the obtained a) mass fluxes b) measurable heat fluxes 

on the liquid side and c) measurable heat fluxes on the vapor side with the 

experimentally obtained values using the different set of coefficients. The dif- 

ference between the saturation pressure and fitted vapor pressure is compared 

to experimental values in d). 
erimental values by several orders of magnitude. The predicted evap-

ration flux is equally sensitive towards the vapor pressure as the full

RT expressions since the evaporation and condensation coefficients in

qs. 15 and 16 were obtained from Eq. 7 after the introduction of sim-

lifying assumptions [30] . This may account for the deviating behavior.

he condensation coefficients from the HKS-expression are too scattered
11 
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Fig. 9. Condensation coefficients of different KTG formulations as given from 

(PW) or matched (HKS). 
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o give physical insights. We conclude that neither of the expressions can

redict the mass flux with sufficient accuracy. 

.4. Discussion and guidelines for future experiments 

Each theory was described and discussed above. In the following, we

resent a final comparison and use the insight gained to suggest how

uture experiments can be carried out. 

In the present examination of recently published experiments on

vaporation of water, we have found that only NET predicted the right

rders of magnitude of the evaporation fluxes, after determination of the

oefficients. The evaporation fluxes predicted by SRT deviated up to two

rder of magnitude from experiments, and also the condensation coeffi-

ients of KTG were varying by two orders of magnitude. The predictions

rom all three theories are, however, very sensitive to the conditions at

he liquid-vapor interface, in particular, the vapor pressure during evap-

ration. While it was possible to determine coefficients from NET, we

ound during the determination and evaluation of the coefficients indi-

ations of systematic measurement errors in some of the data sets. Due

o these indications and large uncertainties in the measurements of the

apor pressure, it is thus not possible to give a conclusive evaluation

f the ability of the three theories to describe steady-state evaporation

xperiments of water in the considered temperature regime. 

To increase the accuracy of the NET coefficients and to evaluate the

hree theories with a higher degree of confidence, future experimental

orks should focus on measuring vapor pressures with higher accuracy

 < 0.3 Pa). We have seen that a difference of a few Pascal only, can sig-

ificantly change the predicted evaporation fluxes in NET and SRT, and

he condensation coefficients from KTG. Here, the use of multiple pres-

ure transducer, as performed by Kazemi and Ward [14] , is likely to

educe the uncertainty. 

Particular attention should also be devoted to avoiding systematic

easurement errors. Here, it is especially the influence of the heating

evice on the temperature measurement in the vapor phase that must be

onsidered. While the impact of heating devices on the measured vapor

hase temperature has been discussed before [27] , we found that also

ounting the evaporation chamber on a heat exchanger may impact

he experimental values. This finding should be considered and investi-

ated further in future evaporation experiments. Thermodynamic con-

istency checks are useful to identify systematic measurement errors, as
12 
hown in this work for the evaluation of the coefficients from NET (see

ection 5.2 ). 

Also, a wider range of fluxes, temperature jumps, and temperatures

f the liquid could be used, to increase the accuracy of the coefficients

rom NET and for a conclusive evaluation of the three theories in ques-

ion. 

While it was possible to identify a direct connection between the

emperature jumps and the measurable heat fluxes on the vapor side,

he connection between the fluxes and the pressure difference of vapor

ressure and the respective saturation pressure was less clear. Experi-

ents with larger differences between the saturation pressure and the

apor pressure can be helpful to determine this relationship. We found

he measurable heat flux on the liquid side predicted from NET to show

 larger sensitivity towards the vapor pressure than the measurable heat

ux on the vapor side. This connection may be tested by using a larger

ariation of the liquid side heat fluxes and determination of the vapor

ressure. Varying the fluxes in a wider range, however, may cause side

ffects and complex flow patterns may evolve. A full analysis using a

hree-dimensional numerical model may therefore be needed to deter-

ine the exact fluxes and conditions at the interface. 

. Conclusions 

We have presented a critical assessment of six recent experiment sets

hat report temperature jumps, vapor pressures, and evaporation rates

uring steady-state evaporation of water. The experiments have been

sed to evaluate three state-of-the-art theories that take the resistance

f the liquid-vapor interface into account; statistical rate theory, non-

quilibrium thermodynamics, and kinetic theory of gases. 

We found the expressions from statistical rate theory to agree well

ith the state-of-the-art IAPWS formulation of water for the determi-

ation of the entropy difference. However, the comparison to experi-

ents indicates that statistical rate theory under-predicts the difference

etween the saturation pressure and the actual pressure in the vapor

hase. We determined a set of transfer coefficients for the interfacial

orce-flux relations of non-equilibrium thermodynamics based on the

wo most consistent data sets. These coefficients predict the right order

f magnitude of the evaporation fluxes from the different data sets. Dur-

ng the determination and evaluation of these coefficients, we found in-

ications of systematic measurement errors in some of the data sets. The

ondensation coefficients from kinetic theory of gases showed a strong

ensitivity towards the difference between the vapor pressure and the

aturation pressure, similar to the two other theories. The results from

inetic theory of gases were too scattered to provide new physical in-

ight. 

All three theories were found to be highly sensitive to the differ-

nce between the pressure in the vapor phase and the saturation pres-

ure, resulting in significant variations within a range of only a few Pas-

als. Even with the increased accuracy of the experimentally determined

ressures from a recent study from Kazemi and Ward [14] it was not

ossible to give a conclusive statement on the feasibility of the theories.

ore experiments, where the pressure is measured to higher accuracy

 < 0.3 Pa), would therefore be beneficial for further progress on the im-

ortant topic of steady-state evaporation of water. 
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ppendix A 

The linear fits from Fig. 6 were obtained by fitting the NET transfer

oefficients of data set 1 and 6 as a function of the temperature of the

iquid. 

= 𝑎 1 𝑇 
𝑙 + 𝑎 2 (A.1)

he coefficients 𝑎 1 and 𝑎 2 are given in Table A.2 for the respective trans-

er coefficients. 

Table A1 

Fitted parameters for the NET trans- 

fer coefficients as a function of the 

temperature of the liquid. 

Ω 𝑎 1 𝑎 2 

𝑅 𝑙 
𝑞𝑞 

-1.8006e-08 5.2756e-06 

𝑅 𝑙 
𝑞𝜇

0.0432 -12.6357 

𝑅 𝑙 
𝜇𝜇

-1.0589e05 3.0927e07 

𝑅 
𝑔 
𝑞𝑞 -1.5636e-08 4.6189e-06 

𝑅 
𝑔 
𝑞𝜇 -0.0025 0.7415 

𝑅 
𝑔 
𝜇𝜇 -2.7399e03 8.0423e05 

upplementary material 

Supplementary material associated with this article can be found, in

he online version, at doi: 10.1016/j.ctta.2022.100091 
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