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ARTICLE INFO ABSTRACT

Keywords: A precise description of energy and mass transport across the liquid-vapor interface of water is central in dis-
Evaporation ciplines spanning from climatology to seawater desalination. We present a critical assessment of six recent ex-
Interfaces perimental data sets that report temperature jumps, vapor pressures, and evaporation rates during steady-state
‘];V;ti:ance evaporation of water. The experimental data were used to test available theories. Three state-of-the-art theories
Experiments that take the resistance of the liquid-vapor interface into account were compared; statistical rate theory, non-
Theory 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 1-5Pa 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.

1. Introduction

Evaporation and condensation of water is ubiquitous in nature and
of great importance to many fields like climatology [1], seawater desali-
nation [2], agriculture [3] as well as to numerous industrial applications
[4-6]. One of the most frequently used ways to generate electricity is
by steam turbines, and this involves phase change of water in every
cycle [6]. In climatology, a correct description of evaporation and con-
densation is crucial for precise climate models, on the local as well as
the global scale [1]. Phase transitions take place in seawater desalina-
tion technologies like membrane distillation [7,8] and flash evapora-
tion [9]. It has therefore since long been of interest to understand the
mechanisms involved, in order to improve weather forecasts, enhance
evaporation rates in steam turbine cycles, or reduce energy needs in
distillation columns. At the most fundamental level, the basis for such
improvements lies in a precise description of mass- and energy transport
across the liquid-vapor interface, in particular of water.
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Mass transport across the liquid-vapor interface is frequently de-
scribed, assuming a uniform temperature across the interface and with
the vapor pressure equal to the equilibrium saturation pressure [10,11].
This, however, neglects the resistance of the interface itself and contra-
dicts observations of temperature jumps at the liquid-vapor interface
during steady-state evaporation of water [12-14]. Here, temperature
jumps as large as 27.83 K have been reported [12]. Several studies
have demonstrated that the interface resistances should be included for
a precise local description of phase transitions in distillation columns
[15,16] or membrane distillation processes [8,17]. Interface transport
is also essential for a precise description of transport on the nanoscale,
where curvature effects can alter the interface resistances by up to one
order of magnitude [18,19].

Since the first experiments of Ward and Fang [20,21], there have
been many experimental efforts aimed at mapping the characteristics
of steady-state evaporation of water [12-14,22-24]. The experiments
differ by many factors, such as the induced energy fluxes and the ob-
tained evaporation rates. Most of the experiments have been performed
for pure water in the supercooled regime, which is known to exhibit
anomalous behavior compared to other fluids [25]. The determination
of experimental values such as the vapor phase pressure or the heat
fluxes has been prone to large statistical uncertainties [13,26]. Also,
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systematic measurement errors close to the liquid-vapor interface have
been discussed [27]. Steady-state water evaporation experiments, re-
cently presented by Kazemi and Ward [14], have to the best of our
knowledge, the highest accuracy reported to date. The collected exper-
imental data now spans a wide range of measured fluxes and temper-
ature jumps. This provides an excellent opportunity to evaluate their
consistency, compare the data to other evaporation experiments in the
literature [13,22-24], and assess available theories.

Steady-state evaporation of water has frequently been described by
kinetic theory of gases (KTG), statistical rate theory (SRT) and non-
equilibrium thermodynamics (NET) [20,28,29]. All three theories have
in common that they predict a net mass flux across the vapor-liquid in-
terface if there is a non-uniform temperature across the interface and/or
if the vapor pressure deviates from the equilibrium saturation pressure.
KTG has been used for more than a century to predict evaporation rates.
The arguably most famous expression is the Hertz-Knudsen (HK) equa-
tion [30]. The theory makes use of evaporation- and condensation co-
efficients that describe the fraction of molecules that undergo a phase
change from liquid to vapor and vice versa [31]. They are usually deter-
mined by comparison to experiments since no commonly acknowledged
expression is available [30]. So far, the HK formula has been shown
to give inaccurate and inconsistent predictions [30]. Experiments with
water have resulted in condensation coefficients that differ by several
orders of magnitude [30]. Another subject of criticism is that the HK
equation does not satisfy momentum and energy balances for the inter-
face transport [32]. We will reassess these findings in the present work
and compare two expressions that originate from the HK equation to
recent experimental data.

In SRT, introduced by Ward and Fang [20], the evaporation rate is
calculated by use of transition probabilities between quantum mechan-
ical states. The flux of molecules going from one phase to the other is
related to the transition probabilities in both directions [14]. SRT ap-
plies to all fluids, and no fitting parameters are needed. It is in that sense
a general theory. But the theory does not provide an expression for the
energy flux across the interface. Such a description is important since
evaporation is also driven by the temperature difference [33].

The energy- and mass fluxes across the interface are contained in
the framework of NET, which consistently accounts for the coupling
and interaction between the independent fluxes [29,34]. A shortcom-
ing is that NET contains three unknown coefficients of transfer. While
coefficients for NET have been determined for the whole temperature
range relevant for evaporation/condensation of water, an independent
assessment of the coefficients was only possible for the resistance to heat
transfer [26]. We shall here compare the ability of SRT and NET to pre-
dict evaporation (mass fluxes) for varying experimental conditions. Spe-
cial emphasis will be devoted to the role of the vapor pressure, i.e. the
deviation of this pressure from the pressure at saturation. All theories,
KTG, SRT, and NET, have been used to describe steady-state evapora-
tion of water. However, there is still no consensus on which theory to
prefer. This is not only due to the shortcomings of the theories discussed
above, but also due to systematic and unsystematic uncertainties in the
experimental data.

In this work we shall critically assess six different experimental data
sets containing in total 159 single experiments [13,14,22-24] and evalu-
ate their consistency. The different data sets will be used to compare and
assess the three state-of-the-art theories. We review the essentials of the
three theories in question in Section 2. Post-processing of experimental
data and evaluation procedures are described in Section 3. We start with
a preliminary discussion of the experimental data in Section 4, before
the results are presented in Section 5. Concluding remarks are given in
Section 6.

2. Theory

The aim of this section is to provide sufficient background on the
three theories that will be discussed, SRT, NET, and KTG. We refer to
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Ward and Fang [20], Kjelstrup and Bedeaux [29] and to Persad and
Ward [30] for further details of SRT, NET and KTG, respectively.

The fluxes across the interface must obey the mass-, energy- and
momentum- balances for transport across the interface. At steady-state
and for one-dimensional transfer perpendicular to the surface, the fol-
lowing fluxes across the interface are constant:

Pl =pfvs =J %)
PO+ P = R 48 =, @
1N\2 2
11 l (U) _ 78 g (Ug) _
Jq + J(h +—2 )—Jq + J(h +—2 )—Jq 3)

where J is the mass flux, p the density, v the velocity, p, the pressure
perpendicular to the interface, J,, the momentum flux, J [; the measur-
able heat flux, h the enthalpy and J, the total energy flux. The liquid-
and the gas side of the interface are indicated by superscript / and g, re-
spectively. The kinetic energy contribution can often be neglected, and
the measurable heat fluxes, J ;, are given in terms of the total energy
flux, J,, and the mass flux, J, by

!
JE=d, = The, Q)
I _ !
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Egs. 1 to 6 are common to all theories.
2.1. Statistical rate theory

SRT was developed in order to describe particle transport across an
interface between two adjacent phases [35] and has for example been
examined for gas sorption, chemical reactions and ion transport [30].
The expressions for the description of the mass flux during evaporation
using SRT were introduced by Ward and Fang [20]. SRT can be used
for the description of the evaporation flux for various fluids once the
molecular and fluid properties are known [30]. Here we present the
final form of the equations, following Kazemi and Ward [14]. The mass
flux for evaporation, Jgt, as predicted by SRT, is

Jsrr = 2K X, )

where K, is the equilibrium molecular exchange rate and X is the ex-
change probability. In SRT the exchange probability is determined by
the entropy change between the liquid and the vapor by

ASLV]

X = sinh[ ®)
B

Here, As; is the deviation of the entropy difference between the liquid

and vapor phase from equilibrium and kp is the Boltzmann constant.

Using classical kinetic theory, the equilibrium molecular exchange rate

between the phases can be expressed as

- N
K, = npeu(T") 2k Tl ©

where m is the molecular mass, p, is the saturation pressure at the tem-
perature of the liquid and # accounts for curvature effects on the satu-
ration values which can be determined using the Laplace equation (see
[14]). The change in entropy from liquid to vapor can be split into three
terms
As As As As
LV _ —e T, o (10)

kp kg kg kg
where As, is the configurational term, As; the temperature discontinu-
ity term and As,, is the internal molecular-vibration frequency term.
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Following the procedure by Kazemi and Ward [14], the three terms
on the right-hand side of Eq. 10 can be expressed as:
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where v, is the specific saturation volume of the liquid, C is the princi-
pal curvature and y/? is the liquid-vapor surface tension. The vibration
partition function is given by:
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where DOF is the vibrational frequency degree of freedom. The charac-
teristic temperature of water molecules provided by Kazemi and Ward
[14] are 6, = 5254 K, 6, = 5405 K and 6; = 2288 K.

Eq. 7 reduces after simplifying assumptions to an expression similar
to the HK equation with explicit expressions for the evaporation and
condensation coefficients [30]. The condensation and evaporation coef-

ficients are:
DOF+4
T8 T8
7)(F) o

DOF+4
or —ﬂ—exp[ (DOF+4)(1—T )](?j) . (16)

2.2. Non-equilibrium thermodynamics

TI
ot = P o [(DOF + 4)<1 -
pg

Transport of mass and heat across the liquid-vapor interface can be
described using NET, which is a theory that describes transport across
interfaces without knowledge of the transfer coefficients. We present
two alternative and equivalent formulations, based on the measurable
heat flux of the gas phase or the liquid phase. The variables in Eqs. 4-5
are illustrated in Fig. 1 for a hypothetical enthalpy profile across the
interface. The interfacial region is defined to start when the thermody-
namic properties start to deviate from the respective bulk values of the
liquid- or vapor phase (grey areas in Fig. 1).

The total energy flux and the mass flux are constant during steady-
state evaporation. The measurable heat flux, however, depends on the

Vapor

Liquid !

Position

Fig. 1. An example of enthalpy- and temperature profile across a liquid-vapor
interface with a continuous description throughout the interfacial region (grey
areas).
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local enthalpy, i.e. the measurable heat flux on the vapor side of the
interface differs from the one on the liquid side of the interface, cf. Eq. 6.
This implies that also the transfer coefficients depend on whether the
force-flux equations are evaluated with the measurable heat flux on the
vapor- or the liquid side of the interface. We shall in the following refer
to the coefficients from NET that correspond to the measurable heat flux
on the liquid side as the liquid-side coefficients and the coefficients that
correspond to the measurable heat flux on the vapor-side as vapor-side
coefficients. Note that both the liquid- and vapor-side coefficients apply
to the whole interface. The force-flux equations for the measurable heat
flux on the vapor side, J;g , are

X, =Ry, J5+RS,J, an

Xg Rﬁqu'g+Rg J,

where the left-hand-side contains the forces and the right-hand-side con-
tains the fluxes. Choosing the measurable heat flux on the liquid side,
J ;’ , results in the following alternative force-flux relations

X, =R J”+R’ J,

q qq9* q (18)
1 I " l
XH —RMJq +R J.

Here, X, is the driving force due to a temperature difference, X3 and
X /" are the driving forces due to a difference in chemical potential, and
R;; are the overall interface transfer coefficients [29]. While the main
resistance to heat transfer, Ry, is independent of whether the force-flux
relations are evaluated with the vapor- or liquid side measurable heat
flux, the two coupling coefficients, R, =R, [36,37]and the resistance
to mass transfer, R,,, are not. Using that the entropy production must
be invariant with respect to the choice of force-flux formulation, the

coefficients can be converted from one side to the other by:
I — R¢ =
Ry =Ryg = Ryq> (19)
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for a conversion from the gas-side- to the liquid-side coefficients and by
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for a conversion from the liquid-side- to the gas-side coefficients. The
coefficients are related by the enthalpy of evaporation, Ah,,,

2.2.1. The thermodynamic driving forces
The thermal driving force is:

X¢=Xl=X,=— - —. (24)

Here, T! and T*¢ are obtained by extrapolating the temperature profiles
from the bulk liquid and vapor phases to the defined dividing surface
[29]. The driving force due to a difference in chemical potential must be
evaluated at the temperature of the vapor phase, when the measurable
heat flux is determined on the liquid-side:

u
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When the measurable heat flux is determined in the vapor phase, the
driving force due to a difference in chemical potential must be evaluated
at the temperature of the liquid phase

Xo = —% <ug<T’> - M’(T’)>, 28
pETS) (T I
=_<T‘T>+hg<ﬁ_ﬁ>’ @
P8 )
~—R,1 . 30
w “<pmm) (30)

Egs. 25, 26, 28 and 29 are exact formulations while Eqgs. 27 and 30 rep-
resent approximations [29]. We have compared the three formulations
of the driving forces for all evaluated experiments and found good agree-
ment. Arguably, the expressions in Eqs. 27 and 30 are the simplest
expressions for the chemical driving forces, and are therefore recom-
mended for general use.

2.2.2. Integral relations and square gradient theory

NET treats the whole of the interfacial region (grey areas in Fig. 1)
as an autonomous thermodynamic system. Properties of the interface
are described as overall excess variables, with respect to the position,
&, of the Gibbs dividing surface [29]. Once the local description of the
heat transfer resistance throughout the interface, r,,, is known, it can
be used to determine the interface transfer coefficients by use of the
integral relations [38]:

R;(T, %) =/ dz[;(2)7]. (3D

Here, z is the direction perpendicular to the interface. The transfer
coefficients are excess variables where ¢,;(2)™ = ¢(z) — O£ - 2) -
¢ @(z — £). Here, superscripts left and right indicate the position on
the left- or right hand side of the dividing surface and © is the Heavi-
side function. The integral relations are Gag = Taqs Dau = T'gq(WP* = h) and
Dy = Tgq(hP* — h)?. Here, hP* is the enthalpy of the adjacent bulk phase
and h is the local enthalpy throughout the interface (compare Fig. 1).
The enthalpy of the adjacent bulk phase is 4P = A when choosing the
measurable heat flux on the liquid side, while it is AP*® = h8 when choos-
ing the measurable heat flux on the vapor side. The integral relations
have been verified to work, e.g. by comparing to simulation results for
a Lennard-Jones spline potential [39].

A continuous description of thermodynamic properties throughout
the interface can be obtained by square gradient theory (SGT). In SGT,
the Helmholtz energy functional contains a contribution from the square
of the density gradient [40]:

Flp(2).T] = / dz[fe,,s(pcz, 1)+ SkMIVaP| 32)

where z is the position perpendicular to the interface, f,,, is the
Helmholtz energy density given by the EoS, and « is the influence
parameter. The equilibrium density profiles and other thermodynamic
variables can be determined through the interfacial region by minimiz-
ing the Helmholtz energy at a fixed total number of particles and tem-
perature. This results in a continuous, thermodynamically consistent de-
scription of thermodynamic variables through the interface, which de-
pends on temperature, density, and the density gradient. The specific
enthalpy is:

T ox(T)

hser(p(2),T) = heos(p(2), T) — =

2 _ 2
2 oT [Vo(2)| p(2)x(T)V-p(z), (33)

where h,, is the enthalpy given by the EoS. The variables obtained
from SGT can be used to determine the local thermal resistivity, which
is defined by r,, = (AT?)~! for bulk phases.
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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] 0]
46 - 65 Jafari et al. [22] @
66 - 70 Kazemi et al. [23] ®
71-75 Kazemi et al. [24] @
76 - 149 Kazemi et al. [14] (PMMA) ®
150 - 159 Kazemi et al. [14] (Steel) ®

2.3. Kinetic theory of gases

Kinetic theory of gases (KTG) was originally derived for simple hard
spheres and not for water [41]. Since the pioneering work of Hertz
[42] and Knudsen [43], KTG, however, has frequently been used to
study water evaporation. The mass flux across the interface from the
HK equation is

(T’ 8
T = | (ae”“‘( ) o B > (34)
271'kB 1/T] ‘/Tg

where o, and o, are the evaporation- and condensation coefficients, re-
spectively. Several formulations of the HK equation exist, with varying
assumptions for the two unknown coefficients. An in-depth review of
the different formulations of the HK equation was presented by Persad
and Ward [30]. A full set of interface relations for heat and mass trans-
fer in NET that is based on KTG is given by Kjelstrup and Bedeaux [29].
These transfer coefficients were derived by Cipolla et al. [28] for hard
spheres and are presented and discussed in the supplementary informa-
tion. We shall in the following focus on a formulation by Schrage [44],
who corrected the HK equation to include the bulk velocities of the va-
por. Assuming that ¢, = 6,, the HK-Schrage expression can be written
as:

2 (T 8
Tiks = 51 [ = [”“‘“( ] (35)
2-o0. \ 2zkg | /7i \/Ts

We shall further make use of the explicit expressions for the conden-
sation and evaporation coefficients from SRT (see Eq. 15 and 16) for a
comparison with those from the HK-Schrage expression.

3. Methodology

This section is divided into four subsections to enhance readability.
The three theories have been evaluated by means of 6 data sets contain-
ing in total 159 single experiments. An overview of the sets of experi-
ments is summarized in Table 1.

The post-processing procedure of the experimental data from these
sets is described in Section 3.1. The fluxes we determine are subse-
quently used to evaluate the three theories in question. SRT has no
unknown coefficients but gives explicit expressions for the evaporation
fluxes. The evaluation procedure of these expressions is described in
Section 3.2. NET has three unknown coefficients that will be determined
from experimental input. The determination of these coefficients and
how they are further evaluated by means of the experimental data is
described in Section 3.3. KTG has two unknown coefficients. We shall
evaluate two expressions from KTG, one assuming equality between the
coefficients and one that gives explicit expressions for the coefficients.
The evaluation of these expressions is described in Section 3.4.

3.1. Post-processing of the experimental data

The interface of the liquid in the experimental apparatus was held
at a constant position during the steady-state evaporation experiments.
This was done by carefully regulating the supply of liquid. The supply
of liquid gives the overall evaporation rate of the experiment, which
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may differ from the local one [22]. The evaporation chamber was evac-
uated before each experiment, such that water was the only component
present in the chamber. The vapor pressure of water could thus be de-
termined by measuring the overall pressure in the vapor phase. For all
experiments, also the temperature profiles on both sides of the interface
were measured. From these data, we first computed the heat fluxes ad-
jacent 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
from knowledge of the temperature profile and the thermal conductivity
of the phase. Temperature profiles and vapor pressures were available
for experiment sets 1, 2, 3, and 4. The temperature profiles were either
provided to us by the authors or extracted from the published profiles
using PlotDigitizer [45]. Sets 5 and 6 did not have this information and
we used the heat fluxes given in the publication.

To determine the heat fluxes, we first used a polynomial to fit the
temperature profiles in the liquid and the vapor phases. The fitted poly-
nomials were either of first- or second-order, due to the different shapes
of the temperature profiles. The measurable heat fluxes were determined
in the vapor and liquid phases from Fourier’s law using the temperature
gradient.

The thermal conductivity was determined using the CoolProp pack-
age [46] with local density and temperature as input values. CoolProp
uses the state of the art IAPWS formulation for thermodynamic proper-
ties of water [47] and an updated version of the IAPWS formulation for
the thermal conductivity [48]. The density of the vapor phase was ob-
tained by assuming a constant vapor pressure in the evaporation cham-
ber. We determined the local density from the ideal gas law

Pexp

R,Té(z)’ (36)

p8(2) =
where p#¢ is the density of the vapor, R, is the specific gas constant of
water, and T is the local temperature in the vapor phase. The assump-
tion of a constant vapor pressure inside the evaporation chamber is sup-
ported by Kazemi and Ward [14]. They showed that the vapor pressure
is constant perpendicular to the interface during steady-state evapora-
tion. The density of the liquid was determined by the saturation density
at the given temperature of the liquid, which is a good approximation
for the low temperature regime:

o= (T 37

where p'* is the saturation density.

The heat and mass fluxes should be consistent with the mass-, energy-
and momentum- balances at the interface. This becomes especially im-
portant as the evaporation flux in an experimental set-up may vary along
the liquid-vapor interface perpendicular to the transport direction [22].
A consequence of this is that the local evaporation flux can differ from
the experimentally determined averaged overall evaporation flux. We
have therefore re-analyzed the experimental data by means of the mass-
, energy- and momentum- balances, which reduce to a set of constant
fluxes at steady-state (see Eqs. 1 - 3). Egs. 1 - 3 were solved with the
heat fluxes, temperatures, and pressures in the vapor phase from ex-
periments as fixed input values. The velocities in the liquid and vapor
phase were determined using Eq. 1 and the pressure in the liquid phase
by the IAPWS formulation with density and temperature of the liquid
as input values. We found the kinetic contributions in the momentum-
and energy balances to be sufficiently small (< 0.2%) to be neglected.

The procedure above was used to investigate whether the experi-
mentally determined overall evaporation rate differed from the local.
By solving the three balance equations Eqgs. 1 - 3, it is possible to find a
set of fluxes that are in correspondence with the local heat fluxes, deter-
mined via the temperature profiles. We found good agreement between
the obtained mass fluxes and the ones measured by Jafari et al.[22] and
by Kazemi et al. [23] who used a similar procedure to determine the
rate of evaporation. By solving the balance equations in this way, how-
ever, certain multidimensional effects have been neglected, which will
be discussed further in Section 4.
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3.2. Evaluating statistical rate theory

SRT has no unknown coefficients. The evaporation flux can thus be
predicted from fluid properties and knowledge of temperatures and pres-
sures. The solutions to SRT were found by solving Egs. 7 - 10. The key
variable in SRT is the deviation of entropy during steady-state evapora-
tion compared to the equilibrium situation. This difference in entropy
can either be described by the equations provided by Kazemi and Ward
[14] (Egs. 11 - 13) or by a suitable equation of state (EoS). We have
compared the expressions from Egs. 11 - 12 to the determination of the
entropy difference using the state-of-the art IAPWS formulation for wa-
ter (see supplementary information) and found good agreement between
both approaches. For simplicity, we have therefore chosen to use the ex-
pressions given in Eqgs. 11 - 13. Here, curvature effects were neglected
due to their small contributions [24], i.e. C =0 in Eq. 11.

The equations of SRT were found to give results strongly dependent
on the pressure in the vapor phase [14]. We, therefore, chose to study
the sensitivity of SRT with respect to the pressure difference between
the saturation pressure and the actual pressure in the vapor phase. To do
this, we refitted the vapor pressure to match the local evaporation rate
in SRT. This procedure was also employed by Kazemi and Ward [14].
The vapor pressure was made a free variable within the range -10Pa
< pyr(T) — p¥ < + 35Pa. We decided for this range as it covers the
whole range of measured differences between the vapor pressure and
the respective saturation pressures, including the uncertainties.

3.3. Determination of coefficients in non-equilibrium thermodynamics

The Onsager relations [36,37] (un = Ruq) leaves NET with three
unknown coefficients to be determined for two force-flux equations. In-
tegral relations have been developed to help in this situation [38] and
we have chosen to combine the integral relations with SGT for the deter-
mination of the coefficients. Solving SGT profiles requires an EoS. The
cubic plus association (CPA) EoS has been used to represent the proper-
ties of water. We have refitted the CPA EoS by Queimada et al. [49] to
increase the accuracy in the supercooled regime, see the supplemen-
tary information. We further used a temperature-dependent influence
parameter, «(T), to account for the anomalous behavior of the surface
tension of water as a function of temperature [50]. Using SGT together
with the integral relations has the advantage that the obtained coeffi-
cients are thermodynamically consistent and that the fitting procedure
reduces to only one unknown quantity that needs to be determined for
each experiment; the local heat transfer resistance, r,,, through the in-
terface [51]. We found that the following expression reproduced most
precisely the fluxes from the steady-state evaporation experiments.

— AT ﬂz(T’)> 2
GG <p<z)1.s s )1Vl (38)

where §, and p, are parameters that need to be determined. Eq. 38 en-
sures that the local description of the thermal resistance is always pos-
itive through the interfacial region, which gives a strictly positive local
entropy production, in-line with the second law of thermodynamics.

We computed the three coefficients, R, R,, and R,,, for each single
experiment using a fitting procedure. The fitting procedure used to de-
termine the coefficients in NET is explained by means of the flow chart
in Fig. 2. Each experiment was treated independently from the others,
and the gas- and liquid side coefficients were determined for each ex-
periment. The coefficients are known to depend on the temperature of
the surface [29,51,52]. The temperature of the surface, T*, was approx-
imated as the liquid phase temperature, T* ~ T' [26].

We first solved SGT to obtain equilibrium profiles across the inter-
face at temperatures of the liquid-phase. Solving the SGT profiles gives
for each experiment a continuous description of the enthalpy, A(z), the
density, p(z) and the gradient in density Vp(z) through the interface.
We further determined the local thermal conductivity, A(z), using the

rqq(z)



M.T. Rauter, A. Aasen, S. Kjelstrup et al.

Experimental Input
- T'TIp9, ]
Solve the SGT equilibrium profile
forT>=T!

h(z) p(2) Vo(2) \(2)]

Adapt 31 and 3, [
rqq(2)

| Solve integral relations |

' Repeat ur7tll o (Raq Rap Ry

fopj = Min E /

Raq Rqu Ruu/

——

| Solve flux equations |

v

Jlsim Jsim
b

| Solve objective function, f,p; }—

Fig. 2. Flow chart of the fitting procedure used to determine the interface re-
sistances of NET.

CoolProp package with the local density and temperature as input val-
ues[46].

The next step was to carry out a minimization procedure. The pur-
pose of the minimization procedure was to find the NET interface coef-
ficients that minimize the difference between the predicted fluxes and
the experimental ones. The minimization procedure used the following
objective function:

J! - J/sim 2 - 2
J _Jhlm
ob So S;

where J ; and J are the measurable heat flux and the mass flux from the
steady-state evaporation experiment. The fluxes obtained by inverting
the flux equations (see Eqgs. 17 and 18) are denoted by superscript sim.
The expressions from Eqs. 27 and 30 were used for the determination
of chemical driving forces. We used scaling parameters to account for
the different order of magnitude of the two fluxes. These were S, =
250 J/m?s for the measurable heat flux and S; = 10~* kg/m?s for the
mass flux. The scaling factors were chosen such that they have a typical
value of the mass- and heat fluxes and such that the ratio between them
was approximately equal to the average evaporation enthalpy in the
considered temperature range, S, /S; ~ AH,, ~ 2.5 - 105 J/kg.

The minimization procedure was performed by adapting 8, and 4,
from Eq. 38. Knowledge about the local heat transfer resistance, r,,(z),
enables the determination of the overall resistances (Ryys Ry, and R,)
of the liquid-vapor interface by solving the integral relations. The inte-
gral relations were solved with the equimolar surface as dividing sur-
face, & (see Eq. 31). The overall resistances were then used to determine
the measurable heat flux, J L; sim and mass flux, J*™, by solving the flux
equations with the given experimental temperatures of the liquid and
vapor as well as the pressure of the vapor phase. This procedure was
performed using both the measurable heat flux on the gas side, J;g , and
the one on the liquid side, J ‘;’ . The fitting procedure was done with the
”fminsearch” function of MATLAB.

The use of a minimization procedure bears the risk of finding local
minima. Treating each experiment independently from the others has
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the advantage that the consistency of each experiment can be assessed
using the conversion between the gas and liquid side (see Egs. (19 - 23).
It further enables us to inspect whether the regressed coefficients follow
reasonable trends with respect to the temperature of the surface without
a priori imposing any assumptions. Also, the risk of local minima can be
decreased by varying the starting values for #;, and #, in a wide range
for each experiment. The procedure allowed us to determine a consis-
tent set of gas- and liquid-side coefficients. The presented procedure has
two drawbacks. First, it gives §, and g, the possibility to fluctuate and
vary from experiment to experiment. This means that g, and g, cannot
be used for extrapolation to other temperature regimes. Next, by using
the experimentally determined values we may induce a bias on the co-
efficients, originating from systematic or unsystematic uncertainties in
the experimental data.

The computed NET coefficients were found to be very sensitive to
the pressure of the vapor phase and the temperature jump. Only data
sets 1, 5, and 6 provided large enough fluxes and temperature jumps to
allow coefficients determination within the same order of magnitude.
Coefficients from sets 2, 3, and 4 varied by two orders of magnitudes.
We, therefore, show only coefficients from sets 1, 5, and 6 in the re-
sults sections and discuss their thermodynamic consistency and trends
with respect to the temperature of the liquid. Based on this discussion,
we have chosen the most meaningful ones and present them as average
coefficients, with a linear variation in the temperature regime of the ex-
periments. These linear fits of the coefficients are next used to reproduce
the fluxes from all experimental sets (1-6). In Section 5, we first evalu-
ate these fits using the experimental values as input. Next, we will make
the vapor pressure a free variable in order to study the sensitivity of the
results with respect to the vapor pressure by matching the experimental
fluxes. The pressures used are in the range -10Pa < p_,(T') — p¥ < +
35Pa.

3.4. Evaluating kinetic theory of gases

KTG has two unknown coefficients, which are the evaporation- and
the condensation coefficient [30]. We have evaluated the HK-Schrage
expression by assuming equality between the evaporation- and conden-
sation coefficient (see (Eq. 35)). The condensation coefficients for the
HK-Schrage equation were obtained by matching the mass flux. The
obtained condensation coefficients are compared with the explicit ex-
pressions from Persad and Ward that are based on SRT (see Egs. 15 and
16).

4. Preliminary evaluation of experiments

We start with a discussion of the experiments and their uncertain-
ties. In order to obtain an overview of the experimental results, we have
shown the result for each variable as a function of the experiment num-
ber in Figs. 3 and 4. In all experiments, the temperature of the liquid
adjacent to the interface was in the range of 258 K - 281 K. The tempera-
ture of the liquid determines the equilibrium saturation pressure which
was in the range of 200 Pa - 1062 Pa. For set 1, a heating element in the
vapor phase was used to induce larger heat fluxes to the interfaces from
the vapor side. Sets 2 - 6 used a heat exchanger on the liquid side to
control the temperature of the liquid.

The difference between the saturation pressure and the actual pres-
sure of the vapor phase is shown in Fig. 3 a). A significant scatter is seen
in the data. Relatively large pressure differences were determined in the
experiments from sets 1 and 6, while the pressure differences from sets
2 - 5 exhibited a fluctuating behavior around the saturation pressure.
The temperature jumps and their uncertainties are shown in Fig. 3 b).
The magnitude of the temperature jumps varies significantly. While it
is possible to identify clear temperature jumps for sets 1, 5, and 6, the
temperature jumps of sets 2—4 are so close to zero that they fluctuate
between 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.

The measured temperature jumps are more affected by the heat flux on
the 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-
perature jumps remain within the range 0.14 K - 0.55 K, despite large
liquid side heat fluxes. A direct connection between the vapor side heat
flux 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
Lennard-Jones fluids. There, the main resistance to heat transport ap-
peared on the vapor side of the interface. While it is possible to identify
a relation between the temperature jump and the measurable heat flux
on the vapor side, the connection between the pressure difference and
the fluxes is less clear. The uncertainties and fluctuating behavior of the
experimentally determined vapor phase pressures are too large to make
any 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
interface, assuming that the system can be described as an effective,
one-dimensional transport process. The liquid side heat flux is the dom-
inant energy supply to the interface for most of the sets. The vapor side
heat fluxes are only larger than the liquid side ones for set 5. Since
the mass fluxes were determined by solving the energy balance (see
Eq. 3), they follow the trends of the liquid side heat fluxes of sets 1, 2,
3, 4, and 6. The uncertainties shown in the figures include experimental
uncertainties in the temperature measurement as well as uncertainties
derived from the polynomial fit to the temperature profiles. The uncer-
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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.

tainties were determined, using Gauss’ law of error propagation. Fluxes
from sets 5 and 6 are shown without statistical uncertainties. An evalua-
tion of systematic measurement errors is much more difficult. This issue
becomes especially relevant as it was shown that the measured temper-
ature jumps can depend on the chosen thermocouple [14] and may also
be influenced by heat conduction in the thermocouple, inaccessibility of
the interface or rarefaction effects [27]. Here, it is especially the vapor-
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phase temperature that is prone to systematic measurement errors [27].
We have not been able to account for them in the present study.

Another possible source of error is the simplification to a one-
dimensional transport problem. It was shown that complex flow pat-
terns in the liquid and the vapor phase can evolve during evaporation
experiments [23]. They can occur due to buoyancy effects, thermocap-
illary flow along the surface, Marangoni effects, or disturbances by the
presence of the thermocouple [27,53-55]. Three-dimensional heat con-
duction effects from the sides of the evaporation container may also be
present. Heat conduction from the sides impacts especially the liquid
side heat flux, which can be seen by comparing sets 5 and 6. While the
experimental set-up was the same for both sets, the evaporation con-
tainer was made out of PMMA in set 5 and the one of set 6 consisted of
stainless steel [14]. The thermal conductivity of the container materials
in the experiments affects the heat conducted horizontally to the inter-
face. An indication of the presence of such effects is non-linear temper-
ature profiles and a two-dimensional numerical model may therefore be
needed for a priori prediction of these temperature profiles [23]. In the
present study, we used the experimentally determined one-dimensional
temperature profiles. These profiles already include local effects and
we have assumed that the heat transfer via conduction is described by
Fourier’s law sufficiently close to the interface. The validity of this as-
sumption is supported by the good agreement of the obtained evapo-
ration fluxes and the ones from Kazemi et al. [23] who used a two-
dimensional model for the determination of the evaporation fluxes. The
chosen approach of determining the local fluxes is not only common
practice in the literature [14,22], but was also necessary due to lack of
knowledge of the exact conditions at the inlet and outlet as well as of
the surrounding of the evaporation container for some of the sets. The
experimental data discussed above shall now be used to evaluate the
three theories in question.

5. Results and discussion

In the following, we examine the three theories in question and dis-
cuss whether they give a good representation of the experimental data
presented in Section 4. A discussion follows, including how to obtain
more experimental results that can further enhance the understanding
of evaporation. This follows in Section 5.4.

5.1. Statistical rate theory

As discussed in the Methodology section, the expressions of the mass
flux from SRT were evaluated using the entropy difference between the
liquid and vapor states at the interface. The evaporation flux computed
from SRT in this way (Fig. 5 a) does not show any reasonable agreement
with the experimental value of the mass flux. The predicted values de-
viated from the experimental values by up to two orders of magnitude.
The scatter in the predicted evaporation flux mirrors the scatter in the
pressure difference, which can be seen by comparing to Fig. 3 a). The
predictions from SRT are clearly most sensitive to the deviation of the
pressure in the vapor phase from the saturation pressure.

The sensitivity of SRT to the pressure difference is of interest. The
vapor pressure was therefore refitted to match the measured evapora-
tion flux. The vapor pressure difference so obtained is compared to the
experimentally determined one in Fig. 5 b).

The large sensitivity of the mass flux towards the vapor pressure en-
ables us to fit the evaporation flux within a small range away from the
saturation pressure. It was possible to match most of the evaporation
fluxes with a pressure difference of only 1 Pa. The largest pressure dif-
ference needed to match the respective evaporation flux was 3 Pa. How-
ever, this result does not agree with the measured pressure differences.
Here, set 1 is particularly notable. Shifting the pressure difference from
around 10Pa to 1-3 Pa changes the predicted evaporation flux by two
orders of magnitude. The pressure difference obtained follows the ex-
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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.

pected trend, i.e. the larger the pressure difference, the larger the evap-
oration flux.

SRT appears to under-predict the experimental pressure difference in
most of the experiments. The predicted pressure difference is, however,
for many of the experiments within the statistical error of the experi-
ments. The uncertainty in the experimentally determined vapor pressure
is large (see Fig. 3 a). An exception is data set 6, where the vapor pres-
sure differences are larger and show a systematic trend with relatively
small uncertainties. A conclusion on whether the predictions from SRT
agree or not with experimental data is not possible because there are
too few data points available with small uncertainties and significant
pressure differences.

5.2. Non-equilibrium thermodynamics

We shall next evaluate the NET expressions for interface transfer of
mass and heat. We start with a presentation of the NET coefficients ob-
tained from the integral relations and SGT. An evaluation follows of the
NET coefficients concerning to their ability to reproduce the experimen-
tally determined fluxes.

The coefficients from NET will be evaluated by their overall trends,
magnitudes, and by consistency checks. All coefficients were found to
be consistent with respect to the conversion from the liquid- to the gas
side and vice versa (compare Egs. 19-23). The coefficients were also
found to obey the criterion set by a positive entropy production [29],
which means that the product of the main coefficients must be larger
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than the one of the coupling coefficients (R, R,,, — R,,R,, > 0). Lastly,
the liquid side coupling coefficients were found to be negative while the
vapor side coefficients were found to be positive. This is in agreement
with the criterion set by the integral relations.

While all coefficients were found to fulfill these consistency checks,
they did not show a clear trend with respect to the temperature of the
liquid-phase, where T* ~ T'. Data sets 1 and 6 appeared to follow the
same trend, however, and have similar magnitudes, while data set 5
deviated clearly from the two other data sets. The difference between
the data sets is especially clear when we examine the gas-side coeffi-
cients. The difference between the liquid- and gas side coefficients is
notable. We further observed that the coefficients of set 5 increased
with increasing temperature of the liquid, while the coefficients from
sets 1 and 6 exhibited the opposite behavior. This points toward an in-
consistency in data set 5, since it is known that the coefficients should
decrease with increasing temperature of the surface [29,51,52]. The op-
posite trend of data set 5 stems from a larger deviation with respect
to the other sets for temperatures above 270 K. A personal communi-
cation with Kazemi [14] revealed that one of the pressure transduc-
ers was customized to the pressure range O - 500 Pa. For data set 5,
the experimentally determined pressures below 500 Pa should thus be
the most accurate, which could explain a stronger deviation from the
other coefficients above 270 K. Another explanation may be provided
by the absolute value of the pressure differences of the experiments.
While the measured vapor pressures of sets 1 and 6 are clearly below
the respective saturation pressure, the ones from set 5 are closer to the
saturation pressure. The relative change of the chemical driving force
of set 5 was thus much more sensitive to the experimental uncertain-
ties compared to those from sets 1 and 6. Systematic errors in the tem-
perature measurements may be another reason for the deviations be-
tween the coefficients. The problem of systematic errors was discussed
by Kazemi and Ward [14], who showed that the measured temperatures
of the gas phase from data set 5 depended on the wire thickness of the
thermostat.

We found that the coefficients from data set 1 also depended on the
experimental set-up, which is indicated by the two different shades of
blue in the figure. A heating device located above the liquid-vapor inter-
face in data set 1 was used to induce larger vapor side heat fluxes [13].
The heating device was either turned off (NH) or turned on (H). The
deviating coefficients observed for these two conditions may indicate
a systematic measurement error. The coefficients in NET should for a
single-component system only depend on the properties of the surface,
and not on the experimental conditions. This means that the coefficients
should not depend on whether the heater is turned on or not. A similar
supposition about experiment set 1 was made by Kazemi et al. [27] who
found in a numerical study that the heater may have influenced the
temperature measurement in the gas phase. We have highlighted these
discrepancies in the different data sets. The constraints imposed by the
framework of SGT enabled us to identify these deviating behaviors. SGT
is therefore not only a useful tool to deal with uncertainties but also
to identify deviating or thermodynamically inconsistent behaviors. This
means that for the given data sets, we were unable to determine a uni-
form set of coefficients, but only to give an order of magnitude estimate
of the coefficients. We further compared the total magnitude of the coef-
ficients to the ones predicted by KTG [29] (see supplementary informa-
tion). Here, we found the coefficients from KTG to be one to two orders
of magnitude smaller than the ones presented in Fig. 6. A larger devi-
ation, however, is not surprising since the coefficients from KTG were
derived for hard spheres and not for water.

Due to the deviating behavior of the coefficients from data set 5 with
respect to the temperature of the liquid phase, we will in the following
exclude this data set for the approximation of the coefficients. The co-
efficients will be analyzed by linear fits of sets 1 and 6 in the given
temperature regime. The fit was done with respect to the temperature
of the liquid and is indicated by the black dashed lines in Figs. 6. The
coefficients of these linear fits are provided in Appendix A. The NET
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coefficients will in the following be evaluated by these linear fits by in-
version of the force-flux equations (Egs. 17 and 18) to predict the fluxes
at given experimental conditions.

Fig. 7 shows the predictions from NET when using the experimen-
tally determined temperature jumps, vapor pressures, and coefficients
at the respective temperatures of the liquid, approximated by the lin-
ear fits, as input. The coefficients predict the fluxes from set 1 and set
6 to a reasonable accuracy. Even though the data from the other data
sets are not reproduced qualitatively, the right order of magnitude is
obtained for the measurable heat fluxes on the vapor side for all sets.
The evaporation fluxes and the measurable heat fluxes on the liquid side
deviate for sets 2-5. The deviations from data set 2 are notable. While
the coefficients from NET appear to predict the first 6 experiments of set
2 with sufficient accuracy, the predicted fluxes deviate clearly for the
other experiments. The evaporation chamber of data set 2 was mounted
on a heating device to control the liquid side heat fluxes [22]. Simi-
lar to set 1, this heater was turned off for the first 6 experiments. This
indicates, that the heater may have impacted the determination of the
experimental values also in set 2. Also, the constant offset between the
predicted evaporation fluxes and the experimental values from data set
5 is noticeable. Here, the predicted evaporation fluxes were approxi-
mately two times larger than the experimental values for most of the
experiments. The deviations of the predicted measurable heat fluxes on
the liquid side are more significant.

While the predictions from NET were deviating for some of the sets,
they predicted the right order of magnitude for most of the evaporation
fluxes and vapor side measurable heat fluxes. The determined coeffi-
cients may thus be used for a rough approximation of the importance
of including the interface resistance in models for the description of
evaporation- and condensation fluxes in the given temperature regime.
By using a sensitivity analysis, we found the evaporation fluxes and the
measurable heat fluxes on the liquid side to be more sensitive to the
difference between the saturation- and the vapor pressure, while the
measurable heat fluxes on the vapor side are more sensitive toward the
temperature jumps.

To study the sensitivity of NET with respect to the pressure differ-
ence, we refitted the vapor pressure to match the measured fluxes. Fig. 8
shows the resulting predictions. A comparison of Figs. 8 and 7 reveals
that a significantly improved agreement with experimental data is possi-
ble by small adjustments to the vapor pressure. The measurable heat flux
on the vapor side only varied slightly with a change in vapor pressure for
sets 2—4, where the temperature jumps remained in a range of 0.14 K and
0.55 K. This again indicates a high sensitivity of the measurable heat flux
on the vapor side towards the temperature jump. For the given regime,
the measurable heat flux on the vapor side only changes with a change
in vapor pressure if the temperature jump is very small. It was possible
to obtain good agreement between the predicted and experimentally de-
termined fluxes, due to the sensitivity of the evaporation flux and the
liquid side measurable heat flux towards the vapor pressure. Comparing
the experimentally determined vapor pressure differences and those ob-
tained from the fit (Fig. 8 d) shows varying tendencies for the different
sets. While the fit predicts larger pressure differences for sets 2—4, the
pressure of the vapor phase was shifted towards values larger than the
saturation pressure for set 5. Considering set 5, two things are particu-
larly noteworthy. First, it is possible to obtain a good match for most of
the fluxes by shifting the vapor pressure only 5 Pa, which demonstrates
the large sensitivity of the coefficients with respect to the vapor pressure
difference. Second, the fitted pressure difference follows the same trend
as that from the experiments, which could indicate a systematic error
in the measurements used for the determination of the coefficients or in
data set 5.

5.3. Kinetic theory of gases

The expressions from KTG were evaluated by fitting evaporation-
and condensation coefficients to match the evaporation flux from the
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respective experiments. The coefficients were either obtained by match-
ing the evaporation flux (HKS) or explicitly given (PW), as described in
Section 3.4. The condensation coefficients from all experimental sets are
shown in Fig. 9. The coefficients span more than two orders of magni-
tude, a result well-known in the literature[30]. While the coefficients
from Persad and Ward [30] are close to unity, the coefficients from the
other formulation are two orders of magnitude smaller. We find that
the coefficients from the HKS expression from data sets 1 and 5 have
the same order of magnitude. The coefficients from data set 5 show
a clear decreasing trend with increasing temperature for temperatures
below 270 K. A decreasing trend with increasing temperature has also
been documented in the literature [56,57]. Similar to the cases of SRT

and NET, we found these coefficients to be very sensitive to the vapor
pressure.

The explicit expressions for the condensation and evaporation co-
efficients of Persad and Ward were obtained by neglecting the vibra-
tional contributions of the full SRT expressions [30]. We found the vi-
brational contribution of the full SRT expressions to be negligibly small
for the given data sets (see the supplementary information). Using the
explicit expressions for the evaporation- and condensation coefficients
results therefore in the same prediction of the evaporation flux as the
full SRT expressions (see Fig. 5 a). The prediction captures the differ-
ence in magnitude between the different data sets, corresponding to the
different 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 ¢) 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.

perimental values by several orders of magnitude. The predicted evap-
oration flux is equally sensitive towards the vapor pressure as the full
SRT expressions since the evaporation and condensation coefficients in
Egs. 15 and 16 were obtained from Eq. 7 after the introduction of sim-
plifying assumptions [30]. This may account for the deviating behavior.
The condensation coefficients from the HKS-expression are too scattered
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Fig. 9. Condensation coefficients of different KTG formulations as given from
(PW) or matched (HKS).

to give physical insights. We conclude that neither of the expressions can
predict the mass flux with sufficient accuracy.

5.4. Discussion and guidelines for future experiments

Each theory was described and discussed above. In the following, we
present a final comparison and use the insight gained to suggest how
future experiments can be carried out.

In the present examination of recently published experiments on
evaporation of water, we have found that only NET predicted the right
orders of magnitude of the evaporation fluxes, after determination of the
coefficients. The evaporation fluxes predicted by SRT deviated up to two
order of magnitude from experiments, and also the condensation coeffi-
cients of KTG were varying by two orders of magnitude. The predictions
from all three theories are, however, very sensitive to the conditions at
the liquid-vapor interface, in particular, the vapor pressure during evap-
oration. While it was possible to determine coefficients from NET, we
found during the determination and evaluation of the coefficients indi-
cations of systematic measurement errors in some of the data sets. Due
to these indications and large uncertainties in the measurements of the
vapor pressure, it is thus not possible to give a conclusive evaluation
of the ability of the three theories to describe steady-state evaporation
experiments of water in the considered temperature regime.

To increase the accuracy of the NET coefficients and to evaluate the
three theories with a higher degree of confidence, future experimental
works should focus on measuring vapor pressures with higher accuracy
(<0.3Pa). We have seen that a difference of a few Pascal only, can sig-
nificantly change the predicted evaporation fluxes in NET and SRT, and
the condensation coefficients from KTG. Here, the use of multiple pres-
sure transducer, as performed by Kazemi and Ward [14], is likely to
reduce the uncertainty.

Particular attention should also be devoted to avoiding systematic
measurement errors. Here, it is especially the influence of the heating
device on the temperature measurement in the vapor phase that must be
considered. While the impact of heating devices on the measured vapor
phase temperature has been discussed before [27], we found that also
mounting the evaporation chamber on a heat exchanger may impact
the experimental values. This finding should be considered and investi-
gated further in future evaporation experiments. Thermodynamic con-
sistency checks are useful to identify systematic measurement errors, as
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shown in this work for the evaluation of the coefficients from NET (see
Section 5.2).

Also, a wider range of fluxes, temperature jumps, and temperatures
of the liquid could be used, to increase the accuracy of the coefficients
from NET and for a conclusive evaluation of the three theories in ques-
tion.

While it was possible to identify a direct connection between the
temperature jumps and the measurable heat fluxes on the vapor side,
the connection between the fluxes and the pressure difference of vapor
pressure and the respective saturation pressure was less clear. Experi-
ments with larger differences between the saturation pressure and the
vapor pressure can be helpful to determine this relationship. We found
the measurable heat flux on the liquid side predicted from NET to show
a larger sensitivity towards the vapor pressure than the measurable heat
flux on the vapor side. This connection may be tested by using a larger
variation of the liquid side heat fluxes and determination of the vapor
pressure. Varying the fluxes in a wider range, however, may cause side
effects and complex flow patterns may evolve. A full analysis using a
three-dimensional numerical model may therefore be needed to deter-
mine the exact fluxes and conditions at the interface.

6. Conclusions

We have presented a critical assessment of six recent experiment sets
that report temperature jumps, vapor pressures, and evaporation rates
during steady-state evaporation of water. The experiments have been
used to evaluate three state-of-the-art theories that take the resistance
of the liquid-vapor interface into account; statistical rate theory, non-
equilibrium thermodynamics, and kinetic theory of gases.

We found the expressions from statistical rate theory to agree well
with the state-of-the-art IAPWS formulation of water for the determi-
nation of the entropy difference. However, the comparison to experi-
ments indicates that statistical rate theory under-predicts the difference
between the saturation pressure and the actual pressure in the vapor
phase. We determined a set of transfer coefficients for the interfacial
force-flux relations of non-equilibrium thermodynamics based on the
two most consistent data sets. These coefficients predict the right order
of magnitude of the evaporation fluxes from the different data sets. Dur-
ing the determination and evaluation of these coefficients, we found in-
dications of systematic measurement errors in some of the data sets. The
condensation coefficients from kinetic theory of gases showed a strong
sensitivity towards the difference between the vapor pressure and the
saturation pressure, similar to the two other theories. The results from
kinetic theory of gases were too scattered to provide new physical in-
sight.

All three theories were found to be highly sensitive to the differ-
ence between the pressure in the vapor phase and the saturation pres-
sure, resulting in significant variations within a range of only a few Pas-
cals. Even with the increased accuracy of the experimentally determined
pressures from a recent study from Kazemi and Ward [14] it was not
possible to give a conclusive statement on the feasibility of the theories.
More experiments, where the pressure is measured to higher accuracy
(<0.3 Pa), would therefore be beneficial for further progress on the im-
portant topic of steady-state evaporation of water.
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Appendix A

coe

The linear fits from Fig. 6 were obtained by fitting the NET transfer
fficients of data set 1 and 6 as a function of the temperature of the

liquid.

Q=a,T' +a,

(A.])

The coefficients a; and a, are given in Table A.2 for the respective trans-

fer

coefficients.

Table Al

Fitted parameters for the NET trans-
fer coefficients as a function of the
temperature of the liquid.

Q a, a,

R;q -1.8006e-08  5.2756¢-06
Rﬁm 0.0432 -12.6357
R;M -1.0589e05 3.0927e07
RS, -1.5636e-08  4.6189¢-06
RS, -0.0025 0.7415

RS -2.7399e03 8.0423e05
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