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Abstract

Experimental results are summarized on investigations of positive temperature jumps at water–vapor interfaces during steady-state
evaporation under low-pressure. Steady-state evaporation of water experiments were carried out to measure the interfacial properties
and to obtain the evaporation rate. The interfacial vapor temperature close to the interface was always found to be higher than the inter-
facial liquid temperature. To study the influence of the vapor side thermal boundary conditions on the temperature jump, the evapora-
tion chamber was heated with the help of a heating wire mesh which was mounted in the vapor side plane above the evaporating free
surface. It was astounding to the authors to find that the temperature jump at the liquid–vapor interface increases linearly with the heat
flux from the vapor side. The maximum temperature jump across the water–vapor interface was measured as 15.68 �C in the presence of
vapor phase heating. Still higher temperature jump values can be achieved by applying higher vapor side heat fluxes close to the water–
vapor interface. It was attempted to explain these unique experimental results using existing theories of evaporation. Kinetic theory of
gases (KTG) predicts the temperature jumps, but the magnitude is 10–20 times smaller than the experimentally obtained temperature
jumps. The linearized statistical rate theory yields the evaporation mass flux expression which is same as the KTG expression with evap-
oration and condensation coefficients of unity. Only non-equilibrium thermodynamics using phenomenological equations appear to pre-
dict the magnitude of the temperature jump measured in the experimental study. However, more theoretical work needs to be done to
fully understand the new experimental findings reported here.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction and objectives

Evaporation and condensation processes are of great
importance for a wide range of physico-chemical technolo-
gies, meteorological and environmental applications. Evap-
oration of water at free surfaces has been the subject of
investigations by various researchers in the past decades
owing to its wide technical applications. Both experimental
and theoretical investigations have been carried out in
order to understand the evaporation of a pure liquid from
its free surface. The evaporation process starts basically at
0894-1777/$ - see front matter � 2007 Elsevier Inc. All rights reserved.
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the liquid–vapor surface depending on its interfacial prop-
erties across the free interface.

Thermodynamic considerations play an important role
in the analysis of interfacial phenomena associated with
evaporation and condensation process. According to classi-
cal thermodynamics, when two phases coexist in equilib-
rium, temperature (Tl = Tv), pressure (Pl = Pv = Psat) and
chemical potential (ll = lv) are continuous across the
phase interface and the evaporation rate is zero. Phase
change occurs, such as evaporation or condensation, only
under non-equilibrium conditions and the continuity of
the above mentioned intensive thermodynamic variables
at the interface cannot be ensured. Macroscopic thermody-
namic and fluid mechanic treatments of the interface
assume a sharp discontinuity in the density, but constant
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Nomenclature

Ai cross sectional area of surface, m2

hl specific enthalpy of liquid, J/kg
hv specific enthalpy of vapor, J/kg
2H mean radius of curvature, 1/m
Ji thermodynamic flux, –/m2 s
kh coupling coefficient
Ke equilibrium molecular exchange rate, kg/m2 s
ls

qq diagonal transfer coefficient of vapor heat flux,
W/m2

ls
ww diagonal transfer coefficient of evaporation flux,

kg s/m4

ls
qw; l

s
wq non-diagonal transfer coefficients, kg/m2 s

Lij phenomenological Onsager coefficients, W K/
m2

M molecular weight, kg/mol
_m net mass flux, kg/m2 s
_mlv mass flux from liquid to vapor phase, kg/m2 s
_mvl mass flux from vapor to liquid phase, kg/m2 s
_qi heat flux, W/m2

_ql liquid side heat flux, W/m2

_qv vapor side heat flux, W/m2

R universal gas constant, J/mol K
Rc radius of curvature, m
P e

l equilibrium liquid pressure, Pa
P e

v equilibrium vapor pressure, Pa
Psat(Tl) saturated vapor pressure at liquid temperature,

Pa
Pl liquid pressure, Pa
Pv vapor pressure, Pa
s specific entropy, J/kg K
Dslv change in entropy, J/kg K
SCV total entropy per unit area, J/m2 K

_Se entropy change flux, W/m2 K
_Sirr entropy production, W/m2 K
T temperature, K
Tl liquid phase temperature, �C
Tv vapor phase temperature, �C
Ui velocity, m/s
Ul liquid phase velocity, m/s
Uv vapor phase velocity, m/s
Xi thermodynamic forces
V control volume, m3

Greek symbols

a temperature jump coefficient, m2/W
b temperature jump coefficient, m2 s/kg
gev evaporation coefficient
gcon condensation coefficient
ll chemical potential of liquid, J/K
lv chemical potential of vapor, J/K
q density, kg/m3

ql liquid density, kg/m3

qv vapor density, kg/m3

r surface tension, N/m
sij shear stress, N/m2

� vibration frequency terms, J/kg K

Acronyms
DFT density functional theory
KTG kinetic theory of gases
MD molecular dynamics
NET non-equilibrium thermodynamics
SRT statistical rate theory
PVC poly vinyl chloride
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temperature and pressure across the liquid–vapor bound-
ary. Therefore, it is important to investigate and under-
stand the physical mechanism and the direction of the
interfacial discontinuity during the evaporation process.
Several theoretical approaches have been used to examine
the interfacial conditions during evaporation. Classical
kinetic theory of gases (KTG) has provided the molecular
basis for understanding the evaporation for over a century
[1–3]. Ward and Fang [4] proposed statistical rate theory
(SRT) as an alternative to KTG for the treatment of evap-
oration. Non-equilibrium thermodynamics (NET) treat-
ment provided a good insight into evaporation process [5].

The classical papers of Hertz [1] and Knudsen [2] on the
evaporation of liquid mercury into vacuum showed that
the interfacial process requires treatment from the view-
point of the kinetic theory of gases (KTG). With the help
of KTG, an expression was derived for the net one-dimen-
sional evaporation mass flux across a liquid–vapor inter-
face in terms of interfacial properties [Tl,Tv and
Psat(Tl),Pv]. According to the kinetic theory, non-equilib-
rium effects occur in a kinetic layer (called the Knudsen
layer) with a thickness of the order of the molecular mean
free path. This treatment considers different temperatures
in the liquid and vapor phases just across the liquid–vapor
interface. This macroscopic temperature difference is so
called ‘‘temperature jump’’ across the interface which is
one of the driving force for net rate of evaporation. How-
ever, the macroscopic jumps across the interface (tempera-
ture, pressure and density changes) are continuous in a
microscopic sense but might have sharp gradients of tem-
perature, pressure and density across the liquid–vapor
interface region in a molecular length scales, respectively.

The measured value of net rate of evaporation was
observed to be much smaller in comparison with the evapo-
ration rate that was predicted according to the developed
KTG expression [1,2]. Due to deficiency in prediction, con-
densation coefficient (gcon) and evaporation coefficient (gev)
were defined on a molecular level based on the processes of
evaporation and condensation which involve a molecule
being emitted from a surface or an impinging molecule being



1 The measured temperature jumps should not be confused with the
temperature gradients; the gradients of temperature at the interface within
a 50 lm distance are calculated to be much smaller than the temperature
jumps for such precise evaporation experiments.
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condensed at the surface. Both Hertz [1] and Knudsen [2]
calculated from their measurements the value of the evapo-
ration coefficient. They found from their experiments that
the value of evaporation coefficient to be much smaller than
the theoretically predicted value of unity. Rideal [6] and
some time later Alty [7–9] initiated extensive evaporation
experiments with water and noticed that the experimentally
obtained evaporation coefficient was two to three orders of
magnitude smaller than the theoretically considered value.
Schrage [3] further looked into the derivations of KTG for
evaporation and modified the Hertz–Knudsen theory by
including the net macroscopic velocity of vapor, which is
not well represented by a stationary Maxwellian distribu-
tion, and suggested the equation, known as the Hertz–
Knudsen–Schrage [3] or Kucherov–Rikenglaz [10] equation.

Since then, there have been numerous investigations
(e.g. [11–22]) in order to determine ‘‘a true value of an
evaporation coefficient’’. In many publications, the evapo-
ration coefficient is not distinguished from the condensa-
tion coefficient, both of them being used synonymously.
Initially, several futile attempts were made to measure the
temperature of the free surface accurately. Later, Prüger
[11] performed successful measurements by using two fine
thermocouples placed above and below the liquid interface.
For several years, Hickman [12] argued that the real value
of the evaporation coefficient is unity and, owing to surface
contamination, the experimentally obtained evaporation
coefficient is less than unity. Barnes [22] indicated, by using
the data of Alty [7], a significant decrease in the evapora-
tion coefficient when the surface temperature of water
was lowered. Mendelson and Yerazunis [17] observed an
increase in the value of the evaporation coefficient as the
surface temperature increases. Marek and Straub [23] and
Eames et al. [24] presented thorough reviews of the evapo-
ration and condensation coefficients of water which were
determined experimentally by various researchers over
the past few decades. They reported that the values of
evaporation coefficient deduced from different measure-
ments were scattered over four orders of magnitude in
the literature [23]. Various arguments can be found in the
literature for the significant differences between experimen-
tally obtained and theoretically predicted evaporation coef-
ficients, such as rapid cooling of the interface, impurities at
the surfaces and inaccurate measurements of the tempera-
ture across the interface [6,7,9,16]. In recent work by Bond
and Struchtrup [25], the evaporation mass flux has been
obtained by splitting molecular distribution into half-space
integrals, under slow evaporation conditions. They consid-
ered the condensation coefficient from the transitional state
theory and obtained the coefficient values from the experi-
mental results of Fang and Ward [26]. The mean value of
the evaporation coefficient has been taken to be same as
the mean condensation coefficient, with an assumption that
its variations with pressure and temperature may turn out
to be negligible [25].

Ward and co-workers [4,26,27] carried out a series of
experiments on the steady-state evaporation of water.
Their experiments were carefully performed utilising pure
distilled, de-gasified water in order to avoid any impurities
in their steady-state evaporation experiments. The temper-
atures across the interface were measured with a 25 lm
thermocouple to yield spatially well-resolved measure-
ments of the local temperature distribution near the inves-
tigated water–vapor interfaces. This smaller thermocouple
facilitated to move very much closer to the interface than
that of any other previous investigations. The temperature
measurement was also cross checked with another thermo-
couple of 81.3 lm in diameter which was mounted 0.5 mm
above the 25 lm thermocouple and found the same and
consistent readings with both of the thermocouples at a
specific location [27]. The found significant temperature
jumps1 across the interface and the vapor phase tempera-
ture close to the interface was always higher than the liquid
phase temperature [4,26–28]. It is interesting that they mea-
sured temperature discontinuities of up to 7.8 �C across the
liquid–vapor interface of water with a strong dependence
on the vapor side pressure [26].

Ward and Fang [4] proposed that the statistical rate the-
ory (SRT) can account for the evaporation rate on the
basis of measured or known values of temperature discon-
tinuity at the interface. They derived a non-linear expres-
sion for the mass flux due to evaporation as a function of
the entropy change across the liquid–vapor interface. The
entropy change is due to a change in the energy properties
of the molecules across the interface. The expression of
Ward and Fang [4] for evaporation was obtained by adopt-
ing two-layer model considerations, and taking into
account the thermodynamic states of liquid and its vapor.
It was assumed that the properties of the liquid and vapor
phases remain unchanged during the transfer of a certain
number of molecules.

Another method of constructing the equations for phase
change at the liquid–vapor interface is the non-equilibrium
thermodynamics (NET). Bedeaux and Kjelstrup [5] derived
expressions for evaporation and heat fluxes based on the
entropy production equation from non-equilibrium ther-
modynamics. The NET linear laws are generally with phe-
nomenological transfer coefficients which need to be
calculated from all available experimental results. The
authors [5] calculated the transfer coefficients using the
experimental results of Ward and co-workers [4,26,27]
and in some cases the authors obtain unphysical results
(see Tables 2 and 3 in Ref. [5]). The density functional the-
ory (DFT) [29] and molecular dynamics (MD) based simu-
lations [30–33] are emerging as most of the fundamental
approaches towards understanding of phase change pro-
cesses. Rosjorde et al. [34]’s non-equilibrium molecular
dynamic simulations showed the steep gradients of temper-
ature, pressure and density close to the interfacial region in
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a microscopical molecular length scales which are signifi-
cantly different than that of the gradients in either of the
bulk phases. One cannot resolve so steep gradients at the
interface experimentally and hence referred macroscopi-
cally as jump conditions across the liquid–vapor interface.
The MD simulations are not discussed further because it is
beyond the scope of present experimental and theoretical
work.

1.1. Present work

The work reported in this paper was motivated from the
experimental results of Ward and co-workers [4,26,27] in
which the temperature jump across the water–vapor inter-
face is up to 7.8 �C [26]. Our experimental and theoretical
investigations were carried out to elucidate the physics of
evaporating liquid–vapor interfaces. For this purpose, ini-
tially a rectangular steel channel was built [35,36] and a
few preliminary evaporation experiments were conducted.
In these results, the maximum observed temperature dis-
continuities across the water–vapor interface were consid-
erably smaller than those found in the experiments of
Fang and Ward [26]. It is observed that both the material
of the channel to hold the water and the geometric design
of the evaporating water pool are not suitable to obtain
controlled results and to understand the evaporation of liq-
uids. Further, the geometrical influence and heat leaks
effect on the temperature jumps during evaporation were
discussed in detail by Bond and Struchtrup [25].

Steady-state evaporation of water experiments were car-
ried out in a new poly-vinyl chloride (PVC) rectangular test
section, which was built to reduce the magnitude of the
heat leaks in the setup. It was aimed to observe tempera-
ture jumps across the water–vapor interface due to evapo-
ration under low-pressure and to control or enhance the
temperature jumps by subsequent steps. It was found from
the preliminary basic experiments and theoretical analysis
that the temperature jump at the interface, occurring
because of evaporation, is a function of the heat fluxes
from the liquid and vapor sides. Based on the analysis,
new experimental device was designed with a heating ele-
ment in the vapor phase to enhance the heat and mass
transport at the free surface, accordingly enhances the tem-
perature jumps. The vapor phase heat flux to the interface
was controlled using the heating element to study the inter-
facial properties during steady-state evaporation. From the
experimental results obtained with the new design, it was
observed that the temperature jumps can be varied consid-
erably by changing the heat flux from the vapor side. Inter-
estingly, Bond and Struchtrup [25] also pointed out the
similar feature of linearity between temperature jump and
vapor phase heat flux during evaporation based on their
theoretical investigations. The experimental results
obtained from the steady-state evaporation of water, which
were described in Section 2, were used to analyse the exist-
ing theories. A review of the description of the evaporation
phenomenon using the kinetic theory of gases, statistical
rate theory and non-equilibrium thermodynamics is pre-
sented in Section 3 and the theories were delved to establish
which theory could best explain the experimental results.
The major conclusions are summarized in Section 4.

2. Experimental investigation

The experimental investigations on the properties of the
water–vapor interface during the phase change process
were carried out to acquire a closer understanding of the
theoretical results deduced from KTG, SRT and NET.
An experimental setup equipped with heating element
was constructed to examine the parameters that influence
the temperature discontinuities across the free surface. A
series of steady-state evaporation experiments on water–
vapor system were carried out by following a rigorous
experimental procedure for each measurement. The details
of the experimental setup and the measuring techniques
together with the final results are presented in this section.

2.1. Experimental Technique

A schematic diagram of the experimental setup for the
analysis of the evaporation process is shown in Fig. 1.
The equipment is as described by Popov et al. [35] with a
modified test section, a heating element and an accurate
pressure measurement device. The modified evaporation
channel with a rectangular opening was made of PVC
(23 mm in length and 8 mm in width at the mouth) to sup-
press the heat leaks, in place of the earlier stainless steel
channel of Popov et al. [35] (Fig. 2). An inlet opening is sit-
uated at the centre location of the bottom of rectangular
channel to inject the liquid. This opening is expanded in
such a way that there is negligible effect of the inlet velocity
of fluid on the free surface. A pressure transducer
(CDG361-211 from INFICON) was connected at the top
of the Perspex cylindrical chamber to measure the vapor
phase pressure of the system along with a mercury manom-
eter as a reference. The temperature of liquid at the inlet
throat of the channel was partially controlled by a liquid
circulation system connected to a thermostat bath (MGW
Lauda RC6) to avoid nucleation of vapor bubbles along
the liquid line.

Distilled, de-ionized and nano-filtered water (ROTI-
SOLV HPLC gradient grade water from Carl Roth GmbH,
with a resistivity of 18.0 MX cm) was directly introduced
into a glass vessel, sealed and de-gassed for 30 min using
a pump connected with a liquid nitrogen cold trap. Before
starting an experiment, the chamber and syringe were evac-
uated for 12 h to a pressure of about 10�2–10�3 mbar using
a turbomolecular pump. The de-gassed water was then
filled into the syringe without exposure to air. Once the
water surface appeared at the channel brim by purging
water from the syringe pump, the liquid in the rectangu-
lar-shaped channel was pressurised with nitrogen (about
2.0 bar) to fill water in any possible cavities in the water
tube. About 1 h later, the pressure in the chamber was
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released and around one-sixth of the water in the syringe
was flushed out to remove the upper layer of the liquid in
which nitrogen can dissolve. If the nitrogen is present in
the liquid even after the flushing of upper liquid, then the
nitrogen gas will come out from the liquid surface in
the form of bubbles and disturb the free surface during
the evaporation and hence steady-state evaporation condi-
tion cannot be achieved. After removing upper layer of the
liquid, the chamber was evacuated with a rotary vane vac-
uum pump until it was dry. Thereafter, the water was
pumped up to the brim of the channel by the syringe pump.
In each experiment, the free surface was maintained
approximately 1 mm above the mouth of the rectangular
channel so that the water–vapor interface curvature could
be approximated as cylindrical at this height from the edge
of the channel. The position of the interface was monitored
by a cathetometer with an accuracy of ±10 lm. The pres-
sure in the vapor phase could be controlled to a certain
value by opening and closing the valve of the rotary vane
vacuum pump.

A steady-state evaporation rate was obtained by adjust-
ing a metering valve connected to the rotary vane pump
and by regulating the flow rate of the micro syringe pump.
After a constant interface height (less than ±10 lm move-
ment) and vapor phase pressure has been achieved, the sys-
tem was assumed to be operating under steady-state
condition. This specific steady-state condition was main-
tained throughout the experiment. The movable 25 lm
thermocouple was positioned on the centreline (shown in
Fig. 2) of the channel by monitoring through the cathetom-
eter. The temperatures were measured by moving down the
25 lm thermocouple in both vapor and liquid phases in a
straight line. The distance between two measurement
points was 10 lm in the vapor phase near the interface
and 20 lm in the liquid phase. The second measured point
inside the liquid phase was taken to be the liquid phase
temperature since the 25 lm thermocouple bead is not
dipped inside the water completely at the first point of
the measurement. Therefore, 50 lm is the distance between
the vapor and the liquid phase temperature measured
points. A heating element grid (shown in Fig. 2) was
mounted 3 mm above the free surface to supply different
temperatures at the vapor side boundary with the help of
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a voltage generator. The basic idea of mounting the heating
element at the vapor side is to study the influences of the
vapor side heat flux on the interfacial temperature discon-
tinuities and hence to understand the evaporation process.
The velocity of the vapor is always in the positive z-direc-
tion, hence the heat transfer from the heating element to
the free surface takes place only by thermal diffusion.
The heat distributed from the heating element to the
liquid–vapor interface was assumed to be homogeneous
in the present steady-state evaporation experiments. The
thermocouple was modified in to U-shape (Fig. 2) in such
a way that the ratio of the length of the horizontal section
(�3 mm) to its diameter (25 lm) is sufficiently large so that
the thermal conduction along the wires can be neglected
[26]. The emissivity of heating element (Constantan mate-
rial) is �0.09 and also the absorptivity of thermocouple
bead is less than 1. The order of magnitude analysis indi-
cates that the radiation effect from heating element to the
bead of thermocouple is negligible. Hence, the thermocou-
ple reading at any position is accurate and free from the
influences of conduction and radiation.

2.2. Measurements and results

Several steady-state evaporation experiments on water
were carried out under different operating conditions
according to the experimental procedure explained in the
previous section. In the first set of experiments, external
Table 1
Summary of the steady-state evaporation experiments where thermal conditio

Pv (Pa) _m� 104 (kg/m2 s) Tl (�C) Tv (�C) (Tv � Tl) (�C) _ql (W/m2)

No heating

561.0 4.70 �1.10 0.73 1.83 546.26
490.0 4.92 �2.96 �0.93 2.03 563.81
389.1 5.49 �6.02 �3.76 2.27 641.95
336.5 5.79 �7.90 �5.29 2.60 684.45
292.4 6.15 �9.61 �6.83 2.78 709.86
245.3 6.59 �11.67 �8.42 3.25 689.93

Heating at 30 �C

736.0 5.78 2.65 6.64 3.99 584.82
569.5 6.07 �0.91 2.93 3.84 659.86
483.0 6.36 �3.18 1.04 4.22 685.49
391.2 6.87 �6.02 �1.26 4.76 766.51
295.2 7.37 �9.51 �4.01 5.50 811.50
240.3 7.68 �11.85 �6.09 5.76 958.10

Heating at 40 �C

736.0 6.71 2.65 7.97 5.33 673.66
567.0 7.16 �0.97 4.82 5.79 698.46
485.0 7.34 �3.12 3.02 6.14 785.40
392.3 7.80 �5.95 0.57 6.52 781.51
288.5 8.32 �9.80 �2.22 7.59 919.74
236.6 8.53 �12.18 �4.00 8.18 943.22

The temperature jump predicted from KTG [Eq. (3)] and the interfacial tran
relations [Eqs. (22) and (23)] are presented.
heating was not supplied at the vapor side and these exper-
iments are referred as ‘‘No heating’’ experiments from
hereafter. After achieving a steady-state condition, by
keeping a constant evaporation rate at a particular pressure
as explained above, the temperature profiles were measured
both in the vapor and in the liquid side at the centreline of
the evaporation channel. Initially, a few steady-state evap-
oration experiments were performed by changing only the
vapor pressure of the system. There exists a temperature
discontinuity across the water–vapor interface and the tem-
perature at the vapor side of the interface was observed to
be higher than that in the liquid side of the interface (Table
1). It is interesting to note that the water remains in liquid
state throughout all the experiments even when the pres-
sure of the system is less than 610 Pa (saturated properties
of aqueous water below zero degree centigrade are given in
[37]). It was observed that the evaporation mass flux
increases with decrease in the vapor pressure of the system
(Table 1). Moreover, the temperature jump was found to
increase with decrease in the vapor pressure of the system.
The maximum temperature jump across the water–vapor
interface was 3.25 �C at 245 Pa pressure (see Fig. 3). The
temperature jumps across the water–vapor interface found
by Fang and Ward [26] from their experiments in conical
funnel were much larger (up to 8 �C) than those in the pres-
ent experimental studies which were performed in a rectan-
gular opening channel. It was found by Bond and
Struchtrup [25] that larger temperature jumps can be
ns were measured at the centreline of the channel

_qv (W/m2) (Tv � Tl) (�C) lqq · 10�4 (J/m2 s) lww · 108 (kg2/J m2 s)

KTG kh kh

0 0.18 0 0.18

�88.56 0.06 1.33 1.05 162 15.7
�94.10 0.08 1.26 1.03 171 14.8
�103.69 0.10 1.23 0.66 58.7 12.6
�106.03 0.12 1.09 0.41 37.7 10.5
�112.01 0.15 1.07 0.16 23.4 8.96
�117.14 0.18 0.95 0.03 17.9 7.60

�231.45 0.15 1.62 1.62 3610 9.93
�211.24 0.17 1.52 1.49 546 10.5
�209.04 0.20 1.36 1.34 833 10.0
�221.68 0.26 1.27 1.19 202 9.20
�217.71 0.33 1.06 0.74 31.3 6.91
�236.99 0.43 1.10 0.62 17.8 5.87

�304.84 0.20 1.61 1.60 2860 8.67
�313.40 0.27 1.50 1.49 642 8.34
�313.96 0.31 1.41 1.40 713 8.02
�320.00 0.39 1.34 1.26 123 7.56
�327.19 0.53 1.17 0.96 34.9 6.04
�335.47 0.66 1.10 0.89 30.0 5.61

sfer coefficients for water resulted from non-equilibrium thermodynamic



Fig. 3. Measured temperature jump as a function of vapor pressure with different boundary conditions at the vapor side, indicating an increase in the
temperature jumps with increase in vapor side heat flux.
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observed in spherical geometry, as compared to the planar
settings. The amount of liquid phase heat flux and the
evaporation flux of water were similar in the present exper-
iments and experiments done by Fang and Ward [26]. It
was noticed that the vapor phase heat flux was much higher
in Fang’s data (133–202 W/m2) compared with the present
results under the similar evaporation conditions (see No
heating results in Table 1). This analysis suggests that the
_qv might influence the temperature jumps across the free
surface significantly. Therefore, second set of experiments
were conducted by controlling the vapor phase heat fluxes.

In the second set of experiments, the temperature of the
heating element was kept initially at 30 �C by applying a
constant current and voltage to increase the heat flux from
the vapor side. The net evaporation mass flux also increases
with respect to the first set of evaporation experiments
(without heating case). Under this heating condition, the
vapor pressure of the system was varied to observe the
influence of vapor pressure on the temperature jump across
the evaporating interface. It can be seen from the Table 1
that the maximum temperature jump has increased from
3.25 to 5.76 �C at approximately the same pressure. The
temperature of the heating element was increased in a reg-
ular steps until 80 �C and a series of experiments were car-
ried out by varying the vapor pressure in each case. The
measurements obtained by various thermal boundaries
are presented in Tables 1 and 2. The liquid and vapor side
heat fluxes were computed from the temperature profiles
and thermal conductivities, respectively.

The variation in temperature jumps with the change in
vapor pressure and the change in vapor side thermal
boundary conditions are presented in Fig. 3 for all experi-
ments. The experimental results indicates that the temper-
ature jump increases predominantly with increase in the
vapor side heat flux (vapor side boundary temperature)
and also increases with the decrease in vapor pressure of
the evaporation system. The temperature jumps can be
seen in the experiments even when the vapor pressure of
the system is more than 610 Pa (see Tables 1 and 2, more
than 10 experiments were above triple point of water). This
suggests that the temperature jump phenomena is not due
to meta-stable state of water. Only thing is these tempera-
ture jumps are significant under low vapor pressure condi-
tion compared with the evaporation at higher vapor
pressure condition. However, the temperature jump across
the interface depends strongly on the vapor side heat flux
compared with that of the vapor pressure of the system.
The temperature jumps across the water–vapor interface
were measured to be as high as 15.68 �C at 213 Pa pressure
with increase in the vapor side heat flux for the case of
heating at 80 �C (Fig. 4). A typical temperature profile in
the water–vapor system is shown in Fig. 4. The liquid side
temperature profile is linear, which indicates that thermal
conduction is the major mode of energy transport towards
the free surface. In order to understand the major contribu-
tion of the vapor side heat flux on the temperature discon-
tinuity, the temperature profiles are presented in Fig. 5 at
around constant pressure. The temperature discontinuity
varies linearly from 2.83 to 11.61 �C with increase in the
vapor side heat flux under similar vapor pressure condi-
tions. The phase change processes such as evaporation
and condensation are strongly non-equilibrium processes
and they indeed inherited with discontinuities (pressure,
temperature, entropy, free energy, etc.) at the free surface.
In general, it is possible to bring an evaporation process far
from the equilibrium state by varying the heat and mass



Table 2
Summary of the steady-state evaporation experiments where thermal conditions were measured at the centerline of the channel

Pv (Pa) _m� 104 (kg/m2 s) Tl (�C) Tv (�C) (Tv � Tl) (�C) _ql (W/m2) _qv (W/m2) (Tv � Tl) (�C) lqq · 10�4 (J/m2 s) lww · 108 (kg2/J m2 s)

KTG kh kh

0 0.18 0 0.18

Heating at 50 �C

847.9 7.66 4.66 10.91 6.25 828.23 �396.63 0.24 1.80 1.77 318 8.33
743.0 7.81 2.79 9.50 6.71 793.81 �396.79 0.27 1.67 1.65 609 7.98
572.4 8.36 �0.92 6.37 7.29 771.91 �417.34 0.36 – – – –
391.4 9.04 �6.03 2.77 8.80 893.47 �411.50 0.51 1.29 1.28 534 6.88
288.5 9.70 �9.82 �0.12 9.69 942.55 �416.22 0.68 1.17 1.02 43.5 5.82
236.0 10.1 �12.21 �1.97 10.25 992.83 �421.29 0.84 1.11 0.95 36.3 5.54

Heating at 60 �C

866.0 8.10 5.04 12.90 7.86 1138.86 �472.47 0.28 1.72 1.63 86.4 6.68
743.9 8.67 2.80 11.07 8.27 1016.58 �478.56 0.33 1.65 1.64 972 7.27
569.2 9.25 �0.92 7.96 8.89 993.98 �485.88 0.43 1.54 1.53 1370 7.16
386.3 9.86 �5.97 3.83 9.80 1073.50 �490.23 0.62 1.39 1.23 42.7 5.90
291.7 10.5 �9.41 1.33 10.73 1182.54 �500.89 0.81 1.28 1.03 21.9 5.06
235.5 10.8 �12.04 �0.54 11.49 1208.74 �499.86 0.99 1.19 0.96 22.3 4.91

Heating at 70 �C

966.8 8.82 6.62 10.72 4.10 1255.64 �569.64 0.30 3.95 3.57 83.4 12.7
850.5 9.22 4.75 13.37 8.62 1182.30 �552.41 0.33 1.84 1.77 139 7.15
747.0 9.58 2.86 12.38 9.52 1174.38 �551.72 0.38 1.65 1.65 1633 7.03
573.1 10.2 �0.87 9.60 10.47 1053.56 �571.84 0.50 – – – –
389.2 10.9 �5.94 5.56 11.51 1123.64 �567.60 0.72 1.37 1.28 66.1 5.89
290.7 11.3 �9.58 3.23 12.81 1201.03 �574.88 0.95 1.24 1.08 31.4 5.02
215.6 11.8 �12.99 1.63 14.63 1226.83 �582.59 1.26 1.09 0.91 21.6 4.35

Heating at 80 �C

1076.8 9.28 8.11 17.82 9.71 1277.74 �591.05 0.28 1.77 1.74 223 6.63
946.3 10.0 6.43 15.95 9.52 1391.01 �637.26 0.34 1.94 1.77 47.7 6.45
855.1 9.87 4.71 14.90 10.19 1270.42 �628.52 0.38 – – – –
744.5 10.6 2.92 13.68 10.76 1307.06 �642.74 0.44 1.71 1.64 103 6.49
569.2 10.9 �0.77 10.84 11.61 1202.59 �655.14 0.58 1.60 1.52 82.0 6.07
388.7 11.6 �5.46 7.77 13.23 1232.48 �647.87 0.79 1.38 1.13 18.7 4.57
288.1 11.9 �9.76 4.69 14.44 1138.66 �650.56 1.10 1.25 1.14 39.9 4.92
213.0 12.3 �13.42 2.27 15.68 1198.74 �623.28 1.41 1.09 1.02 53.2 4.81

The temperature jump predicted from KTG [Eq. (3)] and the interfacial transfer coefficients for water resulted from non-equilibrium thermodynamic
relations [Eqs. (22) and (23)] are presented. Dashes indicate a non-physical value of the coefficients since the measured Pv is slightly higher than Psat for
evaporation and therefore not computed.
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fluxes along the free surface to obtain higher temperature
discontinuities. In principle, the sign of the temperature
discontinuity can be reversed based on the second law of
thermodynamics [38], but this may or may not be achiev-
able experimentally.
3. Summary of theoretical analysis

In this section, the results obtained from the steady-state
evaporation of water experiments are used to verify various
existing theories such as the kinetic theory of gases, statis-
tical rate theory and non-equilibrium thermodynamics.
Further, the evaporation theories are explored to establish
which theory can best explain the experimental results.
3.1. Kinetic theory of gases (KTG)

Ever since the pioneering contributions of Hertz [1], and
Knudsen [2], the kinetic theory of gases has been widely
employed to understand the evaporation of liquids.
According to Hertz [1], and Knudsen [2], the molecules
are released, or evaporated, _mlv, from the liquid surface
of the Knudsen layer according to a half-range Maxwellian
distribution function, and depends on the liquid tempera-
ture Tl and the saturation pressure Psat(Tl). On the other
hand, molecules impinge from the vapor space on to liquid
surface, _mvl, and in a similar way depends on the vapor
temperature Tv and the vapor pressure Pv at the vapor
boundary of Knudsen layer. It is to be noted that the bulk
vapor velocity was assumed to be zero in this derivation.
After including the evaporation coefficient, gev and conden-
sation coefficients, gcon, the net mass flux, _m, can therefore
be expressed as _m ¼ gev _mlv � gcon _mvl, which results in the
Hertz–Knudsen equation:
_m ¼
ffiffiffiffiffiffiffiffiffi
M

2pR

r
gev

P satðT lÞffiffiffiffiffi
T l

p � gcon

P vffiffiffiffiffi
T v

p
� �

: ð1Þ



Fig. 4. Liquid and vapor side temperature profiles at 213 Pa pressure for the case where the heating element temperature was maintained at 80 �C. The
temperature discontinuity across the interface is 15.68 �C under this evaporation condition.

Fig. 5. Liquid and vapor side temperature profiles at around 570 Pa pressure with different heating conditions at the vapor side.

284 V.K. Badam et al. / Experimental Thermal and Fluid Science 32 (2007) 276–292
Nevertheless, as already stressed in the Introduction, the
theory does not provide consistent results when applied
to evaporation experiments and the reasons for this sug-
gested in the literature are not satisfactory [1,2,6–9]. Per-
haps the experiments were not commensurate with the
assumptions made by the theory. Schrage [3] further cor-
rected the Hertz–Knudsen relation [Eq. (1)] by including
the bulk velocity of the vapor in the Maxwellian distribu-
tion function and suggested the equation which is known
as Hertz–Knudsen–Schrage [3,23] or Kucherov–Rikenglaz
equation [10]. After considering gev = gcon [23], the
Hertz–Knudsen–Schrage relation can be simplified to
_m ¼ 2gev

2� gev

ffiffiffiffiffiffiffiffiffi
M

2pR

r
P satðT lÞffiffiffiffiffi

T l

p � P vffiffiffiffiffi
T v

p
� �

: ð2Þ

The evaporation coefficients are calculated for the present
steady-state evaporation of water experiments using Eq.
(2). The evaporation coefficients of water obtained for
the present steady-state evaporation experiments are signif-
icantly scattered, as shown in Fig. 6. Fig. 6 indicates that
the evaporation coefficient cannot be defined as a property
of the liquid interface. It should be mentioned here that the
±13 Pa accuracy in measuring vapor pressure contributes
to some extent to the scatter of the evaporation coefficient.



Fig. 6. Variation in magnitude of evaporation coefficient (gev) of water computed from Eq. (2) for present experiments with different vapor side boundary
conditions.
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However, for the same saturation pressure, the experimen-
tal values of this coefficient are scattered owing to the va-
por side boundary conditions (see Fig. 6). This indicates
that in reality gev is a complex function of liquid and vapor
temperature, heat fluxes, etc. Hence a constant value of the
evaporation coefficient may not be used to predict the
evaporation rate. It might be required to correlate gev in
terms of Psat(Tl), which is a controlling parameter at the li-
quid side and Tv, which indicates the magnitude of non-
equivalence. Moreover, gev and gcon were defined [23] in a
different way and hence should not be used synonymously.
Further, Bond and Struchtrup [25] showed that the con-
densation probability of individual molecules strongly af-
fects the expression for gev and gcon.

It was pointed out by Barrett and Clement [39] that Sch-
rage’s equation for evaporation flux does not conserve
momentum and energy. The evaporation rate is driven by
the amount of heat supplied to the interface, hence heat
and mass flow should be considered to provide a proper
theory [25]. Schrage [3] derived Eq. (2) by considering only
the thermodynamic states of a liquid and its vapor. Fur-
thermore, the existing theory yielding the Hertz–Knud-
sen–Schrage equation was started on the basis of the
assumption that between the liquid and vapor phases there
exists a thin layer, the so-called Knudsen layer. It was
claimed that the Knudsen layer remains in equilibrium with
both phases. The transport of heat across the Knudsen
layer was not taken into account in the considerations of
evaporation. It is known that there exists an interface resis-
tance to mass transfer during evaporation which is associ-
ated with heat transfer and irreversibilities at any liquid–
vapor interface, e.g. see Ishii [40]. However, the kinetic the-
ory model provided in Eq. (2) does not reflect these
influences.
By adopting the KTG and irreversible thermodynamics
together, Cipolla et al. [41] and Pao [42] derived expres-
sions for the macroscopic jump conditions for temperature
and pressure for the case of low evaporation rates with
jump coefficients which are functions of temperature and
pressure. Cipolla et al. used an approximation method to
evaluate the jump coefficient values. Bedeaux et al. [43]
referred the KTG expressions of Cipolla et al. [41] and
evaluated the various constants of macroscopic jump
expressions. The temperature jump expression after evalu-
ation of the jump coefficients (a,b) is

T v � T l

T l

¼ �a _qv � b _m;

a ¼ 1:03

ffiffiffiffiffiffiffiffiffiffi
M

2RT l

r
1

P sat

b ¼ 0:45

ffiffiffiffiffiffiffiffiffiffi
M

2RT l

r
R
M

T l

P sat

ð3Þ

The calculated temperature discontinuities at the free sur-
face from Eq. (3) for the present steady-state evaporation
experiments are presented in Tables 1 and 2. The theoreti-
cally estimated temperature jumps from KTG are 10–20
times smaller than the experimentally observed values.
However, it is interesting that the sign of the temperature
jump predicted by kinetic theory is the same as that in
experiments. Therefore, the statement that ‘‘in the case of
evaporation the kinetic theory predicts a negative tempera-
ture jump at the liquid–vapor interface’’ presented in many
publications [4,5,26,43–46] is not correct.
3.2. Statistical rate theory (SRT)

The SRT is based on the transition probability concept
in quantum mechanics and makes use of the Boltzmann
definition of entropy to introduce a thermodynamic
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description of an evaporating system. The SRT predicts an
irreversible evolution to a state that corresponds to the
maximum number of quantum mechanical states, which
can be far from the states at total equilibrium of the sys-
tem. The SRT has been applied to various physical rate
phenomena, e.g. gas adsorption, thermal desorption, crys-
tal growth from solutions and membrane transport (see,
e.g. Ward and co-workers [47–49]). Applying SRT to evap-
oration, Ward and Fang [4] derived an expression for the
evaporation mass flux in terms of thermodynamic
variables:

_m ¼ 2Ke sinh
M
R

Dslv

� �
; ð4Þ

where Ke is the equilibrium molecular exchange rate be-
tween liquid and vapor and Dslv is the entropy change asso-
ciated with the transfer of molecules between liquid and
vapor contiguous phases. The thermodynamic functions
Ke and Dslv depend explicitly on the physiochemical prop-
erties of the system. In the absence of net evaporation mass
flux, the Ke can be expressed in terms of equilibrium liquid
pressure P e

l , surface tension r and mean radius of curvature
2H for curved interface as

Ke ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

M
2pRT l

r
ðP e

l � 2HrÞ: ð5Þ

The SRT approach was implemented in the literature
[4,26,27,44] for evaporation and used to predict the vapor
pressure of the system since the vapor pressure at the free
surface cannot be measured very accurately due to the
experimental limitations. The predicted value of the vapor
pressure is always very close to the magnitude of the satu-
rated pressure at the liquid phase temperature
[Psat(Tl) � Pv predicted 610 Pa]. This magnitude is lower
than the accuracy of the measured vapor pressure of the
system (±13.3 Pa). It can be inferred that the SRT predicts
the pressure well for the cases which are not too far from
equilibrium. This may be because the SRT approach uti-
lised the local equilibrium values to determine the change
in entropy due to change of phase of a molecule [4]. In
addition, the molecular exchange rates for a unidirectional
rate of evaporation and condensation were assumed to be
equal to the magnitude of the equilibrium molecular ex-
change rate.

The free energies of liquid and vapor were assumed to be
equal and according to Ward and Fang [4,44] the equilib-
rium vapor pressure in Eq. (5) can be expressed as

P e
v ¼ P e

l � 2Hr ¼ P satðT lÞ exp
MP satðT lÞ

RqlT l

� MP e
l

RqlT l

� �
: ð6Þ

The dimensionless terms in the exponential function of the
above equation are fairly small for evaporation experi-
ments at low-pressure. Consequently, Eq. (6) can be linear-
ized and the linear term obtained is substituted in Eq. (5) to
give a simplified expression for Ke:
Ke �
ffiffiffiffiffiffiffiffiffiffiffiffiffi

M
2pRT l

r
P satðT lÞ 1þ 2HrM

RqlT l

� �

�
ffiffiffiffiffiffiffiffiffiffiffiffiffi

M
2pRT l

r
P satðT lÞ: ð7Þ

In Eq. (7), the influence of capillary pressure can be ignored
for most of the realistic evaporation cases. It is interesting
that the equilibrium molecular exchange rate Ke practically
coincides with the vaporization from an interface, _mlv, esti-
mated from KTG [first part of Eq. (1)]. The entropy differ-
ence Dslv appearing in Eq. (4) is a function of the
temperatures, chemical potentials and enthalpies of the li-
quid and vapor contiguous phases and can be given by a
simplified expression [4]:

Dslv ¼
1

qlT l

½P v þ 2Hr� P satðT lÞ� þ
4R
M

1� T v

T l

� �

þ R
M

ln
T v

T l

� �4 P satðT lÞ
P v

" #
þ �; ð8Þ

where � represents the vibration frequency terms, which are
much smaller than the other terms in Eq. (8), and can be
ignored in the process of evaluating the entropy difference
Dslv. The ratios Tv/Tl and Psat(Tl)/Pv are close to unity,
hence the logarithmic term in Eq. (8) can be linearized
and the expression for the net mass flux [Eq. (4)] is trans-
formed to

_m � 2Ke

M
R

Dslv

� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
M

2pRT l

r
P satðT lÞ

� M
RT lql

ðP v � P satðT lÞÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
I

þ P satðT lÞ
P v

� 1|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
II

þ 2MHr
RqlT l|fflfflffl{zfflfflffl}

III

� 2
T v

T l

� 1

� �2

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
IV

2
664

3
775:
ð9Þ

From Eq. (9), it follows that the capillary pressure term for
concave surfaces, III, and the temperature difference term,
IV, lead to very small changes in the evaporation mass flux.
Hence, in the case of slow evaporation, the linear form of
Eq. (9) is

_m � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
M

2pRT l

r
½P satðT lÞ � P v�: ð10Þ

The linear form of the SRT expression for net mass flux is
similar to the KTG expression for net mass flux due to
evaporation with gev = gcon = 1 [see Eq. (2)]. Experimental
observations in the literature indicate that gev and gcon can-
not be unity in KTG and also do not conserve momentum
and energy. Hence the expression from SRT treatment do
not describe the present steady-state evaporation experi-
mental data. In addition, the SRT did not take the trans-
port of heat energy from liquid and vapor phases at the
free surface into account [25]. Furthermore, the tempera-
ture jumps near the liquid–vapor interface in the phase
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change process are not explained by the SRT since there is
no expression for the temperature jump.

3.3. Conservation and phenomenological equations

For steady-state interfacial evaporation condition, the
continuity and momentum equations are integrated over
an arbitrary one-dimensional control volume which con-
sists of both liquid and vapor phases. The following inte-
gral conditions can be obtained:

qvU v ¼ qlU l ¼ _m ð11Þ
and

P l ¼ P v þ _m2 1

qv

� 1

ql

� �
: ð12Þ

The momentum equation results in an integral condition
[Eq. (12)] which represents the mechanical equilibrium at
the free surface.

Phase change processes are always accompanied by the
transport of heat and therefore the energy equation must
be integrated. On integrating the enthalpy equation for
the present case, the following integral expression can be
derived:

1

2
_m3 1

q2
v

� 1

q2
l

� �
þ _mðhv � hlÞ ¼ _ql � _qv: ð13Þ

Eq. (13) is the well-known Stefan condition for a stationary
interface where mass transfer is taking place [28]. Note that
the viscous dissipation and surface tension terms are omit-
ted in the above equation. The terms _ql and _qv are conduc-
tive heat fluxes from the liquid and vapor sides normal to
the interface, respectively, and the term (hv � hl) is the la-
tent heat of vaporization. From the above set of integral
equations, it is not possible to estimate theoretically the
temperature discontinuity at the interface by solving the
above set of conservation equations. In order to define
the problem uniquely, a condition for the temperature
across the surface is essential. Furthermore, one also needs
a rate expression to estimate the evaporative mass flux at
the interfaces. In the classical thermodynamics, tempera-
ture is assumed to be continuous at the interface where
the phase change from liquid to vapor takes place. How-
ever, this is not always found in experiments; a temperature
jump was clearly observed in the present steady-state evap-
oration experiments and also in the experiments of Ward
and co-workers [4,26–28,35,36,44]. A thermodynamic
restriction on the process of evaporation is sought here
with the help of the entropy production relationship known
from thermodynamics. The entropy equation for a unit
volume can be derived as (e.g. see Jou et al. [50])

oðqsÞ
ot
þ o

oxi
qU isþ

_qi

T

� �
¼ _qi

o

oxi

1

T

� �
; ð14Þ

where s is the specific entropy and T the local temperature
in the volume. The second term on the left-hand side is the
entropy current and the right-hand side indicates the entro-
py production due to irreversibilities. Integrating the entro-
py equation for steady-state conditions over an arbitrary
control volume and employing the Gauss divergence theo-
rem yieldsZ

A
qUisþ

_qi

T

� �
dAi ¼

Z
v

_qi
o

oxi

1

T

� �
dV : ð15Þ

Unlike the left-hand side of Eq. (15), the volume integral
on the right-hand side cannot be evaluated, i.e. entropy
production cannot be directly determined. However, for a
steady-state process, the total entropy of a control volume
(SCV)

dSCV

dt
¼ dSe

dt
þ dSirr

dt
¼ _Se þ _Sirr ¼ 0 ð16Þ

does not change with time and can be split into two parts:
_Se is the entropy flux or rate of entropy change due to the
flow of heat and mass and _Sirr is the entropy production
within the control volume. If the total entropy of the sys-
tem remains unchanged, then from Eq. (16) and the second
law of thermodynamics:

_Sirr ¼ � _Se P 0: ð17Þ
Integrating Eq. (14) for steady-state evaporation over a
control volume consisting of both liquid and vapor phases
and comparing the results with Eq. (17), one obtains an
equation for entropy production at the free surface:

_Sirr ¼ ð _qv þ _mhvÞ
1

T v

� 1

T l

� �
þ _m

ll

T l

� lv

T v

� �

� _m3

2T l

1

q2
v

� 1

q2
l

� �
P 0: ð18Þ

In the above equation the term involving the liquid density
can easily be neglected, and moreover, the last term on the
right-hand side is very small for the present evaporation
experiments and can therefore be neglected in this analysis.
Consequently, Eq. (18) can be rewritten as

_Sirr ¼ _qv

1

T v

� 1

T l

� �
þ _m hv

1

T v

� 1

T l

� �
þ ll

T l

� lv

T v

� �� �
P 0:

ð19Þ
From non-equilibrium thermodynamics, the entropy pro-
duction in an irreversible process can be defined as a sum
of all thermodynamic forces multiplied with the respective
fluxes, i.e.

_Sirr ¼
X

i

J iX i; ð20Þ

where Ji is the ith thermodynamic flux and Xi the ith ther-
modynamic force. According to NET [38], the fluxes are
linearly related to the all thermodynamic forces responsible
for the fluxes i.e.

J i ¼
X

j

LijX j; ð21Þ

where Lij are the phenomenological coefficients of the ma-
trix. Bedeaux and Kjelstrup [5] derived expressions for
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evaporation and heat fluxes based on the entropy produc-
tion equation from non-equilibrium thermodynamics,
assuming local equilibrium. The local equilibrium assump-
tion is necessary and moreover the assumption has been
validated by Johannessen and Bedeaux [51]. Further, the
gas phase was assumed to be ideal and by using appropri-
ate thermodynamic relations, Bedeaux and Kjelstrup [5]
expressed the final flux equations without neglecting the
cross effects from Eq. (19) as [5,43]

_m ¼ �ls
ww

RT l

M
ln

P v

P satðT lÞ

� �
� ls

wq

T v � T l

T v

; ð22Þ

_qv ¼ �ls
qw

RT l

M
ln

P v

P satðT lÞ

� �
� ls

qq

T v � T l

T v

; ð23Þ

where ls
qq; l

s
qw; l

s
wq and ls

ww are the components of the Onsa-
ger transfer coefficient matrix. According to the Onsager
reciprocal principle, the cross coefficients (ls

wq and ls
qw) must

be equal and therefore the coefficient matrix is symmetric.
In order to have a positive value of entropy production, the
diagonal coefficients of the Onsager matrix must be P0.
Bedeaux and Kjelstrup [5] determined these transfer coeffi-
cients from the experimental results of Fang and Ward [26].
A coupling coefficient (kh) was introduced to find the influ-
ence of cross effects, i.e. the interaction between the heat
and mass fluxes. The term kh was defined as ratio of the
non-diagonal Onsager transfer coefficient (ls

qw) and the
diagonal transfer coefficient (ls

ww) of evaporation flux times
the vaporization enthalpy [5]. The contribution from the
cross coefficients is assumed to be much smaller than that
from the diagonal coefficients of the Onsager transfer coef-
ficient matrix. This approximation is not realistic, but is of-
ten made to simplify the problem. Therefore at first, the kh

value was taken as zero2 and later it was assigned the value
0.18, which was found from the KTG. The transfer coeffi-
cients ls

qq and ls
ww calculated from the results of Fang and

Ward [26] for water, in the case of both values of kh (0
and 0.18), were of the order of 103 W/m2 and 10�8 kg s/
m4, respectively. The coefficient ls

qq for the experiments of
Fang and Ward was found to decrease slightly with in-
crease in vapor pressure.

The transfer coefficients were calculated in a similar way
for the present experiments by assuming values of coupling
coefficient kh of 0 and 0.18. The vapor side heat flux is cal-
culated with the help of measured temperature profiles
along the centreline. The heat and evaporation fluxes along
the centreline are assumed to be equal to the average of
these fluxes over the free surface. The transfer coefficient
values computed for all experimental conditions are pre-
sented in Tables 1 and 2. There are two columns each for
ls

qq and ls
ww; the first column was obtained with coupling

coefficient kh = 0 and the second with kh = 0.18. Owing
to the experimental limitations of measuring the vapor
2 In the case of zero cross effects, i.e. the off-diagonal coefficients of the
Onsager matrix are much smaller than the the diagonal coefficients, then
the value of kh is zero by definition.
pressure of the system accurately (±13.3 Pa), the transfer
coefficients are not computed for the experiments in which
the vapor pressure of the system is slightly higher than the
saturated vapor pressure. For kh = 0, the values of both
transfer coefficients are found to be positive, indicating that
the cross coefficient terms can be neglected, meaning no
coupling between the heat and evaporation mass flux.
The magnitude of ls

qq is found to be in the range of
104 W/m2, which is 10 times higher than those obtained
by Bedeaux and Kjelstrup [5]. The ls

ww coefficient is found
to vary by three orders of magnitude from 10�5 to
10�8 kg s/m4 (see Tables 1 and 2). The analysis indicates
rather tentative results since the magnitudes of the transfer
coefficients vary significantly compared with the analysis of
Bedeaux and Kjelstrup [5]. The variation in the magnitude
of ls

qq may occur because the present experiments were car-
ried out in a PVC channel in which heat leaks from the
channel walls are minimised, hence the evaporation rate
is minimised under the same operating conditions com-
pared with the experiments of Fang and Ward, which were
performed in a stainless steel funnel. The deviation in the
value of ls

ww arises because Eq. (22) is sensitive to inaccurate
measurement of the vapor pressure (±13 Pa) of the system.

Bond and Struchtrup [25] have derived evaporation
mass flux from phenomenological theory by considering
cross coefficients to be zero. Interestingly, it was pointed
out by Bond and Struchtrup [25] that the evaporation mass
flux expression of NET is similar to the linearized form of
the SRT expression [see Eq. (9)]. Therefore, the Onsager
coefficient (ls

ww) is equivalent to 2Ke
M
R from the SRT equa-

tion close to equilibrium conditions. Ward and Fang [4]
showed the sensitivity of the SRT evaporation rate expres-
sion [Eq. (4)] by making small changes in the independent
variables. They found that Eq. (4) cannot be utilised
directly to compute the magnitude of the evaporation flux
from measured quantities since the accuracy of measured
variables is limited by the experimental conditions.

The sensitivity of evaporation flux equation [equation
(50) of Ref. [25]] from NET is estimated by including the
entropy difference, Dslv, Eq. (8). The lower magnitude
terms, the vibration frequency (�) term and the term with
liquid density in the denominator, are ignored for this anal-
ysis. The errors in measuring Tl, Tv and the radius of cur-
vature (Rc) are negligible compared with the deviation in
vapor pressure (±13 Pa) of the system, and the total error
in the calculated mass flux is given by

D _m
_m
¼ 1
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o _m
oP v

DP v þ
1

_m
o _m
oT l

DT l þ
1
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1
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D _m
_m
¼ � ls
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P v

þ � � �

¼ � 461:4ls
ww

_m
DP v

P v

¼ � 461:4

Dslv

DP v

P v

:

ð24Þ

When Eq. (24) is observed quantitatively by considering
the experiment with a high rate of evaporation (Table 2),
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it is found that a 5% error (±13 Pa) in measuring the vapor
pressure can give up to a 400% error in computing the
evaporation flux. Hence the evaporation flux cannot be
computed quantitatively from any of the relations [Eqs.
(4) and (22)] owing to the experimental limitations in mea-
suring the vapor pressure of the system. In addition, the
measured rate of evaporation is an averaged quantity along
the free surface and the local evaporation flux might vary
at each point along the free surface. However, it is not pos-
sible to measure the local evaporation rate at each point on
the free surface experimentally, hence the local and average
evaporation fluxes are assumed to be equal. The NET
evaporation mass flux without cross coefficients [Eq. (22)]
can be used to predict the vapor pressure of the system in
a similar way as in the SRT approach [4,26,27,44]. How-
ever, the analysis in the Appendix shows that the evapora-
tion flux expression predicts the vapor pressure always
approximately equal to the saturated vapor pressure at li-
quid temperature. It is supported by Table A.1 that even
a 100% error in temperature discontinuity or more than
50% error in evaporation flux does not influence the predic-
tion of the vapor pressure.

The crossover force term for the evaporation flux in Eq.
(22), the temperature discontinuity across the water–vapor
interface (Tv � Tl)/Tv (in which temperatures can be mea-
sured within accuracy of ±0.2 K), was plotted against the
measured net evaporation flux as shown in Fig. 7. It is
not possible to include two driving forces, pressure force
and temperature discontinuity, together from Eq. (22) to
observe the net evaporation flux due to the two unknown
Onsager coefficients. The measured evaporation mass flux
is found to be a linear function of temperature discontinu-
ity according to Eq. (22) without including the major driv-
ing force, i.e. the pressure force at the liquid–vapor
Fig. 7. Measured evaporation flux as a function of driving force in accordance
driving force, (Tv � Tl)/Tv.
interface [see Fig. 7]. It can be observed that as the vapor
pressure of the system increases, the cross coefficient term
of Eq. (22) (slope of the curves in Fig. 7) is increasing
and at the same time, the magnitude of major driving force
is decreasing (intercept of the curves in Fig. 7). Fig. 7 indi-
cates that the magnitude of major driving force (pressure
force) is predominant as compared with the thermal force
for evaporation mass flux. Equations of the curves in
Fig. 7 suggests that _m is of the order of 10�4 kg/m2 s due
to pressure force (intercept) even when the thermal force
is zero. The influence of different driving forces on evapo-
ration mechanism can be studied further by conducting
similar experiments at different operating conditions. It is
still to be elucidated that what fraction of mass flux is dri-
ven by pressure difference and by temperature jump.

Based on Eq. (23), the vapor side heat flux ( _qv) was plot-
ted against the driving force (temperature jump) at three
different constant pressures as shown in Fig. 8. The results
indicate that the temperature jump across the evaporating
free surface is a linear function of the applied vapor phase
heat flux. The experimental observations agree well with
the analysis of Bond and Struchtrup [25] who estimated that
the interfacial temperature jump depends on the tempera-
ture gradient of the vapor just above the interface. Fig. 8
suggests that the temperature jump depends mainly on the
applied vapor phase heat flux and also depends on the
vapor pressure of the evaporation system. It can be
observed from the Fig. 8 that the major driving force (tem-
perature jump) for vapor phase heat flux relation [see Eq.
(23)] is significantly higher than the cross over force. The
value of the Onsager coefficient (ls

qq) was evaluated from
the plotted results using Eq. (23). It was found to be of
the order of 104 W/m2 and is a function of vapor pressure
of the system. As the vapor pressure of the system increases,
with Eq. (22) by neglecting the diagonal component. The x-represents the



Fig. 8. The vapor side heat flux (computed from the measured temperature profile) as a function of driving force in accordance with Eq. (23) by neglecting
the cross coefficient. The x-represents the driving force, (Tv � Tl)/Tv.
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the Onsager coefficients increase accordingly (Fig. 8).
Hence, The NET expression for vapor phase heat flux
which was derived by Bedeaux and Kjelstrup [5] seems to
predict the behaviour of the evaporation process. The
experimental results confirms that the vapor phase heat flux
is linear and a strong function of the diagonal component
force, i.e. the temperature jump force, and a weak function
of the non-diagonal component force, i.e. the pressure jump
force across the free surface.

4. Conclusions

The steady-state evaporation of water results have been
found to be consistent with previous experimental work at
the author’s institute [35,36] and the experimental work of
Ward and co-workers [4,26–28,44]. The uniqueness of the
present experimental setup is to have an external vapor side
heat source, which allows one to investigate the influence of
vapor side heat flux on the evaporation process. The main
features of the steady-state evaporation results under low-
pressure conditions are as follows:

• The temperature jump across the liquid–vapor interface
has been found during the evaporation process; the
vapor phase temperature is always higher than the liquid
phase temperature close to liquid–vapor interface at the
present slow rate of evaporation experiments.

• The temperature discontinuity at the free surface is a
strong function of vapor side heat flux. The temperature
discontinuity increases with increase in the vapor side
heat flux.

• The temperature discontinuity depends on the vapor
pressure of the system. As the vapor pressure decreases,
the temperature jump across the liquid–vapor interface
increases.
• The maximum temperature jump across the water–
vapor interface is shown to be as high as 15.68 �C by
implementing strong vapor side heat flux.

A qualitative and quantitative analysis of the KTG, SRT
and NET have been presented based on the steady-state
evaporation of water experimental results at low-pressures
and under the influence of a vapor side heat source. The
evaporation coefficient of water from KTG was found to
vary significantly in the present experiments from 0.028 to
0.15. However, the smaller values of gev in the present
results compared with the theoretical value of unity might
be due to the influence of heat fluxes and temperature jumps
across the interface. The temperature jumps at the interface
are also predicted with the help KTG and appear to be
much smaller than the measured temperature jumps. The
SRT expression for net evaporation mass flux was linear-
ized and found that the linearization gives expression simi-
lar to the KTG with evaporation coefficients equal to unity.
The SRT predicts the vapor pressure of the evaporation sys-
tem which are always close to the saturation pressure.

Exclusively the non-equilibrium theoretical approach
gives the vapor side heat flux expression as a linear func-
tion of temperature discontinuity, where otherwise it is
not possible to correlate heat fluxes with temperature
jumps using KTG or SRT. The expression for the vapor
phase heat flux is in good agreement with the experimental
results. The magnitude of the phenomenological coefficient
of vapor phase heat flux expression is of the order of
104 W/m2 and it is found to vary with the vapor pressure
of the system. Once the vapor side heat flux is known,
the temperature discontinuity across the liquid–vapor
interface can be estimated. The analysis of evaporation
mass flux expressions from KTG, SRT and NET suggests
that the evaporation mass flux cannot be directly predicted



Table A.1
The vapor pressure from Eq. (A.3) is predicted to testify that the value is
always close to the saturated vapor pressure at the liquid temperature

Mass flux
( _m)

Measured
Pv

Psat DT Predicted
Pv

Actual
measurement

1.23 · 10�03 213.0 217.1 15.68 215.0

Hypothesis one 0 216.6
Hypothesis two 4.70 · 10�04 215.4
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from the interfacial properties and further investigations
are needed to understand the evaporation mechanism.
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Appendix A

The expression for the evaporation flux from NET was
obtained by Bond and Struchtrup (Eq. (50) in Ref. [25])
without considering the cross coefficients. When the
entropy difference between the liquid and the vapor in
the above relation was taken from a simplified Eq. (8) then

_m ¼ ls
wwDslv

¼ ls
ww
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qlT l
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The first term (I) and the last term (�) on the right-hand
side of Eq. (A.1) are much smaller than the other terms
and therefore can be neglected. Consequently, the above
equation is transformed to
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Eq. (A.2) can be rearranged to yield the vapor pressure:
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The Onsager coefficient (ls
ww) is equivalent to 2Ke

M
R of the

SRT Eq. (9) and is of the order of 10�5 kg s/m4. Therefore,
the first term in the exponent is a small quantity

_m
ls
ww

M
R � 10�2


 �
and can be neglected. The ratio of the abso-

lute temperatures between vapor and liquid is usually close

to unity T v

T l
� 1


 �
. Hence the vapor pressure of the system

is expected to be approximately same as the saturated pres-
sure at liquid temperature (Pv � Psat).

The above analysis is examined quantitatively with the
highest rate of evaporation result obtained from the pres-
ent evaporation experiments (see Table 2). First, the tem-
perature jump is intentionally set to zero, i.e. by bringing
the vapor temperature equal to the saturated temperature
of the liquid (Table A.1). It is interesting that the predicted
vapor pressure from Eq. (A.3) remains close to its satu-
rated vapor pressure even with such a large error in temper-
ature jump as shown in Table A.1. Hence it may be
concluded that the predicted pressure is always close to
the saturated value irrespective of the magnitude of the
temperature discontinuity.

In the next hypothetical case, the mass flux is errone-
ously set to a value of the lowest evaporation rate, from
the present experimental results which is at 561 Pa pressure
(see Table 1), by keeping all other conditions constant. It is
assumed to calculate the influence of the mass flux on the
prediction of the vapor pressure from Eq. (A.3). The pre-
dicted vapor pressure value remains unchanged (see Table
A.1) since the exponential term of Eq. (A.3) is a small
quantity, i.e. equal to zero.
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