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ABSTRACT: In order to investigate the energy transfer mechanism and the
nonequilibrium effect during water evaporation in its own pure vapor at low
pressures, a series of precise measurements are conducted to obtain the
temperature profile near the liquid−vapor interface and the evaporation rates in
an annular pool in a closed chamber. The results show that the interface
temperature of the vapor side is higher than that of the liquid side when water
evaporates in its own pure vapor at low pressures (ranging from 394 to 1467
Pa), the temperature discontinuity across the interface exists in all experimental
conditions. The magnitude of the temperature discontinuity is strongly affected
by the vapor pressure. A uniform temperature layer with a thickness of about 2
mm is found below the evaporating interface because of the coupling effect of
evaporation cooling and thermocapillary convection. The energy required for
evaporation is mainly transferred by thermocapillary convection in the uniform
temperature layer. Furthermore, the numerical simulation results confirm that
the evaporation flux near the cylinders is much larger than that at the middle region, which implies that most of the latent heat
required for evaporation is transferred to the interface near the cylinders.

■ INTRODUCTION

The evaporation process is very important for chemistry,
medicine, agriculture, biology, engineering and so forth.1−3

Although many investigations have been carried out, the
mechanism of the phase change is still not fully understood
because of the hydrodynamic effects in the bulk liquid phase
and the nonequilibrium effect at the liquid−vapor interface.
From a microperspective, molecules pass through the

liquid−vapor interface from the liquid phase to vapor phase
when the evaporation happens, which is a typical non-
equilibrium process including temperature discontinuity and
mass transfer. Hertz4 and Knudsen5 proposed a classical
kinetic theory of gases (KTG) to model the evaporation
process. This theory is still widely used today. In KTG, these
nonequilibrium processes are considered to be occurring in the
Knudsen layer that is a vapor layer with a thickness of the
order of molecular mean free path near the liquid−vapor
interface. The temperature discontinuity exists across the
liquid−vapor interface, which is one of the important driving
forces of evaporation process. However, in many research
studies, the temperature profile at the evaporating interface is
assumed to be continuous,6,7 which will inevitably lead to a
difference from the actual energy transfer process, especially at
low pressures.
The temperature discontinuity at liquid−vapor interface

during evaporation has been known for a long time8,9 in
theory. In the experimental studies, Shankar and Deshpande10

made the first attempt to measure the temperature
discontinuity at the liquid−vapor interface using ten
thermocouples with a diameter of 300 μm. They confirmed
the existence of the temperature discontinuity and found that
the temperature discontinuity on the mercury surface is larger
than those on the water and Freon 113 surfaces. However, the
location of the liquid−vapor interface was not precisely
determined in their temperature measurements. Fang and
Ward11 measured the temperature profile near the interface
with a thermocouple with a diameter of 25 μm. They found
that the temperature of the vapor side is higher than that of the
liquid side and the maximum temperature discontinuity
reaches 7.8 K. However, both the magnitude and the direction
of the temperature discontinuity do not accord with those
described by the kinetic theory. Some further experiments12−16

were carried out and a new expression for the evaporation rate
based on the statistical rate theory was proposed.16,17 Bond
and Struchtrup18 used the kinetic theory to simulate the
evaporation process and calculate the temperature disconti-
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nuity. It was found that the magnitude of temperature
discontinuity depends strongly on the heat flux on the vapor
side near the evaporating interface. In 2007, Badam et al.19

carried out a series of experiments with vapor heating in an
evaporation chamber to form steep temperature gradients on
the vapor side of the interface. It was found that the direction
of the temperature discontinuity is the same as the
experimental results of Ward et al.11−16 However, the
magnitude of the temperature discontinuity is very large and
the maximum temperature discontinuity achieves 27.83 K, they
believed that the heat flux on the vapor side has a great
influence on the temperature discontinuity. In addition, other
similar temperature distributions at a low pressure were also
obtained by the experiments.20,21

The experimental results in low-pressure evaporating
chambers showed that the temperature of the vapor side is
higher than that of the liquid side, but some investigations at
atmosphere conditions gave different conclusions. Zhu and
Liu22 measured the temperature discontinuity in a shallow
planar liquid layer in an atmosphere with a 50 μm
thermocouple, and a horizontal temperature difference was
imposed to produce thermocapillary convection. It was found
that the direction of temperature discontinuity eventually
changes with the increase of the temperature difference.
Gatapova et al.23,24 measured the temperature profile across
the liquid−gas interface by a special thermocouple with a 4 μm
bead size in an atmosphere. The thin liquid layer is heated
from the bottom. When the heater temperature is low, the
temperature on the gas side is higher than that on the liquid
side. With the increase of the heating power, the interface
temperature difference between the gas side and the liquid side

decreases, and the temperature on the liquid side is finally
higher than that on the gas side.
On the other hand, Hołyst and Litniewski25 used molecular

dynamics simulation (MDS) to investigate the Lennard-Jones
fluid evaporation process. It was found that the temperature is
continuous when the density ratio of the liquid to the vapor is
small enough, but the temperature discontinuity appears when
the density ratio is more than 10. Obviously, the density ratio
is much greater than 10 for water evaporation at low pressures,
so the temperature discontinuity can be detected according to
their conclusions. In the previous experiments, the magnitude
and the direction of the temperature discontinuity are affected
by many macrofactors, including thermocapillary flow, buoy-
ancy convection, heating mode, and so forth. However, MDS
cannot give a more detail description on the effects of these
factors on the temperature discontinuity.
Furthermore, the uniform temperature layer below the

evaporating interface has been found in the temperature
measurements.26−29 The uniform temperature layer is believed
to be related to thermocapillary convection and has a large
effect on the energy transfer mode in the liquid layer.
Moreover, buoyancy convection may also influence the
temperature distribution and uniform temperature layer in
the liquid phase.20 In fact, because of different heating modes
and evaporation environments, the mechanisms of energy
transfer are different. Therefore, the direction and magnitude
of the temperature discontinuity have a large difference in the
reported results.
In previous studies, most of the experimental devices were

heated from their bottom or in the vapor phase, and there was
only one fixed measurement point on the free surface of the

Figure 1. Annular pool (a), microthermocouple (b), and detail position (c) of temperature measurement points from points 1 to 5 (unit: mm).
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liquid layer so that no comparison between different
measurement points can be conducted. Therefore, the
mechanism of energy transfer in the liquid layer was difficult
to be revealed. In the present experiments, water is heated by
the inner and outer cylinders of the annular pool and the
bottom can be considered adiabatic. The temperature
distribution and energy transfer mode are quite different
from those in the previous studies. By measuring the
temperatures at different measurement points in the radial
direction, the distribution of temperature discontinuity in the
radial direction is determined, and the relationship between
evaporation rate and temperature discontinuity is further
analyzed. Then, combined with the experimental and
numerical simulation results, the energy transfer mechanism
can be summarized.

■ RESULTS AND DISCUSSION
Temperature Distribution near the Interface. In order

to obtain the temperature profile near the interface in the
annular pool (see Figure 1a), a T-type microthermocouple
(see Figure 1b) is used in the temperature measurement. The
detailed location of the measurement points is shown in Figure
1c. In the experiments, the working fluid is cold water. Its
temperature can be decreased to 253 K when the steady
evaporation in the vapor happens.12 Considering the

evaporative cooling effect on the liquid−vapor interface, the
cylinder temperature Tw is maintained at (3−15) °C in order
to study the temperature discontinuity and energy transfer
mode in different cylinder temperatures. Moreover, the
pressure ratio β is introduced to indicate the relative
magnitude of the pressure in experiments, which is defined
as the ratio of the vapor pressure Pv to the saturation pressure
of water at the cylinder temperature Tw

P
P T( )

v

sat w
β =

(1)

The radial temperature distributions near the liquid−vapor
interface are shown in Figure 2, where z = 0+ and z = 0−

correspond, respectively, to the interface temperatures of the
vapor side and the liquid side. On the liquid side, because of
the existence of the large radial temperature gradient on the
free surface near the cylinders, the thermocapillary flows from
the cylinders to the middle of the free surface will be induced,
the radial temperature variation is not obvious at a low cylinder
temperature.
The typical axial temperature distribution near the liquid−

vapor interface is shown in Figure 3. In the vapor phase, the
temperature rises almost linearly with the increase of the
distance from the interface that means the heat conduction is a

Figure 2. Radial temperature distribution near the liquid−vapor interface. z > 0 is the vapor phase and z < 0 is the liquid phase.
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dominant mode for the heat transport. While in the liquid
phase, the axial temperature variation near the liquid−vapor
interface is small. This layer with a small axial temperature
gradient is called the uniform temperature layer,26 which is
considered to be related to the mixing process of the
thermocapillary flow near the evaporating interface. In the
temperature measurements, the thickness of the uniform
temperature layer ranges from 1 to 2.5 mm, which is larger
than the results in refs26,28 because of the large scale of the
liquid layer and the different heating modes. Below the
uniform temperature layer, the temperature rises rapidly and
nonlinearly, especially at the measurement points close to the
cylinders. That means strong heat conduction and appreciably
buoyancy convection exist below the uniform temperature
layer. More energy is transferred to the uniform temperature
layer by heat conduction and buoyancy convection near the
cylinders than that away from the cylinders. The conductive
heat flux from the liquid phase below the uniform temperature
layer and from the vapor phase can be calculated by the
Fourier law

q k
T
zc = − ∂

∂ (2)

The typical radial distribution of the conductive heat fluxes
in two phases is shown in Figure 4. The energy transferred to
the uniform temperature layer by heat conduction and
buoyancy convection in the liquid phase is much greater
than that transferred to the interface by heat conduction from
vapor. When Tw = 10 °C and β = 0.65, the heat fluxes in the
liquid phase at points 1 and 5 are much higher than those at
other points. It hints that the buoyancy convection plays an
important role in energy transfer in the liquid phase.
The average evaporation heat flux on the liquid−vapor

interface can be estimated by h jlv LV , hlv is the average enthalpy

difference at the five measurement points and jLV is the
average evaporation mass rate calculated from a laser
displacement sensor. The average evaporation heat fluxes
corresponding to Figure 4 are, respectively, 3078 and 5963 W/
m2, which are much higher than the conductive heat fluxes
from the liquid phase below the uniform temperature layer.
That means the latent heat required for evaporation at the
interface is mainly provided by thermocapillary convection,
while the buoyancy convection and heat conduction provide a
small amount of the evaporation latent heat.

Liquid−Vapor Interface Temperature Discontinuity.
According to the axial temperature distribution obtained in the

Figure 3. Typical axial distribution of the temperature near the liquid−vapor interface.
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measurements, the temperature discontinuities across the
liquid−vapor interface exist under all experimental conditions
and the interface temperature of the vapor side is higher than
that of the liquid side. The typical radial distributions of
interface temperature discontinuities are shown in Figure 5.
Most of the temperature discontinuities across the interface
measured in the experiments range from 1 to 2 °C. It can be
observed clearly that the temperature discontinuity increases
with the decrease of the pressure ratio. In addition, the
temperature discontinuities measured at the points close to the
cylinders (points 1 and 5) are larger than those at other points.
The evaporation process is a nonequilibrium thermody-

namic process. Therefore, the higher the evaporation rate is,
the farther the evaporation process deviates from the
equilibrium state. Because of the higher surface temperature
near the cylinders, the local evaporation rate is larger, the
temperature discontinuity near the cylinders is higher than that
in the middle region. With the decrease of the vapor pressure,
the local evaporation rate increases, so the temperature
discontinuity at all points increases. On the other hand, as it
is discussed in previous research studies,18−20 the heat flux
from the vapor may have an influence on the magnitude of the
temperature discontinuity. With the increase of the heat flux
from vapor, the temperature discontinuity increases. However,
to study the influence of the thermocouple on temperature
jump measurement, Kazemi et al.30 simulated the temperature
measurement process of the thermocouple near the interface.

They found that the heat conduction through the thermo-
couple wires can cause a large temperature measurement error
in the vapor phase. Jafari et al.31 obtained the same conclusion
through Direct Simulation Monte Carlo Method. Therefore,
the temperature discontinuity should be measured under a low
heat flux from the vapor side.
Figure 6 shows the relationship between the conductive heat

flux from the vapor and temperature discontinuity obtained
from experiments, which can be expressed as

T q0.098 0.296LV
c,vΔ = + (3)

It is obvious that with the increase of the heat flux from the
vapor, the temperature discontinuity tends to increase linearly,
which means that the conductive heat flux from the vapor has
an important effect on temperature discontinuity.
In this work, the direction of the temperature discontinuity

stays the same. The reasonable explanation is that the high
energy molecules can preferentially be across the liquid−vapor
interface from the liquid phase to vapor phase, so the vapor
temperature is higher than the liquid temperature on the free
surface. The relationship between the temperature disconti-
nuity and the cylinder temperature is shown in Figure 7. It is
clear that the temperature discontinuity tends to decrease with
the increase of the cylinder temperature at the same pressure
ratio. According to the temperature profile, as the cylinder

Figure 4. Typical radial distribution of the conductive heat fluxes
from two phases.

Figure 5. Radial distribution of interface temperature discontinuities
at different cylinder temperatures.
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temperature increases, the surface temperature also increases,
the heat flux from the vapor side decreases (see Figure 7). On
the other hand, when the cylinder temperature is low, due to
evaporative cooling effect, the temperature in most regions of
the liquid phase is lower than 4 °C. The lighter fluid exists near
the surface, while the denser fluid appears near the bottom in
the liquid phase. In this case, buoyancy convection is very

weak. When the cylinder temperature is high, the denser fluid
exists near the interface while the lighter fluid appears near the
bottom in the liquid phase, therefore, the buoyancy convection
is likely to be induced. With the increase of the cylinder
temperature, the buoyancy convection in the liquid phase
becomes stronger, and more energy is transferred to the
interface. The heat flux from the vapor by conduction is
reduced. That may be the reason that the interface temperature
discontinuity decreases with the increase of the cylinder
temperature.

Uniform Temperature Layer. From the axial temperature
distribution, a uniform temperature layer exists below the
liquid−vapor interface. This phenomenon has been found in
previous temperature measurement experiments, especially at
low vapor pressures, which will change the energy transfer
mode in the liquid layer. Considering the evaporation cooling
effect at the liquid−vapor interface, the temperature near the
cylinders is much higher than the temperature in the middle
region on the free surface. The radial temperature gradient will
drive the fluid to flow from the cylinders to the middle region
along the free surface, and the backflows to the cylinders
appear below the free surface. During this process, the fluid
near the interface is fully mixed and the uniform temperature
layer appears.
In 2001, Ward and Stanga26 found a uniform temperature

layer both in evaporation and condensation, and the thickness
is about 0.5 mm. In their research studies, thermocapillary
convection at the liquid−vapor interface is considered to be
the reasonable explanation. To investigate the mechanism of
the uniform temperature layer, Ward and Duan27 used a
cantilevered probe to measure the flow below the evaporating
interface and further confirmed the existence of thermocapil-
lary convection. Moreover, Song and Nobes32 investigated the
thermocapillary convection induced by evaporation at low
pressures by using particle image velocimetry, the regions with
a relatively uniform temperature appear below the free surface
near the sidewalls of the cuvette, the positions coincide with
that of the thermocapillary flow cells. Thus, the thermocapil-
lary flow should be the reason for the uniform temperature
layer.
According to the temperature profile in the liquid phase, the

thickness δ of the uniform temperature layer can be
determined. Figure 8 shows the variation of the thickness of
the uniform temperature layer in the radial direction.
Obviously, the thicknesses measured at points 1 and 5 are
larger than those at other points, which means that the mixing
process is more intense at points 1 and 5 than that at other
points. In addition, a sharp variation of the surface temperature
in the radial direction will result in the minimum thickness of
the uniform temperature layer near the cylinders.
On the condition of the low cylinder temperature, there is

almost no buoyancy convection in the liquid phase. With the
decrease of the pressure ratio, the thickness of the temperature
uniform layer tends to increase, as shown in Figure 8a. When
the cylinder temperature is high, the thickness of the layer is
affected by pressure ratio and buoyancy convection. For
example, when Tw = 15 °C, with the decrease of the pressure
ratio, the buoyancy convection is enhanced, the thickness of
the uniform layer increases rapidly (see Figure 8b).

Numerical Simulation. In order to further analyze the
energy transfer mechanism, a steady-state model is used to
simulate the evaporation process in the annular liquid pool at

Figure 6. Relationship between the interface temperature disconti-
nuity and the heat flux from the vapor side.

Figure 7. Effect of the cylinder temperature on the temperature
discontinuity.
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low pressures. The liquid phase, vapor phase, and the
evaporating interface are included in the two-sided model.

Both the liquid and vapor phases can be considered
incompressible. At the liquid−vapor interface, the absolute
pressure is set as the vapor pressure measured by the pressure
transducer in the experiments, the interface temperature
discontinuity ΔTLV = TI

V − TI
L is the average temperature

discontinuity at five points in the temperature measurements.
The evaporation flux can be calculated by KTG and the
thermocapillary force is considered on the evaporating
interface.
The typical flow field and temperature distribution in the

vapor phase are, respectively, as shown in Figure 9a,b, the
radial distribution of evaporation flux is presented in Figure 9c.
The numerical results show that the evaporation flux near the
cylinders is much larger than that at the middle region of the
evaporating interface. It means most of the energy required for
evaporation in the liquid pool is transferred to the evaporating
interface near the cylinders. A comparison of the average

evaporation rates jLV obtained from experiments and
simulation is presented in Figure 9d. Both the experimental
and simulation results show that the average evaporation flux
increases with the decrease of vapor pressure. Moreover, it is
worth noting that the evaporation rate increases significantly
with the decrease of the pressure ratio when the cylinder
temperature is 15 °C, the reason is that the buoyancy
convection greatly promotes the evaporation process. When
the cylinder temperature is low, the liquid temperature near
the interface will be lower than 4 °C with the decrease of the
pressure ratio. In this case, the buoyancy convection is
suppressed.
The flow and thermal fields in the liquid phase under

different pressure ratios at Tw = 3 °C are shown in Figure 10.
Obviously, there are two thermocapillary cells near the

Figure 8. Effect of the pressure ratio on the thickness of the uniform
temperature layer.

Figure 9. Flow field of the vapor phase (a), temperature distribution of the vapor phase (b), and radial distribution of the evaporation flux (c) at Tw
= 3 °C and β = 0.87. The comparison of the average evaporation rates between experimental (points) and simulation (solid line) results (d).
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evaporating interface because of the radial temperature
gradient near the cylinders. Moreover, two buoyancy driven
cells can also be observed below the thermocapillary vortexes.
Furthermore, the flow cells near the outer cylinder are stronger
than those near the inner cylinder. With the decrease of the
pressure ratio, the radial temperature gradient on the free
surface near the cylinders increases, the thermocapillary cells
are enhanced, while the buoyancy driven vortexes tend to
become smaller because of the suppressing effect of the
thermocapillary cells.
The comparison of the interface temperatures of the liquid

side between the simulation results and experimental measure-
ments is shown in Figure 11a. As the pressure ratio decreases,
both the simulation and experimental results indicate that the
interface temperature of the liquid side drops because of the
evaporation cooling effect. The simulated curve has a good
agreement with the experimental data, the maximum difference
is about 0.5 °C. Figure 11b,c shows the comparison of the axial
temperature distributions. In the liquid phase, the uniform
temperature layer can be seen in the simulated axial
temperature distribution and the thickness of the uniform

temperature layer is close to the experimental value (about 2
mm). While in the vapor phase, the axial temperature
distributions obtained by the experiment and simulation are
basically consistent. In the simulation, the liquid−vapor
interface temperature discontinuity is set as the average
temperature discontinuity at five points in the experiments,
so there is a deviation between the experimental and simulated
temperature distributions.

■ CONCLUSIONS

A series of experimental measurements and numerical
simulations are conducted for water evaporation processes in
its own pure vapor at low pressures. According to the
experiment and simulation results, the following conclusions
can be drawn. When water evaporates in its own pure vapor at
low pressures, the evaporating interface temperature of the
vapor side is higher than that of the liquid side according to the
temperature measurement results, so there is an interface
temperature discontinuity. The interface temperature disconti-
nuity increases obviously with the decrease of the pressure
ratio. Moreover, the heat flux from the vapor side has an
important effect on the magnitude of the interface temperature
discontinuity. A uniform temperature layer exists in the liquid
phase near the evaporating interface, which plays an important
role for energy transfer in the evaporation. The thickness of the
uniform temperature layer increases with the decrease of
pressure ratio. The energy is mainly transferred by convection
in the uniform temperature layer, while the heat conduction
and buoyancy convection are dominant below the uniform
temperature layer. The evaporation flux near the cylinders on
the free surface is much higher than that in the middle region.
Most of the energy required for evaporation in the annular
liquid pool is transferred to the interface near the cylinders. At
a high cylinder temperature, the buoyancy convection can
promote evaporation obviously.

■ EXPERIMENTAL METHOD

Experimental Apparatus. The scheme of the exper-
imental setup is shown in Figure 12, the annular liquid pool is
mounted in a closed stainless-steel chamber. The thickness of
the chamber wall is 10 mm. Because of the strong evaporative
cooling effect at the evaporating interface at a low vapor
pressure, the temperature of liquid and vapor phases near the
interface in the closed chamber is lower than that of the
atmosphere temperature. The heat flux from the atmosphere
can affect the temperature distributions obtained in the
temperature measurements. In order to minimize the heat
exchange between the chamber and atmosphere, the chamber
surface is covered by an insulating layer with a thickness of 25
mm [the thermal conductivity is 0.02 W/(m·K)].
The closed chamber is evacuated by a mechanical vacuum

pump to maintain vacuum and eliminate the impurities in the
chamber, a metering valve is used to control the pumping rate
of the vacuum pump. The vapor pressure in the chamber is
measured by a pressure transducer (INFICON, CDG025D,
375-002, which provides highly reliable measurements within
the range of 13.3 to 1.33 × 105 Pa) mounted at the top of the
chamber. The approximate distance between the transducer
and the evaporating interface in the annular pool is 100 mm.
The pressure in the chamber can be decreased to less than 40
Pa when the mechanical vacuum pump runs for about half an
hour.

Figure 10. Flow (upper) and thermal (low) fields in the liquid phase
at Tw = 3 °C.
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The inner and outer diameters of the annular pool are,
respectively, 40 and 80 mm, and the depth is 25 mm. The

bottom and cylinders of the annular pool are, respectively,
made by PTFE with a thermal conductivity of 0.25 W/(m·K)

Figure 11. Comparison between experimental measurements (points) and numerical simulations (solid lines). (a) Variation of the interface
temperature with the pressure ratio at Tw = 5 °C and Tw = 10 °C. (b) Axial temperature distribution at Tw = 5 °C, r = 5 mm and β = 0.52. (c) Axial
temperature distribution at Tw = 5 °C, r = 15 mm and β = 0.61.

Figure 12. Schematic of the experiment apparatus.
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and copper with a thermal conductivity of 400 W/(m·K). The
flow channels are designed in the inner and outer cylinders of
the annular pool to maintain the cylinder temperatures
through two thermostatic water baths. In order to obtain the
temperature of the cylindrical walls in real time, twelve T-type
thermocouples with a diameter of 127 μm are, respectively,
embedded into the inner and outer cylinders through the holes
with a diameter of 1 mm. The holes are evenly distributed
along the circumference and the center of the holes is about
1.5 mm away from the cylindrical walls. Moreover, the
junctions of these thermocouples are vertically located 2, 6,
and 10 mm above the bottom of the liquid pool. All holes are
filled with conductive silica gel to reduce the temperature
measurement error. The T-type microthermocouple with a
wire diameter of 50 μm used for temperature measurement
near the interface is fixed on a three-dimensional (3D)
positioner (EMC-B450C-T275TM-1.87-4/MM, Thermionics
Northwest, Inc) in the chamber with a resolution of 1 μm in
the axial direction (vertically to the liquid−vapor interface)
and 10 μm in other two directions.
The position of the liquid−vapor interface and the bottom

of the annular pool is measured by a laser displacement sensor
(OPTEX CD33) fixed on the outer cylinder of the annular
pool. Therefore, the depth of the liquid layer can be
determined by the relative position of the liquid−vapor
interface and the bottom of liquid pool in real time. The
measurement range of a laser displacement sensor is ±5 mm.
Measurement Procedure. After being degassed for more

than 5 h in the degassing flask, the distilled water enters into a
syringe pump without contacting with the atmosphere. At the
same time, the vacuum pump continues to evacuate the closed
chamber and the syringe. During this process, a part of the
water enters into the annular pool through the supplementary
channels and is evaporated totally after about 1 h, so that the
chamber is dry. Thereafter, the syringe pumps water into the
annular pool to a certain depth (about 13 mm). Before
entering the chamber, the water and the cold liquid from a
thermostatic water bath exchange heat with each other
sufficiently to avoid disturbing the temperature distribution
in the annular pool. The vapor pressure in the chamber can be
controlled at a fixed value by the metering valve. When the
vapor pressure in the chamber is maintained at the
predetermined pressure for more than 15 min and the readings
of the microthermocouple remains stable, the steady-state
evaporation could be considered to have been achieved.
When the depth of water is reduced to 10 mm, the

experiment begins. At the beginning of the measurements, the
position of the measurement point is determined at z = 8 mm,
that is, 8 mm above the liquid−vapor interface. Then, the
microthermocouple is moved down slowly and across the
interface to the liquid phase by moving a 3D-positioner. The
microthermocouple is finally moved to z = −7 mm far from the
interface, that is, 7 mm below the interface, the temperature
measurement is finished. The temperature discontinuity can be
calculated based on the interface temperatures of the liquid
side and vapor side. Under the conditions of the same cylinder
temperature and pressure ratio, the radial distribution profile
near the liquid−vapor interface can be obtained by the axial
temperature distribution at different radial positions. More-
over, the depth of the water is recorded in real time by the laser
displacement sensor during the temperature measurements, so
the average evaporation rate can be calculated by the variation
of water depth with time. In the annular liquid pool, the

liquid−vapor interface is almost flat, and the meniscus only
exists near the cylinders, so the influence of the meniscus can
be ignored.

Experimental Uncertainly Analysis. For the vapor
pressure measured by a pressure transducer, the precision is
0.2% of reading. The vapor pressure is always lower than 1500
Pa (range from 394 to 1467 Pa) in the experiments, so the
error is less than ±3 Pa. This error is not enough to affect the
evaporation flux at the liquid−vapor interface. Therefore, the
vapor pressure in the chamber can be precisely controlled.
The accuracy of the temperature measurement is particularly

important to determine the energy transfer mechanism in two
phases and the temperature discontinuity across the liquid−
vapor interface. For this purpose, a series of methods are used
to reduce the temperature measurement error. The micro-
thermocouple wire is wrapped in the insulation material to
minimize the heat exchange with the outside. In order to avoid
heat conduction along the wire, the microthermocouple is
fashioned into a U shape when it is fixed on the 3D-positioner,
as shown in Figure 1b. The ratio of the horizontal length (4
mm) of the U shape to the diameter (50 μm) of the
thermocouple is designed to be large enough, so the thermal
conduction along the wire can be neglected.13 Moreover, the
junction of the microthermocouple should be as close as
possible to the liquid−vapor interface because of the large
temperature change near the evaporating interface at low
pressures. When the junction reaches approximately 0.5 mm
above the interface, the step distance of the 3D-positioner is
set as 10 μm for a more precise measurement near the
interface. In this case, the nearest distance from the center of
the junction to the interface is less than 60 μm. According to
the temperature profile measured in the experiments, the
maximum temperature gradient from the vapor is about 1.512
°C/mm, so the maximum interface temperature error on the
vapor side is 0.09 °C. The influence of the thermocouple
diameter on the magnitude of the temperature discontinuity
can be ignored. On the other hand, the mean free path of the
vapor molecule in the range of experimental pressures varies
from 3.80 to 13.61 μm. Therefore, considering the thickness of
the Knudsen layer is several mean free paths and the relatively
low temperature gradient on the vapor, it can be considered
that the temperature measured by the microthermocouple is
close enough to the interface temperature of the vapor side.
The mean free path λ is calculated by the following equation33

k T
P d2
b

v

v 2λ
π

=
(4)

After the temperature measurement is completed, the
average evaporation rate is calculated from the date recorded
by the laser displacement sensor. The accuracy of the laser
displacement sensor is ±10 μm, so the maximum absolute
error is 20 μm. During the measurement processes, the
minimum depth variation is about 0.2 mm. Therefore, the
maximum error of the average evaporation rate is less than
10%. Because of no supplement of the working fluid during the
experiment process, the position of the liquid−vapor interface
will recede with time, and the maximum receding speed is
about 4.3 μm/s. In order to avoid the influence of the receding
interface on the measurement of temperature discontinuity, the
receding speed of the interface is pre-estimated at a fixed
cylinder temperature and pressure ratio, which is considered in
each movement of the microthermocouple.
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