Evaporative thermal resistance and its influence on microscopic bubble growth
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Simulations of the formation of small steam bubbles indicate that the rate of growth of
bubbles is very sensitive to the rate of evaporation of the micro-layer of liquid beneath the
bubble. Such evaporation is rapid, and is modelled as being driven by the large heat flux
through the thin liquid layer caused by the difference in temperature between the solid-liquid
interface, and the saturation temperature in the interior of the bubble. However, application
of this approach to recent experimental measurements of Jung and Kim generated anomalous
results. In this paper we demonstrate that a model of the micro-layer heat flux that includes
an allowance for the finite evaporative thermal resistance is able to eliminate these anomalies.
This evaporative thermal resistance is a consequence of near-interface molecular dynamics,
characterised by a quantity termed ‘evaporation coefficient'. Whilst in most engineering
applications evaporative thermal resistance is small compared to conductive resistance, here,
with the micro-layer thickness ranging from a few microns down to zero, it becomes of
considerable importance. Selection of a molecular ‘evaporation coefficient' to restore
consistency to the anomalous measurements allows a plausible numerical value to be inferred.
For the several times and multiple locations studied, a fairly consistent value of between 0.02
and 0.1 is indicated, (for saturated water in laboratory conditions), which itself is consistent
with earlier literature values of this rather difficult quantity. It is shown that the evaporative
resistance always represents a large fraction of the conductive resistance, and for important
phases of the process dominates it. The need for inclusion of this phenomenon in the micro-
layer models used in bubble analysis is clear.

1 INTRODUCTION

1.1 Our current understanding of the early stages of vapour bubble development

Nucleate boiling has received considerable attention in recent years due to its intrinsic
scientific interest, and the need for greater fundamental understanding [1]. From a practical
point of view, also, a good predictive capability will be beneficial to inform macroscopic,
component scale modelling of boiling in CFD [2].

In what is termed nucleate boiling, a vapour bubble nucleates at a solid wall from a pre-
existing pocket of gas or vapour (a nucleation site) and grows as steam is generated. Two
asymptotic regimes of expansion are possible. Very early bubble growth is essentially an
isothermal process [3], during which the factor limiting bubble growth rate is not the rate of
production of vapour, but the rate at which momentum is transferred to the surrounding
body of fluid (“inertial bubble growth”). Subsequent bubble growth is limited by the



transport of heat to the bubble surface (“heat diffusion controlled bubble growth” [4]), and
that is the focus of the present work.

When a vapour bubble grows on a superheated solid substrate steam is generated via two
complementary mechanisms (Figure 1).
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Figure 1

Current understanding of the early stages of bubble development, adapted from [5].

Much of the steam is generated by evaporation from the curved surface, via relaxation of the
temperature of the superheated liquid layer surrounding the liquid-vapour interface.

As the bubble grows, (under at least some conditions) a thin layer of liquid is observed to be
left beneath it [6] (Figure 2). This liquid film is generally termed the “micro-layer”. Being such
a thin layer, the flow of heat through it is large. This is because heat flow is driven by the
temperature difference between the substrate-liquid interface and the liquid-vapour interface,
and this difference exists over a very small distance [7]. Consequently, the micro-layer is
believed to be responsible for a significant fraction of the vapour generation under many
circumstances, such as the boiling of atmospheric water at a superheat around 10 K [8]. For
water at atmospheric pressure, its radial extent is a few hundreds of microns, and its
thickness a few microns, increasing slightly with radial distance from the nucleation site. It is
believed that there is essentially no flow of liquid into or out of the micro-layer, and thus its
evaporation results in its thickness reducing, and the eventual disappearance of the layer.
Since this occurs first at its inner radius, where the initial thickness of the film was least, there
is an associated progressive increase in the radius of the dry patch around the nucleation site

[9].
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Figure 2
Current understanding of the micro-layer [10].

1.2 Current modelling of the early stages of vapour bubble development

The evaporation from the curved surface is limited by the rate at which heat diffuses across
the relaxation layer. It is most common to take the liquid-vapour interface to be at the
equilibrium saturation temperature at the system ambient pressure. (In a rather different
approach [11], addressing largely refrigerants not water, some workers [12] have included
deviations of the interface temperature from equilibrium, although micro-layer models did
not feature in this analysis.)

The normal heat flux so computed in the liquid is used to determine a corresponding rate of
vaporisation, and a corresponding vapour flux into the bubble [13].

The usual approach to modelling heat transfer through and vaporisation from the micro-layer
is to treat it as a thin film, through which the heat flux is determined by its upper and lower
surface temperatures, and where this heat flux in turn is used to compute the local vapour
generation rate. This rate is used both to contribute to the increasing bubble volume, and to
compute the gradual thinning and eventual disappearance of the micro-layer from the centre
outwards.

1.3 Evaporative thermal resistance

In the above discussion, for both the main curved surface of the bubble and for the micro-
layer, the taking of the vapour-liquid interface temperature to be equal to the saturation
temperature is equivalent to assuming that the evaporative heat transfer process is "infinitely
effective”, or equivalently can be modelled by an infinite value of heat transfer coefficient.

Some temperature difference is actually required to drive the flux of molecules from the
liquid into the vapour. Expressing this in terms of an ‘evaporative heat transfer coefficient’,
its value is indeed usually large, and the resistance to heat transfer it represents is a tiny



fraction of the other resistances involved (such as the diffusive resistance impeding flow of
heat from the bulk liquid to the bubble).

However, the thermal resistance of a thin micro-layer is itself small, and becomes vanishingly
small as it thins. If the micro-layer plays a significant role in bubble development, neglect of
the evaporative resistance might be expected to have a measurable influence on its
contribution to predicted bubble growth.

In this work we will focus on the micro-layer during nucleate boiling of water at atmospheric
pressure and investigate the significance of the inclusion of the evaporative thermal
resistance.

In Section 2 we present a summary of the literature on the modelling of the evaporative
thermal resistance. This is found to depend strongly on a free parameter termed an
“evaporation” coefficient, albeit that this quantity is hard to measure, and consequently has
highly uncertain values. In Section 3 we describe a well-established set of measurements of
micro-layer evaporation and bubble growth. Analysis of these experiments, including the
effect of evaporative thermal resistance, in presented in Section 4, where an estimate of the
evaporation coefficient value is proposed based on the post-processing of experimental data.
Conclusions are drawn in Section 5.

2 PHYSICAL BASIS OF THE EVAPORATIVE RESISTANCE MODEL

2.1 Evaporation from a molecular point of view

During both evaporation and condensation, the mass flux across the interface is driven by a
temperature difference between the liquid surface and the vapour adjacent to the surface. For
example, when the liquid side of the interface is hotter than the gas side, there is a net flux of
molecules leaving the liquid and entering the gas because of this temperature difference.
From a molecular point of view, this temperature difference, albeit presumably very small, is
present even in the case of ‘perfect’” emission and absorption of molecules from the liquid
surface. The term ‘perfect’ here denotes circumstances when all the molecules emitted from
the liquid reach the vapour and stay there, and all the molecules impinging the liquid surface
are absorbed. However, in general the emission or absorption of molecules from or into a
liquid surface is not perfect, and scattering can take place. This is illustrated in Figure 3,
adapted from [14].

Considering evaporation, the flux of molecules trying to escape the liquid surface depends on
the liquid temperature. If scattering is present, such that some escaped molecules return, then
to obtain the same flux of molecules reaching and remaining in the vapour as would depart
the liquid in the absence of scattering a higher superheat of the liquid is required. In the next
sections, we present a short survey on how this physical mechanism is incorporated in a
simple model of the phase change process that can be used within the context of continuum
mechanics.
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Figure 3
Evaporation from a molecular point of view.

2.2 The representation of this as an effective heat transfer coefficient

We follow here the development in Schrage [15]. Assuming that the vapour is an ideal gas
and that the velocities of the molecules in the impinging and escaping fluxes follow a
Maxwellian distribution, from the kinetic theory of gases one can obtain the following
expression for the flux of molecules emitted from the liquid surface:
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or the flux of molecules from the vapour, impinging on the liquid surface:

p
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where p, and p, are the liquid and vapour pressures, and 1;,T, the liquid and vapour

temperatures and R is the gas constant.

The scattering process discussed above means that not all of this flux ‘stays gone’; some
molecules will return to their source region. For example, some molecules emitted from the
liquid surface are caused to return to the liquid immediately by collision with extant vapour
molecules. It is normal to introduce the quantities f,, the fraction of molecules impinging on
the liquid surface that are eventually absorbed, the ‘condensation coefficient’, and f,, the
fraction of molecules leaving the liquid surface that eventually reach the bulk vapour, the
‘evaporation coefficient’.

There is an additional factor to consider including; an allowance for the bulk motion of
molecules towards the liquid during condensation, or away from it during evaporation. From
Tanasawa [16], for condensation this is given by:
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where m is the net mass flux across the interface.

For atmospheric water at a condensation rate corresponding to a heat flux of 500 kW m?, not
untypical of micro-layer heat fluxes, the second term on the right hand side of (3) is
approximately equal to 0.001. Plainly for the cases of immediate interest it matters little, but it
could perhaps become important under other circumstances.

Assuming this factor I’ to be equal to one, for the case of evaporation the net flux of
molecules from liquid to vapour is given by

m=f¢ —19, (4).

Schrage considered an interface at equilibrium (zero net mass flux) and concluded that f, = f,.
He later applied the same finding to non-equilibrium conditions (finite net mass flux). We
will adopt this approach here and also take f, = f. = f. Following Schrage, we term f an
‘evaporation coefficient’. Taking p, as the saturation pressure at the liquid surface
temperature, the net mass flux can now be written as
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We will return to this expression later in the context of inferring a value for f (section 4.2).
Under the assumption that the temperature difference between the liquid surface and the
vapour is small compared to their absolute values, one can use the Clausius-Clapeyron

P —p,

relation = —% to obtain the following expression for the net mass flux across the
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interface as a function of fluid properties and interface superheat:
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The mass flux in this expression is readily converted into a heat flux. We will express the
resulting relationship between interface superheat and heat flux via the evaporative thermal
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If the vapour is assumed to be at the saturation temperature at the system ambient pressure
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we then have
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Its value is seen naturally to depend on the fluid properties, and in particular on the
evaporation coefficient and the latent heat of evaporation.

2.3 Typical evaporative heat transfer coefficient values

Considerable difficulties are encountered when trying to measure the evaporation coefficient.
This can be done only indirectly, for example by measuring the temperature of the liquid
surface, and inferring the coefficient. Usually, favourable conditions to measure the
evaporation coefficient are present when the gas phase is sufficiently rarified. For the case of
water, this means that most of the measurements of the evaporation coefficient are at low
pressures (tenths or hundredths of bars), and hence there is paucity of measurements of the
evaporation coefficient for pressures equal to or above atmospheric. In addition, there is a
large scatter of values suggested for the evaporation coefficient [14], due to the diverse
experimental arrangements devised to infer values of it. In the analysis presented here, based
on a survey of the literature [14-18], we will consider a large - but it seems fairly bounding -
range of evaporation coefficients, namely between 0.01 and 1.

As discussed, the value of fis rather uncertain, and we will now attempt to give a sense of the
significance of this uncertainty. In Figure 4 we show the evaporative heat transfer coefficient
h., for water at atmospheric pressure, and, in terms relevant to the micro-layer, express this
also as the thickness &; of a film of water offering an equal thermal resistance. Based on
measurements reported in previous analyses [14], a plausible value for the evaporation
coefficient is approximately 0.1. Using this value, for water at atmospheric pressure the
evaporative heat transfer coefficient is about 1 MW m™ K. The associated thermal resistance
is equal to that presented by a film of liquid water of thickness 1.0 micron.
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Figure 4
The evaporative heat transfer coefficient for water at atmospheric saturation conditions (left
axis), and expressed as the thickness of water film of equivalent thermal resistance (right axis),
as a function of the evaporation coefficient.

Another way to look at the interface thermal resistance is considering the interface superheat
S required to evaporate a given mass flux, Figure 5.



For steam - water boiling at atmospheric pressure, a typical value of surface mass flux might
be about 0.01 kg/m?s for the evaporation rate at the bubble curved surface, with micro-layer
fluxes more than fifty times this, perhaps 0.5 kg/m?s [19]. With an evaporation coefficient of
0.1, the interface needs to be superheated by a negligible 0.03 K in order to attain an
evaporation rate representative of evaporation at bubble surface. This suggests that the
interface resistance can be ignored when modelling evaporation at the bubble surface, which
is the common approach. However, interface resistance causes a superheat of approximately
1.5 K to be required to attain fluxes typical of micro-layer evaporation.
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Figure 5
Interface superheat per unit mass flux, for water at atmospheric pressure as a function of the
evaporation coefficient.

2.4 Importance of the evaporative thermal resistance during bubble growth

We now focus on the importance of the evaporative thermal resistance during bubble growth,
and provide an order of magnitude argument in order to assess its importance as regards the
two evaporation processes discussed in Section 0.

2.4.1 Evaporation from the curved bubble surface

For evaporation at the bubble surface, the thickness of the relaxation thermal layer increases
with time, and is given by [20]:

R(t) Rt
5,(t)= pZCp(A)T = J<a> (10),
p”hffl

where R(t) is the bubble radius, p; is the liquid density, c,, the liquid specific heat capacity,
and AT is the temperature difference between the liquid outside the thermal layer and the
bubble surface. The denominator may be recognized as the Jakob number, Ja.



The temporal variation of bubble radius can be obtained from the asymptotic solution for
diffusion controlled bubble growth [20]:

[12
R(t)=Ja —at (11),

where a; = k;/p,c,,; is the thermal diffusivity of the liquid and k; is the thermal conductivity
of the liquid. This gives the time dependent relaxation thickness as:

5,(t)= 4/9 at (12)
s

We then identify the ratio between evaporative thermal resistance and thermal resistance of
the relaxation layer that opposes the flow of heat into the bubble as

1 S
h h
Q — ev — ev (13)
6, (t) 12 ;
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This expression is plotted in Figure 6, where the symbol Q denotes the ratio (evaporative
thermal resistance)/ (thermal resistance of the relaxation layer).
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Figure 6

Evaporation at the bubble surface: The ratio (vertical axis) between evaporative thermal
resistance and thermal resistance of the relaxation layer as it varies with time during bubble
growth, for various evaporation coefficients.

Even for the smallest evaporation coefficient considered, the evaporative resistance declines
rapidly to less than 10% of the total resistance. Typical bubble growth times for water at
atmospheric pressure are of order hundredths of seconds, and the time for which the
evaporative thermal resistance is the dominant resistance to the flow of heat into the bubble is



very much smaller. This suggests that the effect of the evaporative resistance should be
considered only during the very early stages of bubble growth. A similar conclusion was
reached by Bornhorst et al. via a different approach [21].

2.4.2 Evaporation from the micro-layer

We now consider micro-layer heat transfer during the boiling of water at atmospheric
pressure. Since the micro-layer thickness generally does not exceed five microns, the micro-
layer could offer resistance to heat transfer by conduction that is comparable to the
evaporative resistance.
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Figure 7
The ratio between evaporative thermal resistance and the thermal resistance of a thin film of
water, for various evaporation coefficients.

The ratio between the evaporative thermal resistance and the micro-layer thermal resistance
is plotted in Figure 7 as a function of film thickness, for a range of values of evaporation
coefficient. This shows clearly that as the micro-layer thickness decreases, the evaporative
resistance becomes increasingly important.

3 MEASURED MICRO-LAYER EVAPORATION RATES; THE POOL BOILING TEST
CASE OF JUNG AND KIM

In what is perhaps one of the most comprehensive sets of measurements of bubble nucleation
and growth, Jung and Kim [9] reported detailed measurements of the thickness and radius of
the micro-layer as it varied during the bubble growth process. These provide an excellent
basis for the investigation of the significance of the evaporative resistance in modifying
evaporation rates.

3.1 The pool boiling test case of Jung and Kim [9]

The working fluid is water, boiled at atmospheric pressure using a 700 nm thick Indium-Tin
Oxide (ITO) film heater deposited on top of a 10 mm thick calcium fluoride substrate. The
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ITO heater surface is 8mm x 15mm, with the boiling chamber a cylinder of base diameter
50mm. The average heat flux over the heater is 200 kW/m?.

This set of measurements clearly demonstrated the existence of the micro-layer beneath a
vapour bubble growing in water at atmospheric pressure. Jung and Kim were able to
measure bubble shapes, micro-layer profiles and the temperature distribution on the
underside of the ITO layer by means of, respectively, synchronized high speed imaging, laser
interferometry and infrared thermometry; see Figure 8. Full details of the measurements are
available in [19].
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Figure 8
Schematic of Jung and Kim'’s experimental arrangements.

3.2 Jung and Kim micro-layer measurements

For present purposes the most important measurements are the series showing the
development of the micro-layer. Results are presented of the radial variation of micro-layer
evaporation rate, expressed as the rate of micro-layer thickness reduction, at a series of times.
These measurements were obtained by two independent means:-

(i) Under the assumption that the liquid in the micro-layer is stagnant, optical interferometry
allows the radial variation of micro-layer thickness to be measured directly at sequential
times.

(ii) Measurement of the solid-liquid interface temperature through time allows the time-
dependent variation of the surface heat flux in the solid substrate to be determined by highly
accurate finite element "post-processing” of the temperature field within the substrate. On the
assumption that all of this surface heat flux goes into evaporating the micro-layer at the same
location, the rate of thinning of the micro-layer can be determined.

(iii) A third ‘derived’ assessment of micro-layer thickness is also presented. Given the
measurement of the solid surface temperature and the micro-layer thickness, and the
assumption that the micro-layer upper surface temperature was equal to the saturation
temperature, the heat flux through the micro-layer can be determined. From this the
evaporation rate, and the rate of thinning of the micro-layer, can thereby be computed.
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We reproduce here (Figure 9) these measured quantities (from [19]), showing the micro-layer
depletion rate assessed by the two direct measurements, and the third inferred method.

We will for brevity term these respectively:-

e Evaporation Heat Flux (i)
e  Wall heat Flux (ii)

and the derived
e Conduction Heat Flux (iii).

The two independent measurements (i) and (ii) are in very good agreement with each other.
For present purposes the other noteworthy feature of this graph is that the micro-layer
depletion rate assessed by Method (iii) becomes inconsistent with the other two approaches
at small radii, where the micro-layer is thin.

As discussed above, it is under these conditions that one would expect the neglect of surface
evaporative resistance to begin to be significant. We will investigate whether or not inclusion
of this phenomenon will restore consistency to the three approaches in the next section.
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Heat transfer in microlayer (4 ms)

3.00E+07
A Evaporation heat flux
_ 2.50E+07 . ¢ Wall heat flux
NE W Conduction heat flux
£ 2.00E+07
=
=< L1.50E+07
=
+  1.00E+07 u
(48]
] n
T  5.00E+06 n
S
0.00E+00 ad
0 0.5 1 1.5 2
Radius (mm)
Heat transfer in microlayer (7 ms)
2.00E+07
u A Evaporation heat flux
. ¢ Wall heat flux
NE 1.50E+07 B Conduction heat flux
~~
=
=~ 1.00E+07
5 n
=
)
S 5.00E+06 "
T
PP | * N ey
0.00E+00
0 0.5 1 1.5 2

Radius (mm)

Figure 9
Reproduced from reference [19]. This shows the radial variation of micro-layer depletion rate
reported by Jung and Kim, using the three different approaches discussed above. From top to
bottom, the instantaneous micro-layer depletion profiles are shown at 1, 4 and 7 ms after
bubble nucleation.
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4 ANALYSIS OF THE JUNG AND KIM CASES

4.1 Re-evaluation of the micro-layer heat flux radial and temporal variation incorporating

evaporative thermal resistance

We can re-evaluate the heat flux via ‘Method (iii)’;, but taking the evaporative thermal
resistance into account, using the following expression:

T \rt)—T,
q(r,t) = W (14),
ko h

1 ev

where T,,(r, t) is the local instantaneous value of the solid-liquid interface temperature and
§(r,t) is the micro-layer thickness at radius r and time t This is done for values of
evaporative resistance and evaporation coefficient listed in Table 1, taken from the range of
values believed to be credible, and results for the three times are shown in Figure 10.

Case Evaporative resistance [m*K/W] Evaporation coefficient
hev1 1.275%x1077 1.00
hev2 1.275%x10°¢ 0.10
hev3 1.275x107° 0.01
Table 1

Values of evaporative resistance considered.

It is seen that inclusion of the effect indeed can restore consistency between the ‘derived” and
the two independent ‘measured’ results, and that a value of f lying between 0.1 and 0.01
seems appropriate. The very high value of heat flux predicted by Method (iii) close to the dry
patch (where the micro-layer is becoming very thin) decreases significantly with
progressively larger values of evaporative resistance.
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Influence of evaporative resistance on micro-layer depletion.
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4.2 Inferring of evaporation coefficient value

In the discussion above we employed a range of values of evaporation coefficient, and
inferred by inspection a plausible value. In this section we will approach this more
systematically, and compute directly the value required to generate a ‘derived’ heat flux
consistent with the two measurements. (Note, of course, that as the two measurements are
naturally not perfectly consistent with each other, the consistency of the derived approach
has a similar degree of tolerance).

The approach adopted is:-

Knowing the wall temperature and the heat flux, the micro-layer upper surface temperature
is computed:

INT w

T (rt) =1 (r.t)- %]q(m) (15)

Using this temperature, the evaporative resistance is computed:

1__a¢ (16)

h T T

ev INT - v

The evaporation coefficient is inferred (using equation (5)), assuming the vapour at the
saturation temperature at the system ambient pressure p,.:

q / hfg
Dgyr (TIVT) B D,
J2tRT,, \[2xRT,,(p,)

where the saturation pressure at the interface temperature is computed according to the

17),

f;n,/ erred

perfect gas law:

@ 1 1
R\T,.(p,) T.

and p,.r = 101325 Pa (vapour assumed at system ambient pressure) and Ts,r (pref) =373.15
K.

Poy (T ) = P, 7P (1)

We have used this approach to compute the evaporative thermal resistance needed for
consistency at each measurement location, at each time. Values are shown in Figure 11. Note
that one would expect this assessment to become less well conditioned in regions where the
micro-layer is thicker, and the evaporative thermal resistance is correspondingly a smaller
fraction of the total thermal resistance. More weight should thus perhaps be given to values
towards the inner radius.
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Figure 11
Value of the evaporative thermal resistance inferred from experimental data at 1, 4 and 7 ms
after bubble nucleation.

In any event, it seems reasonable to infer a value of evaporative thermal resistance between 2
x 10° and 10 x 10° m?K/W. At small radii, where the micro-layer is thinner (and thus
evaporative resistance more important), very similar values of evaporative resistance are
obtained at each of the three times considered (respectively, 5, 7 and 8x10° m?K/W), an
indication of the robustness of the present approach.
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Figure 12
Evaporation coefficient inferred from experimental data at 1, 4 and 7 ms after bubble
nucleation.

The approach can be repeated, to estimate a plausible range of values for the evaporation
coefficient itself (Figure 12), giving corresponding approximately bounding values 0.02 and
0.1. These values are indicated on the figure (black lines). The evaporation coefficient inferred
with measurements from to points close to the inner micro-layer radius is very similar at each
of the three times considered, and close to 0.02.

The degree of non-uniformity with respect to both location and time is quite significant, and
seems to be greater than, for example, mere experimental uncertainty might cause to be seen.

As discussed above, the basic concept of "accommodation coefficient" by construction
corresponds to the assumption that the evaporative process is able to be described by a
"evaporative heat transfer coefficient", relating the heat flux linearly to the difference between
the liquid surface temperature and the bulk vapour (saturation) temperature. One possible
explanation would be if the evaporative process were not actually able to be so described, but
rather displays a different dependence on this temperature difference. This is an interesting
possibility, as it would cast doubt on the ‘accommodation coefficient’ approach, and it thus
seems an area requiring further investigation.

Using bounding values for f, 0.02 and 0.1, we now show in Figure 13 an indication of the ratio
‘evaporative / conductive’ in the resistance to the flow of heat that is presented by the micro-
layer. It is seen that even for the higher evaporation coefficient (the dots), the evaporative
resistance would be everywhere a significant contributor to the total thermal resistance. For
the lower value (solid lines), evaporative resistance dominates the conductive. This suggests
strongly that in general the sub-grid micro-layer models [22] used in bubble growth
modelling should be augmented to include this effect.
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Figure 13
The micro-layer evaporative resistance relative to the conductive resistance at each of the
three times, for the upper (points) and lower (solid lines) bounds to the evaporation
coefficient

5 CONCLUSIONS

Micro-layer evaporative resistance is generally not included in microscopic modelling of
vapour bubble growth. However, it has been shown in this work to be important in some
circumstances, and in particular in the understanding of the evaporation of the micro-layer
beneath the bubble. For many conditions, micro-layer evaporation is a significant contributor
to the vapour forming the bubble. The flow of heat through this layer has been shown to be
strongly affected by the evaporative ‘heat transfer coefficient’, associated with the molecular
dynamics of the evaporation process at the vapour-liquid interface.

This has been demonstrated by analysis of the experiments of Kim, where the phenomenon is
clearly shown to be able to restore consistency to the heat flux derived from two otherwise
mutually self-consistent independent measurements.

Analysis of results at several times indicates that a quite constant value of evaporative heat
transfer coefficient (and equivalently, of molecular evaporation coefficient) is able to achieve
this consistency. Indeed, this result suggests that the experimental arrangements devised by
Kim could actually provide a very promising tool to make deliberate, focused measurements
of this rather difficult and elusive physical property.
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