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The evaporation of a polar liquid at low pressure upon exposure to microwave radiation
has been investigated. The conventional theories previously developed to describe the non-
equilibrium conditions of the evaporating interface are found to be in poor agreement with
the experimental results. It is possible to take into account the influence of microwave fields
on the evaporating surface by modifying the expression for the entropy production.
Another approach, based on the concept that microwaves would increase the pressure, has
also been found to be satisfactory.

In a previous paper we reported some experimental results concerning the evapora-
tion of ethyl alcohol under low pressure during microwave irradiation of the interface
between the gas and the liquid.

We established empirical relations giving the evaporation rate and the temperature
of the phases (gas and liquid) in contact with the interface as functions of the applied
microwave power. The evaporation rate is linearly dependent on the microwave power
only above a given field intensity. The temperature of the liquid phase increases
linearly, and that of the gas does not vary. These results also suggest that there is no
heat transfer across the interface.

In this paper we attempt to specify the behaviour of the interface at which the
{iquid is transformed into gas, without considering the adjacent phases: the liquid
column which is, of course, heated by microwaves and exchanges heat with the sur-
roundings; and the column of flowing gas, which also exchanges heat with the walls
of its container.
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In order to compare the validity of the different relations that we will test in this
paper, we shall refer to a set of 30 labelled experimental results, obtained with a range
of initial conditions as different as possible:

m; = 0; 10; 20; 40; 50 in Watts;
Tep=—27;18,5.6;9;11.5; 14 in °C.

Tep is the temperature of the exterior bath which determines the pressure of the
gas Pc = Ps{T¢p); Pc is a constraint of the system. 7; is the incident wave power level,
which determines the field intensity (E; = V;,_) m is the rate of surface mass evapora-
tion (mg s=1 mm—2). Ty and T are the temperatures of the phases, measured quite
near the interface; we also define the reduced temperatures by

1 1 1 1

Lack of agreement with the classical interface relations

I1f we could verify a relationship giving the evaporation rate as a function of the
thermal and chemical characteristics of the interface, ignoring the value of the electric
field, we would then be able to conclude that the action of the field is restricted to
the heating of the condensed phase. This, in fact, is not the case.

(a) The formula of Hertz—Knudsen (given in [1]), even if it takes into account
the exact temperature of the liquid phase at the surface, does not correctly represent
the m data (see Fig. 1). At least the coefficient K must be dependent on the micro-
wave field.
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Fig. 1 Hertz—Knudsen representation of the results
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Fig. 2 Erikson representation of the resuits
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Fig. 3 Modified Erikson representation of the results

{b) The first of Erikson’s formulae [1] states that the mass rate is proportional to
the logarithm of the pressure P, or to 1/7.p. It is numerically found acceptable
{see Fig. 2) for zero microwave field only, although heat transfers are not explicitly
taken into account in this formula. The modified form, which introduces the exact
value of the temperature of the liquid, is not a better representation (Fig. 3).

(c) To evaluate the performance of formula (4) given in [1]

o v 1 v (1 1
m=A|lm——=|+B |z77— = (1
(Tc,, T,) (Tcp Tg)
we give the results in Fig. 4 by representing
o
11
Tep Ty
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as a function of

.
Teo T
A
Tep Tg

We would obtain a single straight line if the formula agreed with the experimental
results. We observe a large discrepancy, which is evidently associated with the dis-
persion of the experimental points for a given value of 7. The dashed line is the
representative curve for the zero microwave field experiments. We observe that the
discrepancy becomes increasingly greater as the field increases.

Finally, formuia (1) must be corrected in order to give a satisfactory description
of the behaviour of the evaporation rate of a liquid exposed to microwaves, aithough
it is deduced directly from thermodynamics laws. This means that the action of the
field does not involve purely a heating process of the liquid.

It also means that the electric field is an additional independent thermodynamic
parameter, which cannot simply be integrated into the temperature in order to de-
scribe the behaviour of the interface.

Correction to formula (1)

Formula (1) takes into account two thermodynamic forces in order to calculate
the entropy production at the interface: the chemical potential and the temperature
discontinuities. Two phenomenological coefficients, A’ and B', are consequently
introduced. Both can be calculated by fitting the experimental data, when the micro-
wave field is off (see dashed line of Fig. 4):

A'=—580mgs—1mm—2, B '=227mgKs~1 mm-1
i

However, the quantity m—B' (-7-:————7.1—] appears to be fit better by a relation
1 1 * ’ 1
n ! 1
suchasCmy + A" {———-—| thanby A" { —— — —| (see Fig. B).
i ('rcp 7',] Y ( Tep 7',) g

The graph shows the experimental points to lie on straight and parallel lines. They
are shifted proportionally to the incident power value,

Thus, when the electric field is on, an additional term appears to be necessary to
complete the relation between forces and fluxes. Moreover, the coefficient A' {(which
describes the chemical transfer) changes, while the thermal transfer coefficient 8'
remains constant.

The best fit of the data gives

% =[Ao +44 exP(“%)][?:;‘%]JfB'('T%;——;;)Mm (2)
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with
Ag=-250mgKs—1mm=2, A;=200mgKs—1mm-2, a=72W,
B=227mgKs—1mm—2, €=175°10-3mgKs—1 mm—2W-1

The coefficient A’ changes from the value — 50 when 7; =0, to a constant value
— 250 as soon as a field of adequate amplitude is applied. A " describes the chemical
transfer as for a coupled activation-saturation process.

Hence, when the field is high, the first two terms are small, and the evaporation
rate increases linearly with the power. However, when the field is low, the mass rate
is a result of the three terms, which are of similar amplitude. The first two terms
correspond to the classical thermodynamics forces.

The last one, Cm;, corresponds to the enthalpy of alcohol. About 900 Watts is
required to evapore 1 g of alcohol per second. This can be written as a function of the
absorbed power, 75, as shown in [1].

Driving pressure

Another way of interpreting the data of Table 1 is to reconsider equations (6)—(11)
given in ref. [1]. The flow of gas is due to a driving pressure in the cylindrical column.
We can calculate its profile, as soon as the temperature profile is known: P(x) is a
solution of the second degree equation

°
m2rT{x)
4
P(x) Pix) c
in which the value of the constant is obtained, at x = oo, where P =P, and T = T,. So

+m2rT,

p2
( ¢ 5 C]P+m2r{Tc—— (Te — Tg) exp s1x}
[

0=pP2—

The effective pressure inside the column varies exponentially with the distance

m2p(T,~T,)
P(x}) =P, [1 + Pci g exps1x]
[

It follows that the pressure on the surface is slightly higher than P, the relative dif-
ference being

Pix=01—P; m2r(T.— Ty

Pe P,,?
p is the reduced driving pressure, which induces the flow of gas. It varies with the
square of the rate of mass evaporation.

Equation (14) of reference [1] would mean that the microwave and the heat
transfers increase the driving pressure separately.

p=

| |
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Fig. 6 Representative curve of p as a function of &,

The preceding arguments lead us to attempt to relate all the reduced values p,
8, and 84 to 7; 50 as to obtain a description of the interface. By fitting the data numer-
ically, we found that p is a function only of §,, as shown in Fig. 6. The best data
fit gives

p=po (exp78;— 1)

where pg = 1.62 - 10—8, 7 = 54,700 K. This is a two-numerical parameter formula.
It introduces only one of the three possible variables; but, §; being a function of m,,
p could also have been written as a function of the microwave field. Furthermore,
the temperature of the gas at the surface is also introduced implicity in the calculation
of p. We note immediately that this relation does not refer to any previous non-
equilibrium state as do formulae {12) and (14) of ref. [1]. The quantities pg and 7o
would characterize ethyl alcohol and probably the experimental device. pg determines
a pressure limit: when the interfacial vaporization pressure is lower than pg, the square
of the mass rate is a linear function of the reduced temperature of the liquid §;. In
contrast, when the pressure is higher than pg, the logarithmic value of the rate of
vaporization is linear with §,.

Discussion
Two plausible numerical formulae have been found acceptable to describe how
many molecules escape from the evaporating surface when the interface is irradiated

by microwaves. The two aspects represented by these formulae are not conflicting,
but rather complementary.
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One of them considers especially the dynamic behaviour of the gas phase. It estab-
lishes a relationship between the pressure gradient in the gas and the liquid tempera-
ture at the interface. All quantities introduced are measured with reference to the
equilibrium state. In this relation, the microwave field does not appear explicitly.
The microwave field heats the liquid phase and the evaporation rate enhancement
seems to result from its temperature change.

The second approach, which also gives good agreement betweer calculated and
measured values for the rate of mass evaporation from a liquid under microwave
irradiation, starts from the classical analysis of an irreversible process. The microwave
field, which acts on both the liquid phase and the interface, is then introduced, and
appears in the formula in two separate terms: A conventional one describes the trans-
formation of the liquid into gas at the cost of enthalpy, the energy being supplied by
the field. Simultaneously, the microwave field changes the coupling of heat and mass
transfers and reduces the portion of thermal energy that the liquid supplies to the
interface. According to this theoretical viewpoint, the microwave field would act on
the interface in a manner different from pure heating.

In our experimental device, the evaporation is unidirectional and thus, whatever
the principal causes of the evaporation process may be, the evaporated molecules
cannot be distinguished in the gas phase. The additivity of the mass rates, which is
given by formula (2), does not uniquely locate the causal dissipation process at the
interface. We even know that the term Cm; is of a volumic type.

Our models do not give any precise information about the molecular mechanisms
which occur. They give only algebraic relationships between two different sets of
system variables. Nevertheless, the experimental study leads to many new important
features. We have first proved that it is possible to reverse the thermal gradient
between the two phases of an evaporating interface. Furthermore, we have also shown
that the heat transfers between the interface and either the liquid or the gas phases
are dissymmetric. Finally, the experimental conditions (pressure, temperature of the
evaporating surroundings and microwave power levels) have been fully investigated:
they have characteristic influences on the behaviour of the system and its non-equi-
librium state.

Reference
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Zusammenfassung — Es wurde die bei niedrigem Druck unter Einwirkung von Mikrowellenstrahlung
erfolgende Verdampfung einer polaren Flissigkeit untersucht. Die friither entwickelten konven-
tionellen Theorien zur Beschreibung der Nichtgleichgewichtsbedingungen der verdampfenden
Grenzschicht sind in schlechter Ubereinstimmung mit den experimentelien Ergebnissen. Es ist
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méglich, den Einfluss des Mikrowellenfeldes auf die verdampfende Oberflachenschicht durch
Modifizierung des Ausdrucks fir die Entropieproduktion in Rechnung zu stelien. Eine andere
Niherung, die auf dem Konzept beruht, dass Mikrowellen den Druck erhéhen, wurde ebenfalls
als zufriedenstellend gefunden.

Pesiome — UccnenosaHo ucnapexue NONAPHONM KUAKOCTU NMPY HU3KOM fiaBAeHuU u o6nydYeHHO!
MUKPOBOAHOBLIM Ma3flydeHuem. TpaanunoOHHbIE Teopun, PassuTbie ANA ONUCaHWA HepaBHOBEC-
HbIX YCMOBWIA UCNapeHus Ha rpaHMue pPasfiena, NNOXO COFNACYIOTCA C IKCNEPUMEHTANbHLIMU
AAHHBIMKU. ONA 3TOFO CNEAYET ydUTbiBaTh BNUAHME MUKPOBOMHOBLIX NOMEA Ha NOBEPXHOCTHL
WUCNApeHNA NYTeM U3MEHEHUA BbipaXkeHUA AR nony4eHuA aHTponuu. Halisero yaosnetsBoputens-
HbiM U APYroe npuenuXeHue, OCHOBAHHOE HA KOHUENLUKM NOTOHHOrO Napa, YTO MWKPOBOMHLI
AOTKHLI YBENUYUBATL AABMEHNE.
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