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Abstract

The complete form of the Kelvin equation, which describes the effect of the interface curvature on the equilibrium vapour
pressure in the presence of the relative liquid, is considered. Regularity and general trend of solutions are investigated. A rigorous
power-series expansion of the physically meaningful solution is derived by Lagrange’s expansion. Our discussion also covers
the question of convergence (rate and uniformity) of the appropriate algorithm for numerical estimates. Some mathematical by-
products are finally presented.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

For a one-component liquid—vapour system, the Kelvin equation [1-4] describes the variation of the equilibrium
vapour pressure as a function of the curvature of the liquid—vapour interface, eventually in the presence of a
gravitational/inertial field. The Kelvin equation is independent of the external field, which only determines the
global shape of the liquid—vapour interface, by taking into account the appropriate boundary conditions. For an
incompressible liquid of density p, in equilibrium with its own vapour, the most general form of the Kelvin equation
at a given point of the liquid—vapour interface can be written as [5]

po(T, Py) 10P

Pv—2VH—P0—Pe/ o
po(T,Py) P 9P

(T, p)dp =0, (1.1)

where:

o T is the temperature of the system;
o H denotes the mean curvature [6] of the interface at the same point;
o P, stands for the vapour pressure at the same point;
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o py = pu(T, P) is the equation of state of the vapour phase, describing the vapour density as a function of
temperature and pressure;
o y represents the liquid—vapour surface tension, and here assumed to be essentially dependent on temperature only
(as actually it is);
o Py denotes the vapour pressure at a point of the interface where the mean curvature H is zero (flat surface).
At a given temperature, Eq. (1.1) relates the equilibrium vapour pressure P, to the mean curvature H and the
equilibrium vapour pressure over a flat interface, Py. It predicts that the equilibrium vapour pressure changes when
the mean curvature of the interface is nonzero. Eq. (1.1) can be derived by purely thermodynamical arguments, but
also follows from the conditions of thermomechanical equilibrium of the liquid—vapour system in the presence of an
arbitrary stationary gravitational or inertial field [5,7]. If the vapour is approximately described as an ideal gas, the
equation of state can be written in terms of the molar mass m of the pure component

RT
Py(T, py) = py—
m

where R is the ideal gas constant. The integral in (1.1) is then explicitly calculated

p(T.P) | gp, Pym/RT | RT RT Py
— (T, p)dp = S =5
pu(T, Py) 1% 8,0 Pom/RT P m m

and the equation takes the form [8]

v

RT P,
P,—Py—pi—In| — ) =2yH.
m Py
After some manipulation, and remembering that m/p, = v, the molar volume of the liquid phase, we obtain
RT P,
P,—Py— —In|— | =2yH. 1.2)
e Py

For a typical component — like water, for instance — the difference P, — Py is small in comparison with the logarithmic
term, so that it can be neglected in many customary applications. The Kelvin equation reduces then to the classical
approximate expression [1,4]

RT P,
—1In|— ) =-2yH,
vg Py

whose unique solution leads to the basic Kelvin formula

2)/va)

(1.3)

P, = Py exp (— RT

governing the main dependence of the equilibrium vapour pressure on the mean curvature H of the liquid—vapour
interface. Also, whenever the argument of the exponential in (1.3) is very close to zero, the Kelvin equation reduces
to the simpler form

PU—P()_ 2y Huvy
Py RT

, (1.4)

which is useful for many applications. Along with the Laplace equation, the Kelvin equation constitutes the
fundamental relationship of surface chemistry [4], and its validity has been experimentally checked under a wide
range of conditions [9—-11]. The more rigorous equation (1.2) does not admit a simple solution in terms of elementary
functions; approximate solutions have been tentatively proposed in the literature [8], particularly in the physico-
chemical description of porous media [7], although essentially on a physical ground and for physical purposes, without
any discussion of the more formal, mathematical aspects.

In the present note, we investigate the solutions of the full (1.2), paying particular attention to the problems
of existence, regularity, explicit analytical determination and numerical calculation. In doing this, some intriguing
mathematical by-products can also be obtained.
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2. Analytical and numerical solution of the Kelvin equation

Eq. (1.2) can be rewritten into the equivalent form

Py (P P, 2yH
vero (Tv ) (o) 2 v ive 2.1)
RT \ Po Po RT
where P,/Py € R and both the parameters
P 2yH
a=20 gy gV g 2.2)
RT RT

are typically very small. This seems evident for «, since the molar volume v, of the vapour phase is much larger than
that of the liquid phase at the same pressure and temperature
vePo  vwPove ve

= = _— = — 1,
=R T RT v, 0, S

while for the parameter §, we have the identity

_ 2yHve vwPo2yH  2yH

B = = =«
RT RT Py Py
with 2y H < Py. The further substitution ¢ = P,/ Py allows us to put Eq. (2.1) into the form
a(l=¢)+Ing=-p (2.3)

which, by posing ¢ = ¢~*~# Q and after a short manipulation, reduces to
0=e""0

Here, due to their physical meaning, Q and z = ae~*~# are both positive numbers. Nevertheless, we can search for
the solution in Q of the equation

0 =@ (2.4)

for arbitrary z, Q € R; in doing so, it is clear that the variable Q actually can only be positive. Therefore, we are led
to consider the equation

0% =1 (z,0) e RxR". (2.5)

The properties of the solution Q are illustrated by the proposition below.

Proposition 1. Let us consider the nonlinear equation
Qe =1, QeR' zeR. (2.6)
Then:

(i) the set of the solutions Q of (2.6) consists in the graph of two functions

Q- :z€(—o0,1/e] — 0_(2) € (0, €]
Q+ 12 € (Oa 1/6] - Q+(Z) € [ea +OO)’
(i) the function Q_(z) is increasing and continuous in the whole interval 7 € (—o0, 1/e] onto the interval (0, e],
and satisfies Q_(0) = 1. Moreover, it is analytical in the open interval z € (—o0, 1/e) onto the open interval
0, e);
(iii) Q+(z) is a decreasing continuous function in the interval 7 € (0, 1/e] onto the interval [e, +00). It is analytical
in the open interval 7 € (0, 1/e) onto (e, +00);
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(iv) the following limits hold
do-— dO

Y(Z) =400 lim d—z(z) = —00.

—>1/e— z—>1/e—

Proof. By inverting Eq. (2.6) with respect to z, we obtain the function

_InQ

1= —==f(0)
0
which is analytic VQ € R™ and whose first derivative can be written as
df I1-InQ
Q)= ——5—.
do Q

Standard analysis shows then that f(Q) is an analytic increasing function in the interval Q € (0, e] onto z €
(—o0, 1/e), while it is decreasing and analytic in the interval Q € [e, +00), with range z € (0, 1/e]. This allows
us to introduce the function Q_(z) as an increasing continuous inverse of f(Q), restricted to Q € (0, e], onto the
interval z € (—o0, 1/e]. In an analogous way, Q4 (z) will be the decreasing continuous inverse of f(Q) restricted to
Q0 € [e, +00),onto z € (0, 1/e]. The solution set of (2.6) is thus described as the union of the graphs of Q_(z) and
0+ (2). The analyticity of both O_(z) and Q4 (z) in their open domains follows by the Implicit Function Theorem by
noting that the analytic function

In Q

F(Z,Q)=—Z+f(Q)=—Z+7 (z, Q) e R x RF
has as partial derivative in Q

F _df o 1-InQ

00 =35@="1

and satisfies, therefore

oF
F(z,0-(2) =0 @(z, Q-(2) #0 Vze (=00, 1/e)

oF
F(z, 0+(2) =0 @(z, 0+@) #0 Vze(0,1/e)
since df(Q)/dQ = 0 if and only if Q = e. Analyticity at z = 1/e can be excluded, in both cases, by proving that
functions Q_(z) and Q4 (z) admit no derivative in z = 1/e. If the converse were true, indeed, we would deduce from
F(z, 0_(2)) = 0 that
1-InQ_(z) dO-
-1+ z) =0 Vze (—o0,1/e
0_0F  dz (2) ( /el
and since Q_(1/e) = e we would be led to a contradiction. The previous equation is however correct outside the
point z = 1/e and provides
d0- . _ _0-@?
dz 1—1In 0_(2) z—>1/e—
because lim; /.~ Q- (z) = e, while 1 —InQ_(z) > 0Vz € (00, 1/e). The case of O (z) is discussed in an
analogous way. [

+00

Out of the previous solutions, only Q_(z) is physically relevant, being analytic in z = 0. For further calculations,
we need therefore the power series expansion of the analytic function Q_(z) in a neighborhood of z = 0. This can be
achieved by means of Lagrange’s expansion [12] by developing an argument due to Case [7].

Proposition 2. Q_(z) can be analytically continued in the whole open disc {z € C : |z| < 1/e}, where it satisfies the
nonlinear equation Q_(z) = ¢*2~@_ It can also be continued to the closed disc B(0, 1/e) = {z € C : |z| < 1/e} as
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a continuous function, although this is not analytic at 7 = 1/e. The analytic function Q_(z) has at z = 0 the power
series expansion

o0 n

0 @)=Y Z—,z"‘l 2.7)

n=1""
convergent Yz € W.
Proof. At fixed w € R, let us consider the equation in H
H=¢e", (2.8)
For ¢ sufficiently close to zero, any equation of the form
H=X+e¢®(H)

with analytic #(H), defines H as an analytic function of ¢, which can be expressed by Lagrange’s expansion [12]

o0 n

d n—1
H=h+) = <@> [@(H)"]

n=1

H=h
Its application to Eq. (2.8) provides then the identity

o0 8” d n—1 " o0 En 1 1
— D e nw _ ¢ n—1 n—
H_Zn! (dH) (e ) —Zn!n w
n=1 H=0 n=1

which must be valid for |¢| small enough. On the other hand, by posing H = ¢(Q, we get the power series expansion

1 o0 n o0 n—1

0=-3%" %nn_lw”_] = ”m (ew)"™! (2.9)

n=1 n=1

which must describe, in an appropriate neighbourhood of ¢ = 0, an analytic function of ¢ solution of the equation
eQ =¢ge"?? = Q = ¢"¢ (2.10)

equivalent to (2.8). Actually, both Eq. (2.10) and the series solution (2.9) depend on the variable z = we, so it is z that
must be small enough. We conclude that

describes the power series solution, analytic in a neighbourhood of z = 0, of the equation
Q0 =e2.

From Proposition 1, it is known that such a solution, analytical in a real neighbourhood of z = 0, is given by Q_(z),
so that

o0 . n—1 [ k+1 k
0_(z) = Z; nn! = ;0 ﬁz" 2.11)

for any z sufficiently close to zero. Since Q _(z) is not analytic at z = 1/e, we expect that the series on the right-hand
side of (2.11) has a radius of convergence not larger than 1/e. Denoted by ay the k-th coefficient of the series, via
Stirling’s asymptotic formula, for large k’s we obtain

|a|1/k_[<k+1>k}”"w[ (k + DF ! }”k_[ l_em]‘/"
SA Y 2k + Dk + DM T [ Vamk + 1)3/2

so that there exists the limit

1 1/2k 1 .
lim |ak|1/k = lim |— — _eMtr=¢
k—+o00 k—+oo \ 27T (k + 1)3/2k
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and the radius of convergence follows from Hadamard’s formula

1 1 1

p = = = - = —.
lim sup |ag | /¥ lim |ag|'/% e
k—+00 k—+-00

As a consequence, the right-hand side of Eq. (2.11) defines an analytic function of z within the disk of convergence
B(0,1/e) ={ze€C:|z]| < 1/e}

and, in particular, in the open interval (0, 1/e). The Identity Principle of analytic functions implies then that the
identity (2.11) actually extends to the whole disk B(0, 1/e) and that the analytic equation

0-(x) = 0@

holds true in the same disk as a complex equation.

We have already proved in Proposition 1 that Q_(z) is continuous at z = 1/e and that Q_(1/e) = e. Thus, in
order to prove that (2.11) also holds at z = 1/e, we simply have to show that the power series in (2.11) converges at
z = 1/e, since if this is the case the power series converges uniformly in z € [0, 1/e] by Abel’s theorem and the limit
function must be continuous in the whole interval [0, 1/e]. To prove the convergence of the series

X -l X (k+ DF 1
P 122—( +D — (2.12)
— n! e"— = k+D!e

we denote with by its k-th term, and reckon the expression

¢ (%1 - 1) —* [e (ki 1>k1 - 1] = (1 + %)(Mk [e - (1 N %)’”}

where

k—1
k |:e _ <1 n l) :| —k [e _ e(k—l)ln(1+%)] — ok [1 _ e—1+(k—1)ln(l+%):|
k

1 1 1 3
- el+(k1)[k2k2+0(k3)]i| ok [1 B e—;k+o<k‘2>]

= ek

so that

lim k(b—k— 1) =e_1§e:§
k—400 bk+1

and since the final limit is greater than 1, the positive-term series (2.12) converges by Raabe’s test. Absolute
convergence on the disk boundary {z € C : |z] = 1/e} now follows from the convergence of the series at z = 1/e,
since the series has only positive coefficients; by Abel’s theorem convergence is uniform within any closed sector
S C B(0, 1/e) having its vertex at a point of the disk boundary, so that the limit function is continuous. In particular,
the limit of (2.12) is precisely Q(1/e) = e

SN |

- —e.
n! el
n=l1

By Proposition 1, however, the function Q_(z) is not analyticatz = 1/e. [
The previous series expansion is particularly useful for theoretical considerations. For numerical purposes,

however, (2.7) provides an efficient way to calculate Q_(z) only when z is sufficiently close to zero. Whenever
|z| =~ 1/e, or z € (—o0, —1/e), the following Proposition 3 suggests a more convenient strategy.
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Proposition 3. In the interval z € (—o0, 1/e), the function Q_(z) can be defined as the limit of a sequence of
functions Q,(2) in the same interval

0-()= lim_0,()

where Qo(z) = 1/(1 — 2) and

1 —2In 0,(2) +204(2)
7) = Z Vn e N.
Qn—i—l( ) 0,(2) -0,
At any fixed 7 € (—oo, 1/e), [0n(2)]1eN constitutes a growing sequence and the convergence is of order 2. For
fixed n € N, Q,(z) is an increasing function of z € (—o0o, 1/e). Convergence is uniform in any compact interval

[a, b] C (—o0, 1/e).

Proof. The first and the second derivatives of the function f(Q) = In Q/Q are expressed as

df(@ _1-mQ  d*f(Q) 2 (3
= =—|—-—=+InQ
do 0? dQ? o3\ 2
and from the negative sign of the second derivative we conclude that f(Q) is a concave function of Q € (0, ¢) onto
(—o00, 1/e); in the same interval the first derivative is strictly positive. For any z € (—o0, 1/e), Q_(z) is the solution

in (0, e) of the equation f(Q) = z or, equivalently, of

0_(2) =e*2-® Vze (—o0,1/e)
which implies the inequality
0_(2)=¢2"9 > 1420_(2)

and finally

— = 0 _(z) Vze(—oo,l1/e). (2.13)
As a consequence, the solutionin Q@ = Q_(z) € (0,e) of f(Q) — z = 0 for any fixed z € (—o0, 1/e) can be
determined by the Newton—Raphson method

f(Qn)_Z_ 1—-2InQy +20n

1(Qw) " 1-InQ,
starting the algorithm at any point Qg < Q_(z); if this is the case, the sequence Q, is increasing. Moreover, since
f(Q_(2)) > 0, the algorithm converges quadratically — order 2 convergence. By inequality (2.13), we simply have
to pose Qo(z) = 1/(1 — z), thus defining the increasing sequence [Q,(z)],eN- As a by-product, we also obtain that

0n(z) < Q_(2) and f(Qn(z)) < zVn € Nand Vz € (—o0, 1/e). The monotonicity of Q,(z) at fixed n easily
follows by induction by deriving the recursion relationship

Qn+1 =Q0n—

_ 2 — f(Qn(2))
0n+1(2) = 0n(2) + S0 (2.14)
with respect to z
dQuir 40 f1(Qn@) 40y 1= F(@a() )
dz (z) = dz (2) -z f(Qn(Z))] [f/(Qn(Z))]z dz (z) + f/(Qn(Z))

[—f"(Qn(2)] dQn
L' (Qn(@)]* dz

[z = f(Qn(2)] (2) (2.15)

1
= —+
J(Qn(2))
and noting that

F'(Qn(2)) > 0, 2= f(Qn(2)) >0, —f"(Qn(2)) >0 Vze(-oo,1/e), neN
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the latter inequality being due to f”(Q) < 0VQ € (0, e), as previously discussed. If dQ,,(z)/dz is assumed to be
positive in z € (—o0, 1/e) for a given n, then (2.15) implies that the same holds true also for dQ,,+1(z)/dz. The
requirement is actually verified for n = 0, since

dQo  d (1 \_ 1 B
d_z(Z)_dz<1—z>_(1—z)2>O Yo e o /e

so induction works and Q,(z) is a growing function of z € (—oo, 1/e) at any fixed n € N. The uniformity of
the convergence in any compact interval [a, b] C (—o0, 1/e) of z stems from an appropriate manipulation of the
recurrence (2.14) which, owing to identity f(Q_(z)) = z, can be written as

F(Q-() = f(@n(z)

Ont1(2) = 0-(2) = Qn(2) — 0-(2) +

S (Qn(2)
or, by Mean Value Theorem,
~ _ ~ £1Q* @) -
On+1(2) — 0-(2) = On(2) — Q-(2) + FOn@) [Q-(2) — On(2)]
f'(0*(2)
= n —_ _ 1 _———
for a suitable choice of 0*(z) € (Q,(2), @—(z)). In the final expression
f'(0*(2))
- —Yn = - — n l——
0-(2) = On+1(2) =[0-(2) — On(2)] [ f’(Qn(z))]

both the differences Q_(z) — On+1(z) and Q_(z) — Q,(z) are strictly positive, while the residual factor is positive
and admits the bound

@) o [O-@) _ f(Q-@)
S1(Qn(2)) — F1(Qn()) — J(Qo(2)

due to 0*(z) < Q_(z) and to the decreasing monotonicity of f'(Q) > 0in Q € (0, e). For any compact interval
[a, b] C (—o00, 1/e), we have therefore

sup |Q—(2) = On+1(2)| = sup [Q—(2) = Qnt1(2)]

Vz € (—o0,1/e), n e N

z€la,b] z€[a,b]
f’(Q(z))}
() — Oz 1o LX)
= Jpje-@-e (Z)]zi[‘f},’b][ F/(Q0(2)
f’(Q—(z))}
= - — Un l—— 2.16
zes[Lclzl,)bllQ @-0 (Z)|zes[l¢1},)b][ f(Qo(2)) 2.16)

where the extremum involving derivatives can be expressed in a more convenient form by the change of variable

z= f(Q)=InQ/Q, inverse of 0 = Q_(z),

[ f’(Q—(z))} _ { 1-1nQ (2) [1 +In(1 —z)r}
sup [l ———=——| = sup 31—
z€la,b]

zela,b] S (Qo(2)) 0_(2)? (1—-2)72
1—-InQ[1+In(1-77"
= sup 1— 0 |: T_02 ]
Q€[0-(a).0- ()] =10 0/0

with [Q_(a), O_(b)] C (0, e). The graph of the function

1—an|:1+ln(l—z)}_l

Mer=1-—5s (1-272

2.17)

z=InQ/Q
on the open interval Q € (0, e) can be easily investigated by lengthy, standard and not particularly deep arguments,
and its general trend is illustrated in Fig. 1. In particular, the function is continuous and strictly positive in
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M(Q) 1
1

0 ] 5 —Q

Fig. 1. Graph of the auxiliary function M (Q) involved in the proof of Proposition 3 — see Eq. (2.17).

the whole interval (0, e) except at point Q = 1. Moreover it has range (0, 1), with limg_,o; M(Q) = 1 and
limgp_..— M(Q) = 1. These conditions imply that for any [Q_(a), Q_(b)] C (0, e), there holds

sup  M(Q) = Cap < 1
Q€l0—(a),0-(b)]

so that inequality (2.16) becomes
sup |Q—(z2) = Q1D = sup [Q—(2) = Qu()|Cap n €N,

z€la,b] z€la,b]

and by iterating the same formula, we get

sup 10_(2) — Qur1 (@ < sup [Q_(2) — QoI CIF' VneN.

z€la,b] z€la,b]
Whence we conclude that the convergence is uniform on any [a, b] C (—o0, 1/e), and with an exponential rate. [

By applying Proposition 2, the Kelvin equation can be solved with respect to the pressure ratio P,/ Py by means of
an appropriate power series expansion.

Proposition 4. By posing

v P 2vyHv
o= 250 et ﬂ:y 0

RT RT
VYo > 0and VB > 1 — o + Ina the Kelvin equation (2.1) can be explicitly solved with respect to the pressure ratio
P,/ Py and we can write

eR,

P 00 kk*l
== PO (@ ) = e Y e (2.18)
0 il

Proof. We simply have to recall that if we pose P,/Py = ¢ = ¢ *#Q and z = ae ®#, then the unknown
function Q must obey Q = . For « and 8 close to zero, the pressure ratio must be around 1; as a consequence
0 = 0_(z) = O_(aee ® Py and, finally, P,/ Py = e * P Q_(e ). By replacing expansion (2.7), we derive
(2.18). The parameter « is assumed to be positive for physical reasons, but the convergence of the series in (2.18)
imposes the further requirement

ae P <1/e

and therefore § > 1 — o + In . By the way, it is noticeable that ] —a¢ +Inov <0Ve > Oandthat ] —a¢ +Ino < 0
in a right neighborhood of & = 0 — we have already stressed that, typically, « = 0. [



60 S. Siboni, C. Della Volpe / Computers and Mathematics with Applications 55 (2008) 51-65

3. Particular cases and mathematical implications
The case of a flat liquid—vapour interface — H = 0 — falls in the domain of application of formula (2.18), since
H = 0 implies 8 = 0, while
ae “<1/e Ya >0

as it can be easily verified by studying the graph of the function e~ in o € R™. In these circumstances, the following
proposition is useful.

Proposition 5. The function

00 n—1
E@)=e “Q_(ae*) =e"“ Z n

n=1

(e )" (3.1

n!

(i) is defined Vo > 0;
(i) is analytic Vo € RT\ {+1};
(iii) satisfies the condition Z(x) = 1 Va € (0, 1);
(iv) is a monotonic decreasing function in the interval o > 1;
(V) tends to zero in the limit o« — 400;
(vi) is not analytic at o = 1;
(vii) defines an analytic function of the open domain

{x e C: |a|e1_%(a) <1}
whose restriction to the open connected set
(@ eC:lale' 7@ < 1 Re(a) < 1}
is constant at the value 1.

Proof. Item (i) easily follows by noting that «e™ < e¢~! Vo > 0 and using Proposition 2 for the function Q_ (z).
Property (ii) is obvious, since Ry \ {+1} = {& > 0 : ae™® < e 1, open interval where Q_(z) is analytic by
Proposition 2. The bizarre property (iii) holds because Vo > 0 Q_(we™@) = e*Z(a) is, by definition, the only
solution in Q of the equation

0=e*"2 0e(0,e),

so that = () = e * Q_ (e~ ) provides the unique solution in X of
e XX =e  Xe(0e. (3.2)

As a simple analysis shows, for any fixed @ > 0 the function Ly (X) = e *X X is positive on the interval X > 0,
increasing in X € (0, 1/«a) and decreasing in X € (1/«, +00); moreover, it has a unique absolute maximum at
X = 1/«, with value 1/ae, and admits the limits limy_, o4+ Ly (X) = 0, limyx_, yo Ly (X) = 0. These properties,
along with the bound ae™® < e~! Vo > 0, imply that the Eq. (3.2) has precisely two solutions Yo € R \ {+1}, one
in (0, 1/«) and one in (1/c«, +00). The first solution is thus = () € (0, e!~®) C (0, 1/a). Whenever a € (0, 1),
the inequality ¢!~ > 1 holds, and the solution reduces to X = 1, since Ly(1) = e~ anyway. Therefore
Z(a) = 1 Va € (0, 1). Notice that the argument fails for @ > 1, because in this case ¢! ™® < 1 and consequently
1 & (0, e'~®) — actually X = 1 is the unique solution in (1 /e, +-00).

The function is monotonic decreasing Yo > 1 — item (iv) — because e~ “ is decreasing, the series Q_ («e™*) has
only positive terms, and ae™ is decreasing Yo > 1. Convergence to zero in the limit « — 400 — item (v) — stems
from the analyticity, and thus the continuity, of Q_(z) atz = 0:

lim S(x)= lim e “Q _(ee ®) = Ilim ¢ * lim Q_ (xe *)=0Q0_(0)=0.
a—>—+00 a—>—+00 o—>+00 a—>—+00
Statement (vi) follows from the Identity Principle of holomorphic functions: if = were analytic also in @ = 1, then
it would be analytic on the whole half-line @ > 0, and since =(¢) — 1 = 0 Yo € (0, 1), any point of the interval
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Sm(o)]

Re (o)

Fig. 2. The domains (2| and {2, of the complex plane considered in the proof of Proposition 5, item (vii). Restricted to the open region (2}, the
function =(«) defined by the analytical continuation of (3.1) is constant at the value 1.

o € (0,1) would constitute a limit point of a sequence of zeros of the analytic function Z(e¢) — 1 = 0. As a
consequence, we would have

E@)—1=0 Va >0,

contradicting the monotonicity of =(«) for « > 1. Finally, property (vii) arises owing to analyticity of Q in the
disc {z € C : |z| < e}, so that 5(a) is certainly holomorphic Yo € C obeying |ae™| < ¢~! or, equivalently,
lale! %@ 1. The latter domain consists in the disjoint union of two connected open sets

O = e C: lale'""*@ < 1, Re(a) < 1}
and
2 ={aeC:lale 7@ < 1, Re(a) > 1}

the first containing the whole segment (0, 1) of the real axis, where = («) = 1. The Identity Principle implies then
that = (o) = 1 Yo € (21. The general portrait of the sets {2; and (2, is illustrated in Fig. 2. Notice that it is impossible
to define an analytical continuation of = from the domain {2; to the region (2, through the residual complex plane for
if it were, = would be constant also along the half-line « > 0, a contradiction. [

As a consequence of the previous Proposition 5, the graph of the function = («) for @ > 0 has the general trend
sketched in Fig. 3.

Since in the Kelvin equation (2.1) the parameter « is positive and (typically much) smaller than 1, we conclude
that

Proposition 6. For a flat liquid—vapour interface — H = 0 — the only solution of the Kelvin equation
vePy ( Py 1 ! P, 2y Hvy

_ —In| — P —
RT \ Py Py RT

with respect to the pressure ratio P,/ Py in the interval [0, 1/a), « = v¢ Po/RT < 1, is the trivial one

P,/Py=1.

The latter result expresses, obviously, the physical statement that over a flat liquid—vapour interface at equilibrium,
the surface tension does not affect the vapour pressure.
From (2.18), remembering that P,/ Py = 1 at 8 = 0, it is straightforward to deduce further that



62 S. Siboni, C. Della Volpe / Computers and Mathematics with Applications 55 (2008) 51-65

E(0)

1

i a
Fig. 3. The graph of the function =(«) in the positive real half-axis. Notice the constancy in the interval o € (0, 1) and the lack of analyticity at

a=1.

Proposition 7. For any fixed o > 0, the pressure ratio P,/ Py is a decreasing monotonic function of € [1 — a +
In @, +00). In particular, P,/ Py < 1 for B > 0 and P,/ Py > 1 when B < 0.

This statement means that when the interface curvature H is negative, the vapour pressure at equilibrium P, must
be less than that valid for a flat interface; this is the case, for instance, of a liquid which wets the walls of a capillary
where it is contained — the equilibrium contact angle is smaller than 90 deg. In contrast, when H is positive, the
equilibrium vapour pressure increases with respect to the value over a flat interface — like for a liquid in a capillary
with an equilibrium contact angle greater than 90 deg.

The dependence on B is conveniently described by the following.

Proposition 8. For fixed o« > 0, the function defined by the series
o0 kk—l

(B =e PO (e Py=¢"F ; @ emeThyk-l

satisfies the properties listed below:
(i) Ya > 0 ¢(B) is analytic in the complex half-plane
{BeC:Re(B) >1—a+Inal;

(i1) Ya € (0, 1) and Yo > 1, the function can be expanded into a power series in a neighbourhood of B = 0, with
radius of convergence

1l—o+Ina|l=—-1+4+a—Ing;
(i) VB € C, |B] < —1 + a — Ina, the function £ (B) can be written in the form

_ B S R n
(B =e ;<—1> e ;T“‘e Yk — D). (3.3)

Proof. Indeed, due to Proposition 2, the series Q (ce™*#) is certainly convergent within the convergence radius at
zero

lae @ P = qe @B _ 1

that is, V8 € C such that Ino — o — fRe(B) < —1. The same Proposition 2 excludes that analyticity occurs at
B =1—a+ Ina < 0; thus by Cauchy’s integral formula, {(8) can be expanded into a power series in § = 0 with
radius of convergence |1 — o + In|; the latter vanishes when o« = 1, a case which must be excluded. The same
properties extend to the auxiliary function X (8) = eP t(B)=e“0_ (e~ P). The derivatives of X (B) can then be
calculated by the series

anx 0 kk—l

apr ) =D ;; — (we™) T e = 1yem P
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which at 8 = 0 reduce to

0 k-1

"X n_—ao k —a\k—1
a0 = (e ;Tme Yk — 1y (34)

and allow us to write, VB8 € C, |B| < =1 +a — Ina,

n gn o0 n k-1

X nﬂ —a k —a\k— n
(o>=§0(—1> D D COp L (R Vi (3.5)

——
—yn! dp =l

X(B) =

so completing the proof. [

There is an intriguing way to calculate the derivatives of the auxiliary function X (8) at 8 = 0 and, consequently,
the inner series in the right-hand side of (3.5).

Proposition 9. For any a € (0, 1), the following relations are satisfied:

L dix 1| & n) dtix X
W T ® =~ Z( ')W(O) [1 = 1(0)]

j=0
dix
—i—aZ( )W()dﬁwm)} Vn=1.2,... (3.6a)

I . kk_l —ank—1 n n a

(n)l;T(ae Yltk = 1) = (=1)"e%cp(@) Yn=0,1,2,... (3.6b)
where co(a) = 1, c1(¢) = —a/(1 — «) and the recurrence

1 n—1
c,,+1(a):—1_a{;(j)QH(a)[l—acn (@] +otZ<J)c/(oz)cn ,(a)} Vn=12,... (3.60)

defines the subsequent coefficients.
Proof. By inserting { = e_/sX(,B) in Eq. (2.3), we obtain

InX(B) = —a+ae PX =alePX(B) - 1] (3.7
where X (f) is an analytic nonvanishing function of 8 in a neighbourhood of 8 = 0 and, if « € (0, 1), X(0) =
Z (o) = 1 by Proposition 5. The derivation side by side of (3.7) leads to the relationship

—ﬂw)[e —aX ()] = —aX(B)> (3.8)

The general recurrence relation (3.6a) follows by deriving n times term-by-term Eq. (3.8), and applying the Leibnitz
rule for iterated derivatives

" n\ (d) [dX d\"’ n\ dXd"IX
;()(J) <@> (@)'(@) (e —d) = _“Z<1>Wdﬂ"—f
which provides the formula

" n\ X d"ix "n\ VX dIX
Z N ey P —a - | = —« Z )
j) dgit! dagr—J ‘o \J/ dpapr

=0

We only have to calculate the result at 8 = 0 using X(0) = 1 and collect on the left-hand side the highest order
derivative. In particular, (3.8) gives the first derivative dX (0)/d8 = —« /(1 — «). Eq. (3.6b) immediately stems from
(3.4), while (3.6c¢) is due to the obvious identification ¢, () = d"X/dg"(0) in (3.6a). [
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The lower-order derivatives d* X /dg"(0) can also be simply reckoned in an explicit way, so leading to a useful
formula for ¢ (B) at small 8.

Proposition 10. For any o € (0, 1), the following relationships hold:

o
() £<0> et (3.99)
d2x 1+a—a?
(ii) dﬂz( ) =« (1——0()3’ (3.9p)
(i) Z—(oee_“)k Mk —1) = lfaea; (3.9¢)
0 2
@ 3 —(ae‘“)k -1y = “1:15—05)?8“; (3.94)
1+
W ey =eF [1 e AL s B 1o >] (B — 0). (3.9¢)

Proof. Relationships (3.92)—(3.9d) immediately follow from (3.6), whereas (3.9¢) is a truncation of (3.3) in
Proposition 8. I

As a conclusion, by the previous proposition, for o € (0, 1) and 8 ~ 0 the corrected form of the Kelvin equation is

Py —B o l14+a—
v 1—
P ¢ [ 1—aﬂ+a 2(1 - )3

/3 + 0@ )}

where the parameters o and f are defined according to (2.2).
4. Conclusions

The complete form of the Kelvin equation, which accounts for the effect of interface curvature on the equilibrium
vapour pressure in the presence of the corresponding liquid has been investigated, paying particular attention to the
problems of the existence and regularity of solutions. A rigorous power series expansion of the physically meaningful
solution has been derived by using Lagrange’s expansion. The problem of the convergence of the appropriate algorithm
for numerical estimates, concerning in particular the exponential rate and uniformity of the convergence, has also
been addressed. Noticeably, the same results can also be applied to the more realistic situation of multicomponent
liquid—vapour systems, for a vapour phase of given composition, under the reasonable assumption that the vapour
phase can be treated as a mixture of perfect gases. In such a case, indeed, it is easy to prove [2,3] that the generalized
Kelvin equation takes a form analogous to (1.2), provided that the molar concentration 1/v; of the unique component
in the liquid phase of the one-component system is replaced with the total molar concentration C of the liquid phase
in the multicomponent system

Py
P,—Py— RTCIn 2

) —2yH, @D
0

C being the sum of the molar concentrations of each component in the liquid phase. As a consequence, the same
formulas established throughout the paper can be applied by considering the parameters

Py
RTC
instead of (2.2).

2)/H
RTC

o =

eRt pB= eR 4.2)
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