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a b s t r a c t

The system studied is a plane channel in which one of the two vertical walls is kept at an arbitrary tem-
perature profile and may be partially or completely wet by a falling liquid film, while the opposite wall is
adiabatic. Air from the environment flows along the channel with a mass flow rate which depends on the
balance between hydraulic resistances and buoyancy forces. These latter, in their turn, depend on the dis-
tribution of temperature and humidity (hence, density) along the channel and eventually on the heat and
mass transferred from wall and film to the humid air.

A simplified computational model of the above system was developed and applied to the prediction of
relevant quantities, such as the total energy subtracted to the hot wall, as functions of the geometrical
and physical quantities that characterize the problem (channel height and thickness, localized hydraulic
resistance, hot wall temperature and its distribution, film flow rate, ambient air temperature and humid-
ity). Conclusions were also drawn on the cooling strategy to be adopted in the case when only a limited
amount of coolant is available.

� 2009 Elsevier Ltd. All rights reserved.
1. Problem description and modelling assumptions

1.1. Geometry and boundary conditions

The cooling of a hot vertical wall by a falling liquid film is a funda-
mental heat transfer problem, notably encountered in nuclear reac-
tor safety. The case of high wall temperatures, dominated by
sputtering and rewetting phenomena, has been studied for a long
time in connection with the cooling of fuel rods and other core com-
ponents [1]. In the present work we are interested in lower-temper-
ature, larger-scale applications, typical, for example, of the Passive
Containment Cooling System (PCCS) in AP600/AP1000 facilities [2].
Here, natural convection of air plays a crucial role and boiling, if
any, occurs in the nucleate form well below DNB.

A full analysis of this problem requires an adequate modelling of
the convection, condensation and evaporation phenomena occur-
ring on either side of the containment, as well as of the thermal cou-
pling between the inner and outer flow domains through the solid
containment wall. System codes have usually been employed for this
level of analysis [3]. Other studies have concentrated on the convec-
tion/evaporation phenomena occurring on the outer side. For exam-
ple, Kang and Park [4] obtained experimental results for a wall wet
by a falling liquid film; Yan [5] conducted a numerical study of the
evaporative cooling of a falling liquid film in turbulent mixed-con-
vection gas counter flow; and Arshavski et al. [6] included the effect
ll rights reserved.
of transient conjugate heat transfer involving conduction in the solid
wall.

The purpose of the present work is to develop the simplest pos-
sible model of the outer-side evaporative cooling which still pre-
serves the essential physics of the problem, thus allowing easy
but meaningful parametrical studies. The computational domain
is schematically shown in Fig. 1 and consists of a channel of height
H and width s, delimited by two vertical walls. One of the walls is
kept at an arbitrary temperature profile Tw(x) and may or not be
wet by a liquid film, which falls along it with an inlet temperature
Tl,H and an inlet mass flow rate Cl,H p.u.l. (per unit length in the
direction orthogonal to the plane of the figure). The opposite wall
is adiabatic. Air from the environment, with inlet temperature T0

and humidity m0, flows along the channel with a mass flow rate
p.u.l. Ca, driven by buoyancy forces.

This geometry can be thought of as approximating a cylindrical
shell of negligible curvature, as in the AP600 containment cooling
configuration. The inlet air mass flow rate Ca,0 depends on the dis-
tribution of air temperature Ta and humidity m (hence, density qa)
along the channel, which, in turn, depends on the heat and mass
transfer between the hot wall (either dry or wet by a liquid film)
and the humid air.

Besides the distributed frictional resistance of the channel, the
air flow encounters a localized hydraulic resistance K, which may
account also for the frictional losses in the air path upstream of
the channel inlet and for the extra losses associated with entrance
effects. The liquid film, if present, experiences a progressive reduc-
tion of its flow rate and thickness as it descends along the hot wall,
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Nomenclature

a, b constants in the entrance effects multiplier for heat
transfer, Eq. (19)

cp specific heat at constant pressure (J kg�1 K�1)
Deq hydraulic diameter, 2s (m)
ET thermal energy per unit perimeter (J m�1)
f Darcy–Weisbach friction factor
Frs Froude number, sl/(dgql)
g acceleration due to gravity (m s�2)
h convective heat transfer coefficient (W m�2 K�1)
hm convective mass transfer coefficient (kg m�2 s�1)
H wall height (m)
J specific enthalpy (J kg�1)
ka Kutateladze number of phase a, see Eq. (6)
K localized hydraulic resistance coefficient
m air humidity expressed as mass fraction
m00 water (humidity) mass flux from liquid film

(kg m�2 s�1)
M molar weight (kg mol�1)
p pressure (Pa)
q00 heat flux (W m�2)
Q mass per unit perimeter (kg m�1)
R gas constant (J mol�1 K�1)
Re Reynolds number
s channel width (m)
t time (s)
T temperature (K)
u velocity along x (m s�1)
W power per unit perimeter (W m�1)
x co-ordinate parallel to wall (m)
y co-ordinate normal to the wall (m)

Greek symbols
C mass flow rate per unit perimeter (kg m�1 s�1)
d liquid film thickness (m)

Dp pressure variation (Pa)
h contact angle (�)
k thermal conductivity (W m�1 K�1)
l viscosity (Pa s)
m kinematic viscosity (m2 s�1)
q density (kg m�3)
r surface tension (N m�1)
s shear stress (Pa)
W molar (and partial pressure) ratio

Subscripts and superscripts
a humid air
boil boiling
buo buoyancy
conv convective
crit critical value for flooding
DNB departure from nucleate boiling

(critical heat flux)
eff effective
evap evaporative
f, g saturated liquid and saturated vapour
H channel top
l liquid film
loss frictional loss
max maximum
ref reference
sat saturation
v (water) vapour
w wall
wet wetting
d liquid film edge
0 channel bottom = environment
* liquid film dry-out location

Liquid film inletx 
Γ

Γ

lH ,TlH 

x* 

s 

Adiabatic wall 
H 

Tw 

Air inlet (T0, m0) 

K 0

a,0 

Fig. 1. Schematic of the physical system.
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due to evaporative or boiling mass transfer to the humid air flow,
and may be completely dried out at a height x*.

1.2. Characteristics and stability of the liquid film

Consider the directions of motion indicated in Fig. 2(a). By
assuming laminar flow conditions for the liquid film, writing its
equations of motion (which reduce themselves to a balance be-
tween gravity and viscous forces) and imposing the no slip condi-
tion at the wall (y = 0) and a shear stress sl at the film–air interface
(y = d), the following dimensionless velocity profile inside the film
is obtained:

ulðyÞ
ul;0

¼ y
d

1� 1
2

y
d

� �
� Frs

y
d

ð1Þ

in which g is the gravity acceleration, ql and ml are the liquid density
and kinematic viscosity, d is the film thickness, ul,0 = (gd2)/ml and Frs
is the film Froude number based on the interfacial shear stress sl

and on the film thickness d, Frs = sl/(gdql).
Fig. 2(b) shows dimensionless profiles given by Eq. (1) for differ-

ent values of the Froude number. Note that the case Frs = 0 corre-
sponds to the no shear condition sl = 0.

By integrating Eq. (1), the following expression is obtained for
the mass flow rate Cl of the liquid film as a function of thickness
and Froude number:



Fig. 2. Liquid film behaviour. (a) Shear stress at the film–air interface. (b)
Dimensionless velocity profiles across the film for different values of the Froude
number (Frs = 0: no shear; Frs = 2/3: no net flow rate).
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Cl ¼
ql

ml
d3g

1
3
� 1

2
Frs

� �
ð2Þ

Note that the case Frs = 2/3 corresponds to Cl = 0.
Now, for equilibrium reasons sl must be equal to the shear

stress sa that acts on the film surface from the air side. This can
be roughly estimated as a function of the mean air speed and chan-
nel thickness s by using turbulent flow correlations, e.g., Blasius.
For example, for ambient air, a mean air speed of 1 m s�1 and
s = 0.2 m, one has sa � 3.8 � 10�3 N m�2. The Froude number is
then Frs � 3.9 � 10�7/d, showing that Frs� 1 for realistic values
of the film thickness d. Therefore, the prevailing conditions are
close to no-shear ones (Frs = 0) and Eq. (2) yields a film thickness:

d � 3Clml

qlg

� �1=3

ð3Þ

For example, for Cl = 0.2 kg m�1 s�1, one has d � 4 � 10�4 m at
ambient temperature. For the liquid film velocity, Eq. (1) yields in
the no-shear case:

ul;max ¼
gd2

2ml
ð4Þ

(�0.8 m/s for Cl = 0.2 kg m�1 s�1 at ambient temperature). From
Eqs. (3) and (4), the film Reynolds number based on film thickness
and maximum liquid speed, Remax = ul,maxd/ml, can be expressed as:
Remax ¼
3
2

Cl

ll
ð5Þ

(�300 for Cl = 0.2 kg m�1 s�1). Therefore, the assumption of laminar
flow is justified and Eq. (3) can be used to evaluate the film thick-
ness d.

However, the possibility of film flow reversal or flooding under
the action of the counter-flow air, as well as the possibility of the
film breaking up into rivulets, must be considered.

(a) As regards flow reversal, for any geometry and liquid–gas
couple the condition Cl = 0 (Fig. 2b) corresponds to Frs = 2/3 and,
as discussed above, can safely be ruled out for realistic values of
the air speed.

(b) Flooding may occur due to the propagation and amplification
of oscillatory instabilities at the film–air interface. Commonly used
correlations for the occurrence of flooding conditions [7] are based
on the Kutateladze number of both phases:

ka ¼ �ua
q2

a

grðql � qaÞ

� �1=4

ð6Þ

in which a denotes liquid (l) or gas (a) phase, the overbar denotes
averaging over the liquid or gas cross section, and r is the surface
tension. The flooding condition can be expressed as:

k1=2
a þ Ak1=2

l ¼ B ð7Þ

For example, Pushkina and Sorokin [8] suggest A = 0 and B = 1.79,
which yields a simple flooding criterion involving only the gas-
phase speed:

ka;crit ¼ 3:2 ð8Þ

For the present air–water system, if the physical properties are eval-
uated at the ambient temperature of 20 �C (r = 72.8 � 10�3 N m�1,
ql � 103 kg m�3, qa � 1.25 kg m�3) one has ka � 0.216�ua and Eq.
(8) predicts flooding only if the mean air speed exceeds the value
of �15 m s�1. Preliminary calculations show that, for the problem
under consideration, the expected air speeds are much lower than
the above value, so that the possibility of flooding by hydrodynamic
instability can be safely ruled out.

The breaking of a liquid film into rivulets may be triggered by
surface wave instability or thermocapillary instability [9]. The lat-
ter mechanism occurs only on heated surfaces, while the former
may occur also in isothermal flows. As regards surface-wave insta-
bility, film breakup may be thought to occur when the theoretical
film thickness decreases below a minimum thickness dmin which
depends on the fluid’s and the surface’s properties and on the wall
inclination angle; for example, for vertical walls El-Genk and Saber
[10] propose the approximate criterion

Dmin ¼ ð1� cos hÞ0:22 ð9Þ

in which h is the contact angle and D is the dimensionless film
thickness, defined as

D ¼ d
q3

l g2

15l2
l r

� �1=5

ð10Þ

For water–steel contact, which would be typical of the AP600 contain-
ment, the contact angle h ranges between 70� and 90� [11]. Using (con-
servatively) this upper value, the physical properties of water and Eqs.
(9) and (10), the minimum film thickness dmin is found to be�0.4 mm
at 20 �C and�0.25 mm at 100 �C. These values are of the same order as
those obtained for d from Eq. (3) for realistic value of the water flow
rate; therefore, the possibility of film breakdown and rivulet formation
cannot be ruled out under the present conditions. This is even more
true if the simultaneous occurrence of the second type of instability
(thermocapillary), for which no simple correlation was found in the
literature, is taken into account.
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For the sake of simplicity, in the present study we ignore the
possible presence of rivulets and assume that the liquid film, if
present, covers the wall uniformly from x = H to the dry-out height
x = x*. As a caveat, it should be observed that this is not a conserva-
tive assumption, since the presence of dry patches would reduce
the overall wall cooling rate.

1.3. Summary of the modelling assumptions

Taking the above considerations into account, the overall mod-
elling assumptions can be summarized as follows:

� Steady state conditions hold.
� The wall temperature Tw is a known boundary condition, possi-

bly function of the axial location x. Of course, this assumption
makes heat conduction in the wall thickness irrelevant. Should
heat transfer through the wall be explicitly modelled, it can be
anticipated that longitudinal heat conduction would play a
minor role in reactor-scale applications due to the large value
of the longitudinal Biot number (H2h)/(swkw) [12], in which H,
sw and kw are the height, thickness and thermal conductivity of
the wall and h is the overall heat transfer coefficient. Therefore,
the outer wall temperature would depend mainly on the local
balance between the heat transferred to the inner surface of
the wall (e.g., by condensation) and that removed from the outer
surface by convection, evaporation or boiling.

� The thermal resistance of the liquid film is equal to its conduc-
tive value d/kl (see Section 2.2).

� Film flow reversal and flooding do not occur, which puts limits
to the air velocity (see Section 1.2).

� The liquid film covers the wall uniformly, i.e., no rivulets form
(see, however, Section 1.2).

� The system pressure is uniform and equal to the ambient pres-
sure p0.

� Boiling, if present (Tw > Tsat), is nucleate (which implies
Tw < TDNB).

� The air flow is turbulent and perfectly mixed (air temperature and
humidity are functions of x only). The assumption of turbulent air
flow is amply justified a posteriori (i.e., by the computed values of
its flow rate) provided the gap thickness s, the wall height H and
the difference between wall and ambient temperature Tw � T0

are sufficiently large. For example, even for s = 0.1 m, H = 20 m
and Tw � T0 = 40 K (which are all very small values for a full-scale
plant), the air Reynolds number is well above 20,000.

� Although the air flow is driven by buoyancy forces, forced-con-
vection correlations can be approximately used both for friction
and for heat/mass transfer due to the high aspect ratio of the
channel (H/s� 1).
2. Governing equations

2.1. Balance equations

With reference to Fig. 1, the conservation equations which gov-
ern the phenomenon are:

� Humid air mass balance (constant dry air flow, variable water
component flow):
@Ca

@x
¼ @ðmCaÞ

@x
¼ m00 ð11Þ

� Liquid film mass balance (if appropriate):
@Cl

@x
¼ m00 ð12Þ
� Humid air enthalpy balance:
@Ja

@x
¼ q00 ð13Þ

� Humid air flow momentum balance, including buoyancy, pres-
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sure losses and inlet–outlet momentum change:
Dpbuo � jDplossj ¼
C2

a;H

qa;Hs2 �
C2

a;0

qa;0s2 ð14Þ

in which the driving buoyancy term and the overall loss term are
given by:

Dpbuo ¼
Z H

0
ðqa;0 � qaÞg dx ð15Þ

jDplossj ¼
Z H

0
f

1
2Deqqa

Ca

s

� �2

dxþ K
1

2qa;0

Ca;0

s

� �2

ð16Þ

respectively, Deq = 2s being the hydraulic diameter of the channel.
The friction coefficient is computed by the Blasius correlation
(f = 0.316Re�0.25); entrance effects are not explicitly computed but
rather included in the singular pressure loss constant K.

2.2. Kinetic equations

As regards heat and mass transfer correlations (kinetic equa-
tions), the total heat flux from hot wall to humid air flow is
expressed in the most general case as:

q00 ¼ q00conv þ q00evap þ q00boil ð17Þ

� The convective heat flux q00conv is always present and is computed

as:
q00conv ¼ hðTd � TaÞ ð18Þ
in which Td is the temperature at the film–air interface and the con-
vective coefficient h is computed by the Dittus–Bölter correlation
modified for entrance effects:

hDeq

ka
¼ 0:023

CaDeq

las

� �0:8 cp;ala

ka

� �0:4

1þ a exp �b
x

Deq

� �� �
ð19Þ

(see Section 3.1 for the values of the dimensionless constants a and b).

� Evaporative heat and mass transfer exist only in the presence of
the liquid film. The evaporative mass flux is computed as:
m00evap ¼ hmðmd �meff Þ ð20Þ

in which md = msat(Td) is the humidity at the film surface and
meff = min[m, msat(Ta)]. For the mass transfer coefficient hm the
heat/mass transfer analogy is used [13]:

hm ffi
h

cp;a
ð21Þ

where, in the absence of reliable correlations, the specific heat of
humid air is approximated by that of dry air. The evaporative
film–air heat flux is then computed as:

q00evap ¼ m00evapJg ð22Þ

in which Jg is the enthalpy of saturated vapour at the wall (and li-
quid film) temperature.

In Eqs. (18) and (20) Td is a further unknown, but can be ob-
tained by imposing the total heat flux q00conv þ q00evap to coincide with
the heat flux crossing the film:
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q00conv þ q00evap ¼ ðTw � TdÞkl=d ð23Þ

Eqs. (18)–(23) are solved numerically for q00conv ; q00evap and Td by
means of an iterative technique.

� Boiling heat and mass transfer are present only for Tw > Tsat (and,
of course, in the presence of the liquid film). The boiling mass
flux is computed by the Jens and Lottes correlation [9]:
Feed water 
l,H, jl,H 

Humid air 
a,H, ja,H 

Ambient air 
a,0, ja,0 

Residual water 
l,0, jl,0 

Ww 

Γ

ΓΓ

Γ

m00boil ffi
f ðpÞ
Jfg
ðTw � TsatÞ4 ð24Þ

in which f(p) = 2.73 (SI units) at atmospheric pressure. The boiling
film–air heat flux is then computed, by analogy with the evapora-
tive one, as:

q00boil ¼ m00boilJg ð25Þ

When boiling is present, the film is assumed to be at the uniform
temperature Tsat and Eqs. (18) and (20) are modified accordingly,
while Eq. (23) is not used. Note that boiling heat fluxes as given
by Eq. (25) are usually far larger than evaporative and convective
ones.

2.3. Thermodynamic equations and physical properties

The humidity m, defined as the water/mixture mass ratio, is re-
lated to the molar (and partial pressure) ratio w by:

1
w
¼ 1� Ml

Ma

� �
þ 1

m
Ml

Ma
ð26Þ

in which Ml = 18.016� 10�3 kg mol�1 and Ma = 28.978� 10�3 kg
mol�1 are the molar weights of water and standard air, respectively
[15]. The saturation humidity msat is attained when the partial pressure
of water vapour equals the saturation pressure of water at the humid
air temperature Ta, i.e., when w = psat(Ta)/p0; Eq. (26) thus yields:

msatðTaÞ ¼
Ml

Ma

p0

psatðTaÞ
� 1� Ml

Ma

� �� ��1

ð27Þ

The following approximate correlations were used in the calcula-
tions to compute the saturation temperature Tsat(p), the saturation
pressure psat(T) and the latent heat of vaporization of water Jfg(T):

Tsat ¼0:1323ðlnpÞ3�2:2303ðlnpÞ2þ26:8396ðlnpÞþ157:53 ð28Þ

psat ¼ 1:9657� 10�6T5 � 2:1785� 10�3T4 þ 0:9168T3

� 174:21T2 þ 1:2872� 104T � 6:3497� 104 ð29Þ

Jfg ¼ �2:49T2 þ 820:5T þ 2:91� 106 ð30Þ

(p and psat in Pa, T and Tsat in K, Jfg in J kg�1), valid for p =
611–4.76 � 105 Pa or T = 273.15–423.15 K, i.e., 0–150 �C). Eqs.
(28)–(30) approximate the data from the UK Steam Tables [16] to
within �1% over most of the range of interest. The enthalpy of sat-
urated vapour was then computed as:

JgðTÞ ¼ cp;l½T � Tref 
 þ JfgðTÞ ð31Þ

with cp,l = 4186 J kg�1 K�1 and Tref = 273.15 K (0 �C). The enthalpy of
superheated vapor was computed as:

JvðT;pvÞ ¼ JgðTsatðpvÞÞ þ cp;v ½T � TsatðpvÞ
 ð32Þ

with cp,v = 1870 J kg�1 K�1 at atmospheric pressure [16]. The total
enthalpy of humid air was computed by the formulae:

Ja¼ ½1�m
cp;a½Ta�Tref 
þmJgðTsatðpvÞÞþmcp;v ½Ta�TsatðpvÞ
 ð33Þ

Ja¼ ½1�m
cp;a½Ta�Tref 
þmsatJgðTaÞþ ½m�msat
cp;l½Ta�Tref 
 ð34Þ
valid for undersaturated air (m 6msat) and oversaturated air
(m > msat), respectively. Similarly, the density of humid air was
computed by the formulae:

qaðm; TÞ ¼ 10�3 p0

RT
1�m

Ma
þ m

Ml

� ��1

ð35Þ
qaðm; TÞ ¼ 10�3 p0

RT
1�m

Ma
þmsat

Ml

� �
þm�msat

ql

� ��1

ð36Þ

valid for undersaturated air (m 6msat) and oversaturated air
(m > msat), respectively.
2.4. Energy balance

The energy balance of the system considered is schematically
shown in Fig. 3 for the general case in which a residual liquid water
film flow Cl,0 reaches the base of the wall. It should be observed
that the power per unit perimeter Wa absorbed by the humid air
flow:

Wa ¼ Ca;HJa;H � Ca;0Ja;0 ð37Þ

differs, in general, from the power Ww subtracted to the hot wall
and satisfies:

Ww ¼Wa � ðCl;HJl;H � Cl;0Jl;0Þ ð38Þ

where Jl,H and Jl,0 are the enthalpies of the liquid water film at the
top and bottom of the wall.
2.5. Discretization and numerical solution

The above equations were discretized by the finite-volume
method and numerically solved by a purpose written Fortran code.

In principle, it would be possible to choose a value of the inlet
film flow rate Cl,H and compute the dry-out location x* as part of
the solution. However, an iterative approach would then be neces-
sary since the dry/wet status of the wall at a generic height would
not be known a priori. It was found easier to loop on the film dry-
out height x* (from 0 to H) and compute for each value of x* both
the film and the air flow rates. A simple iterative procedure was
still necessary to compute the air flow rate satisfying the balance
between buoyancy forces, pressure losses and inlet–outlet
momentum change, Eqs. (14)–(16), and a separate iterative loop
was required at each axial location to solve Eqs. (18)–(23), as dis-
cussed in Section 2.2.
Fig. 3. Energy balance of the physical system.
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3. Tuning and validation

3.1. Entrance effects and validation for the case of a dry wall

For the case of a dry wall (x* = H), results were compared with
2D predictions obtained by using the CFX-4 CFD code [17], the
k�e turbulence model and the Boussinesq approximation for buoy-
ancy, and modelling also the air paths upstream and downstream
of the computational domain in Fig. 1. A satisfactory agreement
was obtained by setting a = 1.5, b = 0.18 in Eq. (19) and K = 5 in
Eq. (16). For example, Fig. 4 compares profiles of the wall heat flux
predicted for H = 30 m, s = 0.2 m, T0 = 20 �C and three values of the
wall temperature Tw (40, 60 and 100 �C).
3.2. Validation for the case of a completely wet wall

For the case of a completely wet wall (x* = 0), results were com-
pared with experimental data obtained by Kang and Park [4] in a
2 m high test section. Since the authors used forced convection
to establish a given flow rate, the present computational procedure
was slightly modified so that this quantity was imposed, rather
than computed as part of the solution. The above values of the en-
trance effects constants (a = 1.5, b = 0.18) were used. For example,
Fig. 5 compares average wall heat transfer coefficients predicted
Fig. 4. Wall heat fluxes for H = 30 m, s = 0.2 m, T0 = 20 �C, x* = H (dry wall) and three
values of the wall temperature Tw. Solid lines: predictions by the present model
using a = 1.5, b = 0.18 for the entrance effects multiplier in Eq. (19); symbols:
predictions by the CFX-4 code.

Fig. 5. Average wall heat transfer coefficient for H = 2 m, s = 0.1 m, T0 = 25 �C, x* = 0
(completely wet wall) and three values of the wall temperature Tw. Lines:
predictions by the present model; symbols: experimental results by Kang and Park
[4].
for H = 2 m, s = 0.1 m, T0 = 25 �C and three values of the wall tem-
perature Tw (50, 60 and 70 �C). Despite the crude simplifications
adopted in the present model, a satisfactory agreement is obtained
on heat transfer rates, with some overprediction of their depen-
dence upon the air speed.

4. Results and discussion

4.1. Typical vertical profiles

As an example of the results provided by the computational
model, Fig. 6 reports typical predictions obtained for a reference
case characterized by T0 = 283.15 K, m0 = 0.003, Tw = 373.15 K,
H = 30 m, s = 0.2 m, K = 5, atmospheric pressure and for two dry-
out locations, x* = H/2 (bottom half of the wall dry, top half wet)
and x* = 0 (completely wet wall). In Fig. 6(a), vertical profiles of
humidity m (solid lines) and saturation humidity msat (broken
lines) are shown. It can be observed that in either case the air
humidity attains and exceeds saturation shortly above the dry-
out location x*, giving rise to the formation of mist in the upgoing
air. In Fig. 6(b), vertical profiles of humid air temperature Ta are re-
ported; in the case x* = H/2 the existence of three different trends
in the Ta(x) profiles can be observed, corresponding respectively
to dry wall (x < 15 m), wet wall cooled by undersaturated air
(x = 15–17 m), and wet wall cooled by oversaturated air with mist
(x > 17 m).
Fig. 6. Reference case (H = 30 m, Tw = 373.15 K, T0 = 283.15 K, m0 = 0.003, s = 0.2 m,
K = 5) with dry-out locations x* = H/2 or x* = 0 (completely wet wall): (a) vertical
profiles of air humidity m (solid lines) and saturation humidity msat (broken lines);
(b) vertical profiles of humid air temperature Ta.
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In the graphs that follow, the ambient conditions are the same
as for the reference case but the remaining quantities Tw, H, s, K are
made to vary to show their effects on global quantities such as the
air flow rate and the power subtracted to the wall.

4.2. Influence of the wall temperature

Fig. 7(a) reports the inlet air flow rate Ca,0 as a function of the
wall temperature Tw (assumed uniform) for s = 0.2 m, K = 5 and
three values of the wall height H in the two limiting cases x* = H
(dry wall) and x* = 0 (wall entirely wet by a liquid film). It can be
observed that the air flow rate generally increases with the wall
temperature and is much higher for a wet wall than for a dry wall.
Only when the wall temperature exceeds 100 �C, giving rise to
nucleate boiling of the liquid film, the inlet flow rate decreases
with Tw; however, the outlet flow rate (not shown here) increases
monotonically with Tw in all cases since high values of Tw are asso-
ciated with very high outlet humidity, well above saturation (mist).

Fig. 7(b) reports the total power Ww subtracted to the wall un-
der the same conditions. The use of a log scale should be noticed. In
the presence of a liquid film Ww is much larger than for a dry wall,
and increases much more steeply with Tw (or, better, with Tw � T0).
Interestingly, the increase of Ww with Tw halts for Tw = Tsat, when
the film surface humidity md = msat(Tw) in Eq. (10) for the evapora-
tive mass (and heat) flux attains its maximum value of 1. For fur-
ther increases of Tw beyond Tsat the evaporative flux remains
unchanged, while a boiling mass/heat flux appears which, how-
ever, remains small until Tw � Tsat exceeds a few K.
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Fig. 7. Inlet air flow rate (a) and total power subtracted to the wall (b) as functions
of the wall temperature Tw for s = 0.2 m, K = 5 and three values of H (20, 30, 40 m).
Broken lines: dry wall (x* = H); solid lines: completely wet wall (x* = 0).
4.3. Influence of the channel width

Fig. 6(a) reports the total power Ww subtracted to the wall as a
function of the channel width s for Tw=100 �C (uniform), H = 30 m,
three values of K and x* = 0 (wet wall) or x* = H (dry wall). An opti-
mum width, yielding maximum heat transfer, exists in all cases; it
decreases with K and (for the present data range) is 0.13–0.14 m
for a dry wall and 0.18–0.26 m for a completely wet wall.

The presence of a maximum in the Wa(s) curve can be explained
by considering the behaviour of the inlet humid air flow rate Ca,0 as
a function of s, reported in Fig. 8(b) for three values of the localized
resistance K (3, 5 and 10) and x* = 0 (completely wet wall). Since
the Dittus–Bölter correlation and the heat–mass transfer analogy
were used, Eqs. (19)–(22), one has h, hm � (Ca,0)0.8/s. Therefore, in
the s ranges in which the slope of the Ca,0(s) curve is larger or smal-
ler than 1/0.8 = 1.25, the subtracted power Wa respectively in-
creases or decreases with s, and is maximum when this slope is
equal to 1.25.
4.4. Influence of the liquid film flow rate and cooling strategy

Fig. 9 reports the total power Ww subtracted to the wall as a
function of the film inlet flow rate Cl,H for H = 30 m, s = 0.2 m,
K = 5 and different values of Tw. For each Tw, Ww starts from a small
value Ww(0) corresponding to a dry wall (x* = H). As Cl,H increases,
the wet length H � x* grows and Ww increases about linearly with
Cl,H up to a value C�l;H , corresponding to the condition x* = 0
0.E+00

1.E+05

2.E+05

3.E+05

4.E+05

5.E+05

6.E+05

7.E+05

8.E+05

9.E+05

0.0 0.2 0.4 0.6 0.8 1.0
Channel thickness s (m)

To
ta

l p
ow

er
 W

 w
 (W

/m
)

K=3
K=5
K=10

K=3
K=5
K=10

(dry wall data 
enhanced 10 times)

Fig. 8. (a) Total power subtracted to the wall as a function of s for Tw = 100 �C,
H = 30 m and three values of K (3, 5, 10). Broken lines: x* = H (completely dry wall);
solid lines: x* = 0 (completely wet wall). (b) Humid air inlet flow rate as a function of
the channel width for the same values of K and x* = 0 (completely wet wall). The
straight line corresponds to a 1.25-power law.



Fig. 9. Total power subtracted to the wall as a function of the film flow rate for H = 30 m, s = 0.2 m, K = 5 and different values of Tw.
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(completely wet wall). For larger Cl,H, an increasing fraction of the
film flow rate reaches the base of the wall in the liquid state and
Ww grows more slowly, because of the sensible heat required to
warm the liquid from its inlet temperature Tl,H to the thermal equi-
librium temperature Tw, whereas the power Wa transmitted to the
air flow remains unchanged (Fig. 3).

Now, assume that the feed water for the liquid film is drawn
from a reservoir of finite mass Ql (per unit perimeter). Any mass
flow rate Cl,H – supposed constant – can only be provided up to
a time twet = Ql/Cl,H. The power subtracted to the wall will be
Ww(Cl,H) for 0 6 t < twet and Ww(0) for t > twet. On the basis of re-
sults like those in Fig. 9, and assuming that Tw remains constant
throughout the cooling process, the total thermal energy ET(t, twet)
(per unit perimeter) subtracted to the wall up to time t can be com-
puted for different values of twet, or ‘‘cooling strategies” (Fig. 10).
For each twet, the corresponding curve in Fig. 10 exhibits an abrupt
change of slope at t = twet, associated with the transition from wet
to dry cooling. The solid line is for twet equal to t�wet ¼ Q l=C

�
l;H , C�l;H

being the minimum flow rate for which the wall is completely cov-
ered by the liquid film (x* = 0). For twet > t�wet (i.e., Cl;H < C�l;H) the
integrated thermal energy subtracted to the wall is at any time less
or equal to that corresponding to twet ¼ t�wet , whereas for twet > t�wet

(i.e., Cl;H > C�l;H) it exceeds slightly ETðt; t�wet) for t < twet, but remains
lower for any larger time. Thus, in a well defined sense, the ‘‘cool-
ing strategy” characterized by the choice twet ¼ t�wet is optimal.
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Fig. 10. Total thermal energy subtracted from the wall as a function of time for
Tw = 100 �C, H = 30 m, K = 5 and different ‘‘cooling strategies”.
5. Conclusions

A model was developed for the free convection cooling of a hot
vertical wall, either dry or wet by a liquid water film. It was used to
predict the dependence of relevant quantities, e.g., air flow rate and
thermal power subtracted to the wall, on system’s parameters such
as wall temperature, channel height and width, localized hydraulic
resistance and water supply rate.

Notably, the existence of an optimum channel width was pre-
dicted and explained. In the case of a finite water reservoir and
of a constant wall temperature, the existence of an optimum ‘‘cool-
ing strategy” was demonstrated, consisting of supplying water at
the minimum flow rate which guarantees a complete coverage of
the wall by the liquid film.
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