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Water vapour condensation in a partly closed structure. Comparison
between results obtained with an inside wet or dry bottom wall

Jean Batina' - René Peyrous?

Abstract

We are interested in the determination of the more significant parameters acting on the water vapour condensation in a partly
closed structure, submitted to external constraints (temperature and humidity), in view to recover the generated droplets as an
additional source of potable water. External temperature variations, by inducing temperature differences between outside and
inside of the structure, lead to convective movements and thermal variations inside this structure. Through an orifice, these
movements permit a renewing of the humid inner air and can lead to the condensation of the water vapour initially contained in
the inner air volume and/or on the walls. With the above hypotheses, and by using a numerical simulation [1] based on the
ambient air characteristics and a finite volumes method, it appears that condensed water quantities are mainly depending on the
boundary conditions imposed. These conditions are: 1) dimensions of the structure; 2) external temperature and relative
hygrometry; 3) the phase ¢ (T/RH) linking thermal and hydrometric conditions; 4) the air renewing and its hygrometry for each
phase; and 5) for each case, the fact that the inside bottom wall can be wet or dry. The resulting condensed water vapour quantities
obtained, for the width section, point out clearly that they are very depending on this phase ¢ (T/RH) which appears as the more
significant parameter and can be modified by the presence or not of a thin layer of water vapour on the inside bottom wall.
Condensation phenomenon could be increased if ¢ could be optimized.
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Nomenclature and units ¢* vapour concentration . V = (u,v)* velocity field”, m.s™.

cp* heat capacity”, Jkg-1.K .
D* mass diffusivity”, m2.s™.

g gravitational acceleration, m.s”
h* height of the orifice, m “.

La* latent heat”, J.kg .

p* pressure “, Pa.

q* quantity of water production “, kg.

q.* entering quantity of water vapour “, kg.
q," outgoing quantity of water vapour “, kg.
RH* Relative Humidity”, in %.

£ time <, s.

T temperature “, K.

Text external temperature “, K.

Greek symbols §T* temperature difference from 15°C (0 initial
value) “, K.

@ phase between T and RH “.

0 volume mass”, kg.m™.

¢ dynamic viscosity “, Pa.s.

A thermal conductivity”, Wm LK

7 condensed water ratio , %.

Q study domain “.
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1 Introduction

Water resources is become a present problem and its possible
solution could be the recovery of the dew or of the water vapour
contained in ambient air by using condensation. This subject
was yet the aim of a lot of experimental and fundamental works
which have shown this possibility. The basic physical phenom-
ena of the dew formation and the possibility to improve its
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recovering have been firstly studied, among others, by R. V.
Wahlgren [2], Nikolayev et al. [3]. In the same way, and follow-
ing the dew harvesting attempts made by Chaptal and Knappen
in France (1930) and the Zibold’s one in Feodosia in Ukrainia



(1907), various dew water collectors for potable water were
developed in Ajaccio by Muselli et al. [4] and Beysens et al.
by using essentially radiative cooling process [5, 6]. In their
researches concerning the mechanism of soil water vapour ad-
sorption in arid regions, Beysens et al. [7] concluded that “there
are areas in which, during the dry season, the dominant process
is vapour adsorption, and dew formation is a rare occurrence.”.
Importance of the characterisation of the main parameters oc-
curring in the formation of water vapour condensation, particu-
larly in arid regions, was pointed out by all these studies and
several others on the same subject.

Various numerical simulation where used to describe, un-
derstand, and explain this complex process in which heat and
mass transfer and thermodynamic of the mixture occur in a
strong interactive manner at the same time (Clus et al. [8], L.
Lekouch [9], Gandhidasan and Abualhamayel [10], Beysens
et al. [11], Caltagirone and Breil. [12]).

But successes concerning water recovering possibilities by
mean of water vapour contained in ambient air remain limited
and this topic causes a lot of scientific debates mainly dealing
with its economic interest (Ben Gido et al. [13]).

The goal of our work is attempting to define the more
significant parameters acting on the conditions of the water
vapour condensation present in air, inside a closed or partly
closed structure (Batina et al. [14, 15]). An illustration of such
phenomena was yet observed in the nonwatertight sarcopha-
gus of Arles-sur-Tech (France) (Beysens et al. [16], Perard and
Leborgne [17]). This marble walls structure, of an about
0.33m° internal volume, is submitted to external atmospheric
conditions (temperature and humidity). These latter generate
locally convective movements and thermal variations inside
this space and can induce, inside the volume or/and on the
walls, water vapour condensation of the air initially contained
in the structure or renewed through an orifice.

Our study is essentially based on this Arles-sur-Tech sarcoph-
agus example, for which we have some experimental results
running on some months (in fact between 1997 and 2000).
Despite their importance, the dimensions and the volume of
the structure, the dimension of the orifice, and the nature of
the walls material (marble) remain unchanged in this study.

At first, and in a simplified way, approach of the external
atmospheric constraints (temperature and hygrometry) was
approximated by representing the daily thermal variations
(Text) by a sinusoidal function and the relative hygrometry
variations (RH) by crenels with a same period. These two
parameters are linked by a temporal phase ¢ (T/RH) which
can be modified by steps of 3 h, from 0 h (midnight) to 24 h.

Thermal and hydrometric evolutions and the resulting con-
densed water quantities, inside the considered volume, are
represented, for a transverse section, at various moments of
the day as a function of the phase ¢ (T/RH) for ¢ =0 h and
@ = 12 h. This study, as a function of ¢, on the dynamical and
thermal behaviour and on the condensation effects, shows the

existence of an optimum of condensation linked with this
parameter @ ([1, 14, 15]).

2 Modelling
2.1 Equations

The study domain (Figs. 1) is a parallelepipedal structure of
internal dimensions 0.47 m x 0.40 m x 1.76 m. corresponding
to the Sarcophagus’ ones. The frontal side (1) and the top side
(2) are submitted to the external atmospheric conditions (tem-
perature and humidity) varying periodically in time, when all the
other sides (3, 4) are considered as adiabatic (null thermal flux
conditions). The marble walls (6), of 0.1 m thick, are assumed as
nonporous and smooth. This sarcophagus being not totally wa-
tertight, the “slits between the lid and the body” [16] are repre-
sented by an orifice (7). Through this orifice, situated on the
upper and right part of the width section, on the frontal side of
the walls submitted to the constraints, the inside air can be
renewed. This renewing is only due to the outside-inside thermal
gradient in an assumed absence of wind. The orifice height / can
be varied from 0.02 m up to 0.30 m.

Only the transverse section (0.47 m x 0.40 m), named
“width section”, in which convective movements take place,
is considered (Fig. 1). Then, we assume that this problem is in
two dimensions.

This problem is modelized by using a structured grid of
5940 (66 x 90) meshes applied to the totality of the studied
domain. This grid is strongly refined in the orifice wake and in
the vicinity of the walls. (Fig. 1b).

Starting from an initial configuration (initial conditions),
we vary in time the thermal and hydrometric external air var-
iables (boundary conditions on the constrained walls), with a
period of 24 h:

— sinusoidal variations of the temperature (Text= 15+
5°C), 15°C at 6 h (am), maximum (20 °C) at 12 h (noon),
and minimum (10 °C) at 24 h (midnight). The same ther-
mal constraint is applied over the two adjacent external
sides (faces 1and 2), the other sides remaining adiabatic.

— crenelled periodical variations for the relative
hygrometry: RH=60% during 10 h; RH=90% during
14 h.

Despite the fact that these crenelled variations of RH are
not realistic, nevertheless, they permitted us to check the sta-
bility of the numerical model.

At the starting moment #=6 h (am), we assume that the
fluid (wet air), inside the considered volume, is in a steady
state with a uniform mean relative humidity and temperature.

Starting at 6 h (a.m.), the external air, without initial speed
at the level of the orifice, is at the initial temperature of 15 °C,
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Fig. 1 a Transverse section showing the boundary conditions. Faces 1
and 2: walls submitted to periodic external constraints; faces 3 and 4:
adiabatic walls; Face 5: Inside bottom of the cavity; 6: Marble thick; 7:

which can vary from 10 to 20 °C, with a relative hygrometry
in a 60% to 90% range.

The humid air contained in the structure is consequently
submitted to a natural convective phenomenon and its
renewing is only obtained by the mean of the orifice, assumed
to be 0,08 m height.

Atmospheric pressure, relative humidity, and temperatures
involved are issued from mean values coming from the exper-
imental results obtained by Beysens et al. [16] and Perard and
Leborgne [17].

Moreover, because of the small temperature variations, we
assume the Boussinesq approximation. In these conditions,
the problem is described by Navier-Stokes and Energy equa-
tions (movement quantity, energy conservation and continuity
equation).

Their classical vector forms are the following:
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To describe the water vapour variations, we introduce the

Transport equation as follows:
% +VVe= V(D?c) +5 4)
where S and S', respectively, represent the source terms (heat
for (3), and mass for (4)), coming from the external air, and
representing the balance between evaporation and condensa-
tion of the water vapour contained in air. The function ¢ rep-
resents the vapour concentration, that is in fact the Absolute
Hygrometry AH.

The thermal and the water quantities exchanged between
the outside and the inside of the sarcophagus are sufficiently
small to justify the absence of the source terms in the Energy
and Transport equations. Therefore, we have:

§S=5=0 (5)



2.2 Numerical methods

Dynamic, Energy and Transport equations are numerically
solved by a finite volumes method (Caltagirone and Breil
[12]). We recall below the main principles of this well-
known method. For the sake of simplicity, we consider only
the Transport equation. The other equations can be solved in
the same manner. Here are the main steps of this method:

a) The Transport eq. (4) is first written in its conservative
form:

% + V (CV*DVC) =0 (6)

b) Then, we define control volumes V; (Fig. 1.c), centred on
each node 7 of the cartesian mesh grid of the study domain
Q (Fig. 1d), such as:

Q=Ul,V; (7)

Where N is the number of nodes in the whole domain 2.
The unknowns are the values of the concentration ¢ on each
node i

¢) We write the balance equation for the convective and the
diffusive fluxes on each control volume V;:

0
Ejvichi =+ JV,»V}~ (CV)_DVC) dV, =0 (8)

d) Using the divergence formula, these integrals are written
according to the fluxes through the four edges I';; of
V(1 <k<4). So, we have:

4 - =
2JV,CdV,' + Y IFm (C V-D VC). Wkdf =0 (9)
ot =1

Quadrature formulas for numerical integration are used to
compute these fluxes according to the mean value of the con-
centration ¢ at the node i:

1

= mjv,ch,» (10)

Ci
where |V} represents the area of V.

At last, the obtained equations must be integrated in
time. For this, several schemes of first or second orders
can be used (Delage Santacreu S., [18]): UPWIND (very
diffusive scheme, but who avoids numerical oscillations),

Lax-Wendroff, WENO (Weighted Essentially Non-
Oscillatory), TVD (Total Variation Diminishing), etc. In
this study, Gear scheme of second order is used. This
scheme does not require the CFL (Courant-Friedrich-
Levy) condition between the time step and the space step
to assume the stability of numerical solutions (See [18] for
more details). In this study, the time-step is fixed at 5 s.

We specify that this study does not aim to validate
the numerical methods we used. Indeed, several tests of
this CFD code in 1D, 2D or 3D geometries allowed to
validate this finite volume method [18]. For example,
we can mention essentially classical test cases, but also
more complicated cases, such as: Driven Cavity, Phase
Change Problems in Natural Convection, Flow in
Porous Media, Dam Break Studies, Green-Taylor whirl-
wind, etc.

2.3 Basic concepts of humid air

To complete the above analysis, we need the state equations of
the humid air, used in the Mollier diagram, which enable us to
relate dry temperature and relative humidity with the other
characteristic variables of the humid air: more particularly
absolute (or specific) humidity and dew-point temperature.
We resume below the basic concepts of humid air (Devres
Y.O., [19]).

Humid air can be considered as a mixture of dry air (da)
and water vapour (vap). The molar mass of dry air and water
vapour are given respectively by:

M g4, = 0.028964 kg/mol; M4, = 0.0180153 kg/mol (11)

The pressure of the humid air is the sum of the partial
pressures of the dry air and the water vapour:

P =Py + Pyyp (12)

According to the ideal gas law, the partial pressure of dry
air and the partial pressure of water vapour in humid air are
respectively given by:

Pda Prap
Py, = RT; Py = RT 13
: Mda v Mvap ( )

where Py, (resp. p,,,) is the partial density of dry air (resp.
water vapour), and R the gas constant:

R = (8.31441 £ 0.00026)J.mol 'K (14)

The total mass of the humid air in a volume Vis the sum of
the dry air mass and the water vapour mass:

Mygp

m = Mag + Myqp :mda(l —|——> (15)
Mg



The ratio between the mass of the water vapour and the
mass of dry air represents the Absolute Humidity:

k;
AH = mmp<given in gvap) (16)
Mdq kgas

A simple calculation shows that:

M 4Dy L .
At = MwPuw _ o 60198007 _ o 6219894 P2 (17)

- M Paa P PP

The relative Humidity RH is defined by:
(18)

where p,.(T) represents the saturated vapour pressure at a
temperature of 7 (RH =1, or 100%, the air is completely sat-
urated). Using the equilibrium between water and humid air,
one can prove the following law of humid air:

_ 7.625T
T (241 4+T)

Logo(Psar) +2.7877 with p,, expressed in Pa, and T in"C

(19)

Moreover, because of low velocities involved, we assume
that the total pressure p is everywhere close to the ambient
atmospheric pressure:

p=101325Pa (20)

At each time ¢, the temperature 7 and the Absolute
Humidity AH are obtained by solving the dynamic, thermal
and Transport egs. (1) to (4), according to initial and boundary
conditions described above.

The dew point temperature 7., is the temperature of
the saturated vapour at which it has the same vapour pres-
sure as the ambient humid air, that is when we maintain
AH constant. Because RH =1 in this case, Ty, can be
easily deduced using relations (18) and (19).

Finally, according to the relations (11) to (20), we can de-
duce one of the 3 variables 7, RH, AH as a function of the 2
others. The Mollier diagram is built using these relations. Note
that these laws are available with a good accuracy.

2.4 Initial and boundary conditions
The study domain includes the marble and the interior of the

cavity. The marble is considered as an obstacle for the dynam-
ic problem.

We consider that the water production and the thin
layer of humid air imposed at the bottom wall of the
inside cavity are sufficiently small to assume that the in-
side geometry and the boundary conditions imposed on
the walls are not modified by the presence of this thin
film. Indeed, if the exchanged water quantities between
the outside and the inside of the cavity had been strongly
significant, it should be necessary to consider both a
transformed geometry and some modified boundary con-
ditions at each time step of the numerical computation.
Our problem is out of this situation.

At each instant 7z, boundary conditions can be summarized
as follows:

e Initial conditions (t=0)

As initial conditions, we suppose that there is no
flow in all the study domain, the temperature and hu-
midity conditions inside the cavity are equal to those
imposed outside.

e Unsteady flow (t>0)

As we can see in the Fig. 1.a:
Faces 1 and 2: Top and right boundaries

—  Dynamic conditions: u=v =0, as on all solid boundaries

— Thermal conditions: external sinusoidal temperature
imposed

—  Water vapour conditions: identical to those imposed in
the marble

Face 3 and 4: Left and bottom boundaries

—  Dynamic conditions:u =v =0, as on all solid boundaries

—  Thermal conditions: adiabatic conditions g—z =0

—  Water vapour conditions: identical to those imposed in
the marble

Face 5: Inside bottom of the cavity

Initially dry in a first time [1], only a thin layer saturated
water vapour is imposed in this study.

Marble 6: All functions are null in the marble, except the
temperature 7.
Orifice 7:

— Dynamic conditions: the flow velocity is normal to the
entry section (absence of an imposed external wind ve-
locity) and verifies the classical free entry conditions

_ou _
v=e=0



—  Thermal conditions: the same sinusoidal temperature as
for 1 and 2

—  Water vapour conditions: a creneled water vapour func-
tion is imposed

2.5 Calculation procedure

At each time step ¢, using Finite Volume Method summarised

above, the velocity field 7, the temperature 7, and the
Absolute Humidity AH =c are obtained by solving the
Dynamic, Thermal and Transport egs. (1) to (4), according
to the initial and boundary conditions described above.

To calculate water production g(#), which can be consid-
ered as a post-treatment, we proceed as follows:

* In each Control Volume V;:

* Using the humid air laws (11) to (20), we deduce the
Relative Humidity RH and the dew temperature 7.,

e If RH < 1, there is no condensation in the considered
Control Volume. The local water production ¢,(¢) in this
cell is null: g;(r)=0. Then we analyse the next Control
Volume.

* If RH =1, the water vapour is saturated in the present
Control Volume. Local water production g(?) in this cell
is not null: ¢g,(¢) #0. Its value is calculated using AH. The
next Control Volume is analysed.

The global water production ¢(¢) in the whole study domain
€, at the time ¢, is the sum of local water productions in each
Control Volume V;:

q(1) = ¥ ¢,(1) (21)

* End of the procedure.

3 Results and discussion

All the results previously presented (Batina and Peyrous [1])
were dealing only with the simplified hypothesis of an inside
bottom wall remaining dry. Starting from these stable initial
conditions, we have yet shown that the considered system
reaches a steady state regime (no more variations at the same
time from day to day) after 3 days (see Figs. 6 & 7). The
internal air dynamic behaviours have shown that the conden-
sation effects are a function of the phase, ¢, and of the orifice
height. Moreover, it appeared clearly that there is possibility to

reach an optimum of condensation linked with these
parameters.

Now these previous results are compared to those obtained
with a wet bottom wall covered by a thin layer of saturated
humid air (100% RH) remaining level-constant in time. This
thin layer represents the water “dead volume” of 2,5 1 [16]
equally distributed on the inside bottom wall surface (0,83m?).

This further hypothesis of a thin layer of saturated humid
air remaining level-constant in time will permit to work with a
constant inner volume of air.

By introducing this new hypothesis - presence of a thin
layer (3 mm) of saturated humid air (100% RH) on the inside
bottom wall - we will act on the behaviour of the local tem-
perature velocity-fields and inside RH distribution of the bi-
dimensional section. Consequently, comparisons are made be-
tween two cases: the wet bottom wall and, as previously re-
ported, the remaining dry bottom wall.

The more meaningful results obtained in a fixed configu-
ration are only shown for the width section of the considered
structure, with a 0.08 m orifice, for two phases (¢ =0 h and
@ =12 h) at various moments.

In the previous paper, (Batina et al. [1]), dealing only with
the results obtained in the case of an inside bottom wall re-
maining dry, we have presented the main role played by the
thermal gradient between the outside and the inside of the
structure. In the same way, the role of the thermal inertia of
the walls on the fluid circulation inside the studied volume
was pointed out. This inside air circulation, which depends
on the considered phase (¢), will act on the isothermal and
iso-humidity distributions in the structure.

3.1 Phase =0h

In our initial phase ¢ (T/RH) =0 h (Fig. 2) the lowest relative
hygrometry (RH =60%) is centred at noon (12 h) starting
from 7 h (am) up to 17 h (5 h pm), and the highest (RH =
90%), centred at midnight, from 17 h (5 h pm) up to 7 h (am)

20 40 60
Time (h)

Fig. 2 Temperature (T) and relative humidity (RH) temporal evolutions
of the external air (boundary conditions on the constrained walls): phase
@ =0 h. T(°C) = Text = external temperature



the next morning. This phase ¢ can be modified by shifting
RH by step of 3 h in time.

Differences between the two considered cases will be
shown by positioning the figures corresponding to the inside
wet bottom wall case at left and the ones for the dry bottom at
right.

We start firstly by the iso-therms (Figs. 3) followed by the
iso-humidity curves (Figs. 4) for the successive time condi-
tions: 6 h (am), 12 h (noon), 18 h (6 pm) and 0 h (midnight), in
accordance with the fig. 2.

3.1.1 Isotherms

Figures 3 represent the isotherms which are indicative of the
temperature evolution inside the marble walls and in the vol-
ume. These isotherms indicate a natural convective activity,
fairly important in some occurrences, by temperature differ-
ence values of about 5 °C, able to produce condensation phe-
nomena or “drying” effects inside the structure.
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In our previous paper [1], in these figures, these tem-
perature difference values were initially compared with
15 °C considered as reference value as used in the calcu-
lations. Now, the temperature scales (T) are compared with
the external value (Text) at the considered moment to be
more representative of the inner variations, in the walls
and inside the volume of the structure. Consequently, for
the isotherms at 6 h (am) and 18 h (6 pm), when the
external temperature Text=15 °C, the previous results
for the dry bottom wall are shown in the same manner
as they appear in [1].

As the previous results obtained have shown, and as it can
be verified on the following Figs. 5, 6 and 7, a steady-state
system was obtained inside the volume considered.
Consequently, comparisons were made between the results
obtained for the days following the third.

Figures 3, at =6 h (am), Text=15 °C.

In the case of the wet inside bottom wall, inside the
constrained marble walls, the isotherms distribution presents
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Fig. 3 (continued)

a strong gradient towards the outside, with a very rapidly
decreasing temperature from the outside to the inside, when
it is the reverse in the case of the dry bottom.

Inside the structure volume, for a similar thermal variation,
isotherms gradients are more important near the constrained
walls in the dry bottom wall case.

It appears that the thermal inertia of the constrained walls is
modified in the case of the wet bottom wall.

In addition, in the case of the dry bottom, fluid velocities,
with a size order of 5.10°2 m/s at the orifice entrance, are
mainly clock-wise, with a double cell circulation in the vol-
ume, are more important than in the wet bottom case.

As a result, due to a lower residence-time, condensation
possibilities are consequently reduced. This relatively impor-
tant air circulation is linked with the continuous increasing
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temperature since 0 h (midnight) up to 12 h (noon) and the
increasing temperature difference between outside and inside,
since about 5 h (am), focusing the air exchanges from the
outside to the inside (see figures 6a).

Figures 3b: =12 h (noon); Text =20 °C.

It can be noted that the internal upper temperature var-
iation compared with the external one is obtained at noon.
But in the wet bottom case there is a higher difference
(~3,4 °C) than in the dry bottom case (~3 °C) all along the
inner walls and inside the volume. This is due to the more
important temperature gradients, inside the constrained
walls, in the case of the wet bottom than in the dry bottom
one. That leads to a lower temperature inside the volume
for the dry bottom when it is all along the walls for the
wet bottom case.



A

Level 1 2 3 4 5 6 7 8 9 10
RH 0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.6}
0.5 8=9==276:9====p58=59=—2'7'6
N B =2l09= __—7—&69@52
u g—ly 5’ﬁ/ /72////——,,
L 4 4{§T6ﬁ3
04 35 1)
C 1]
] s (1]
L 1F0' |
0.3 - B9 7
g 8 8
0.2 q
N 8{']0
F gl )
L R —— 7%
01f  B=5=3==108109178=30mmx?"
L b v b b b
0 0.1 0.2 3
B
Level 1 2 3 4 5 6 7 8
RH 0.6 0.7 075 0.8 085 0.875 0.925 0.95
0.6
0.5 ;— 5254256
E fs
04 6
: 7
L 4
0.3 - 2
r 5
02f g.‘
- 18
- TNoT——
L\ N =
01 - 65 ¢
:\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\\
0.1 2 4

Level 2 3 4 5 6 71 8
0R6 0.920 0.930 0.940 0.955 0.960 0.970 0.975 0.980
0.5:— |é7-3 Hﬁfn( 2=1=
: is 61_\=25§
04 j i 4
+ 8
- 5
0.3 r I7 4
i |4 f
0.2+ I )]
01 L RAESE - —ad
0 NN ENENENETES BTSN EYANENENE BRI SRS B i

0 0.1 02 03 04 05 0.6
t=6h

Level ¢ 2 3 4 5 6 7 8 9
RH 06 0.65 0.66 0.67 0.68 0.69 0.7 0.75 0.8

0.6 N

05 4 3 4;25_;—,_/,":#5 85=4=2 14
i 14 6

0.4 {
r \ |
L 7

0.3 7 6.
r i

02| AW
: t\KSA f

01 f %84655.3%9%97‘863574

TEEEN SR RIS R SAVENETE RRE R
0.1 0.2 0.3 0.4 0.5 0.6

t=12h

Fig.4 a:t=6h (am); Text=15 °C; RHext=90%. b: t =12 h (noon); Text =20 °C; RH=60%. c: t=18 h (6 pm); Text=15°C; RH=90%. d: t=0h

(midnight); Text=10 °C; RH=90%

As previously shown [1], a very similar mainly counter
clockwise wise fluid circulation takes place inside the volume
and all along the inner walls, in the two cases.

Figures 3c: at =18 h (6 pm), Text=15 °C.

In the two cases the behaviour is very similar with a “buffer
effect” (very small speeds of exchanges) at the structure en-
trance. This effect results from the continuous external tem-
perature decreasing from 12 h (noon) up to 24 h (0 h or mid-
night) and the beginning of the temperature difference reversal
between outside and inside. However, we can note a mainly
counter clockwise wise all along the inner walls but slightly
more important, to the inside, at 18 h (6 h pm) than at 0 h
(midnight), to the outside, in the case of the wet bottom wall.

Figures 3d, at #=0 h (midnight), Text=10 °C.

In the two cases (inside wet or dry bottom wall) it appears
that the temperature gradients inside the marble walls and
inside the volume are not so different. There are little

exchanges between inside and outside air (“buffer effect”)
and the isotherms distributions show a mainly clockwise cir-
culation all along the inside walls in relation with the positive
difference between the inside and outside temperature (see
Figures 6a).

3.1.2 Relative iso-humidity evolutions

The following Figs. 4 represent the evolution of the iso-
humidity curves inside the volume and, as for the isothermal
curves, they are also depending on the considered moment.
The relative hygrometry variations scales (level RH /100%)
take a look of the hygrometrical behaviour at each moment in
the two cases considered.

Figures 4: at 6 h (am), there is a renewing of the air inside
the volume through the orifice during the outside temperature
increasing period since midnight (0 h) up to noon (12 h). The
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Figures 4b: at t =12 h (noon), for the same external con-
straints (7=20 °C; RH = 60%), the circulation inside the vol-
ume is mainly counter clockwise wise in the two cases, but the
iso-humidity distribution reaches higher values in the case of
the wet bottom: higher than 85% and up to 90% in the main
part of the volume when, for the dry bottom wall, RH maximal

value is in a ~ 70-75% range, the highest RH values taking
place all along the walls.
In the two cases the highest RH values are obtained on the
farthest parts of the adiabatic walls facing the orifice.
Figures 4c: at t =18 h (6 h pm), for the same external
constraints (7=15 °C; RH=90%), the circulation inside the

Fig.7 Phase ¢ =0; Day after day 20 0.15k
evolution of the yield of water L UL
vapour condensation (1) [ |
150 [
01F
1ok S
= = 0
i 0.05
5F I

0 L i | i 0 A ! i I

0 50 100 0 50 100

Time

Time



volume, acting on the iso-humidity distribution, happens as
counter clockwise wise (from outside to inside) for the wet
bottom as for the dry bottom. In these conditions it appears
clearly that the relative humidity inside the volume is relative-
ly homogeneous, but it is always higher in the case of the wet
bottom than for the dry one.

With a wet bottom there are very high condensation possi-
bilities (RH >97%), enhanced essentially all along the adia-
batic walls, and in the main part of the volume. On the con-
trary, at the same time, for the dry bottom wall, a “drying”
effect takes place downing RH about 75% when the external
RH imposed = 90%.

Figures 4d, at =0 h (midnight), for the same external
constraints conditions (T and RH), circulation inside the vol-
ume, acting on the iso-humidity distribution, is in an opposite
direction for the two cases: anti-clock wise for the wet bottom,
clockwise for the dry one.

In the case of the wet bottom, we point out a condensation
possibility relatively high (RH>95%) in the vicinity of the
walls under constraints and in the volume when, in the case of
the dry bottom, for the same external RH =90%, a “drying”
effect takes place in the volume, reducing RH down to ~ 65—
70%, as for the one observed for the results obtained at 18 h

(6 pm).

3.1.3 Resulting condensation effects

Nevertheless, a global view of this behaviour (by numerical
integration of the variables in space) is better illustrated by the
evaporation / condensation phenomena taking place inside the
structure.

In the conditions defined as ¢ =0 h (Fig. 2), we can see in
figs. 5 that mean temperature and hygrometry values, inside
the structure, have an evolution in direct relation with these
external and synchronous conditions.

It appears clearly that the RH increasing inside the volume
starts in the same way at the same time in the two cases.

The maxima (RH >70%) take place with the same 24 h
period in the two cases but starting at 7 h (am) for the wet
bottom when it is at only 13 h (1 pm) for the dry one.

In the wet bottom case this increase starting at 7 h (am)
from ~76% RH, after a first step at ~84%, is rising up and can
reach more than 98% during about 8 h, to fall drastically to the
initial internal value (~74%) at ~ 6-7 h am.

With the dry bottom wall, as previously presented [1], the
condensation phenomenon, even if it is low, is however not
negligible. Its condensing temporal variation starts at about
7 am, with a first top around 70% RH, followed by a second
one (~80%), starting at only 13 h (I pm), and, immediately
after, at around midnight (24 h), a third increase rising up to ~
95% RH. Then a drastic RH falling (transition from condensa-
tion to evaporation) takes place and ends at 7 am the next day.

12

Presence of a thin layer of water vapour induces a shorter
dephasing of around 6 h and a more important duration period
for the highest RH inside the structure in the considered phase
@ conditions (T/RH =0 h).

In the two cases however, internal RH is always higher than
the external lower value imposed (60%).

Figures 6 show the evolution of the air exchanges between
outside and inside of the structure in relation with the external
temperature and RH variations and the resulting mean quan-
tity of condensed water vapour.

Figures 6a Thermal inertia of the constrained marble walls
induces the late of about 2 h between the external temperature
evolution (dashed line) and the resulting internal one (contin-
uous line). That leads to reduce the inner temperature varia-
tions inside the volume. In the two considered cases these
variations are around 15,4+2,6 °C for the wet bottom and
15,3+2,7 °C for the dry one which can be compared with
the external 15+5 °C (see also Figs. 5)

The temperature difference between outside and inside air,
at the same time, explain the dynamics of the air exchanges
and how the external increasing temperature period is acting
as a “thermal driving force” from 6 am to 12 h (noon) leading
to the renewing of the relative humidity inside the volume.

However, if the main exchanges occur principally between
6 h (am) and 13 h (1 pm), it appears that lower exchanges,
increased in the wet bottom case, can also take place during
the period when the mean internal temperature is higher than
the external one.

Consequently, as it can be seen in the figs. 5, internal RH
was modified by this air renewing in relation with the external
RH imposed. This induces modifications of the in-time cumu-
lated water quantities (ratio between the condensed water and
the water vapour quantity contained in the volume at the initial
moment).

Figures 6b show the relation between RH variation and
evolution of the mean quantity of condensed water vapour
inside the volume.

For the wet bottom case it can be seen, by comparing the
Figs. 6a et 6b, that, for the external conditions imposed (¢ =
0), the main condensation process takes place during the time
when there is a maximal negative temperature difference be-
tween Text and Tint and when the introduced external RH is at
its maximal value.

For the dry bottom, the feeble condensation effect takes
place during the periods when the air exchanges are low or
during a very short time limited, in the two cases, by the
drastic external RH decrease from 90% to 60% at 7 h am.

The relation with the drastic RH decrease and the re-
versal of this temperature difference between outside and
inside air, due to an about 2 h delay (influence of the
marble walls) induces the evolution of the mean quantity
of condensed water vapour. These mean condensed water
quantities can be about 25 times higher in the case of the
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wet bottom wall than for the dry one, with a mean dura-
tion of the water production (area of the piks) of the order
of 10 h for the wet bottom instead of 1 h for the dry one.
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These Figs. 6, over 4 days, indicate also that, in these im-
posed external conditions, a steady-state effect is always ob-
tained in 3 days but more rapidly in the case of the wet bottom
wall (from the first day).

To better quantify the daily hydrometric exchanges be-
tween the outside and inside of the volume, the temporal study
domain is subdivided in 24 h length intervals of the type [#, —
24, to[ with ty =24, 48, 72, ..., etc. Then we have defined the
percentage of daily condensed water vapour by the following
equation as a function of phase, whatever the hygrometric
state of the bottom wall is:

1
T slgc ), (0l

o) = a0l

x 100% (22)

Figures 7 shows the day after day evolution over 5 days of
the mean condensed water vapour ratio. The maximum is
reached and stabilized in ~ 3 days for the two types of bottom
wall studied.
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Figs. 9 a: t=6 h (am); Text=15 °C; RH=90%; b: t=12 h (noon); Text=20 °C; RH=90%. c: t=18 h (6 pm); Text=15°C; RH=90%. d: t=0h

(midnight); Text=10 °C; RH =60%
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Fig. 9 (continued)

For the wet bottom case, this maximum is reached about
1 h early than the dry bottom one, and more rapidly, from the
first day before to be quasi stabilized in a 17-18% range in the
following days.

For the dry bottom, the maximal yield is only reached at the
end of the second day but is not stabilized and appears limited
to a very low value.

In the imposed conditions studied and from the results ob-
tained (¢ = 0 h) it appears that this thin layer of wet air (3 mm;
90%RH) leads to a more efficient condensation process and
acts as a starter and a feed-back for the condensation inside the
volume.

To determine more precisely the role of the phase ¢ =T/
RH on the possibilities of condensation of the water contained
in air, we have modified the position in time of the maximal
relative humidity in relation with temperature. In these new
conditions the highest RH (90%) period is now centred at 12 h
(noon) when previously it was centred at midnight (0 h). The
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new RH crenelled variation being 12 h shifted regarding the
applied sinusoidal external temperature. Consequently, the so
modified relation between T and RH is named phase ¢ =12 h.

3.2Phase p=12h

Figure 8 represents the new external conditions imposed to the
structure: temperature (T) and relative humidity (RH) evolu-
tions of the external air applied to the constrained walls
(boundary conditions of the model).

Coincidences between maxima and minima of temperature
(T) and relative hygrometry (RH) are in an opposite way with
the phase @ =0 h. The highest RH (90%) is now centred at
12 h (noon), starting from 5 h (am) up to 19 h (7 h pm), and the
lowest RH (60%) is centred at 0 h (midnight), from 19 h
(7 h pm.) up to 5 h (am) the next morning.

Now we present the more significant results obtained in a
same manner as for ¢ =0 h, by beginning from the



synchronized boundary conditions at #= 6 h (am). We will use
the same presentation as for ¢ =0 h: at left the inside wet
bottom wall and at right the inside dry bottom wall.

The following Figs. 9 and 10 represent the local tempera-
ture and relative hygrometry distribution in the width section.

3.2.1 Isotherms

Figures 9 represent the isotherms evolution inside the struc-
ture at various moments.

By comparing figs. 3 and figs. 9, at the same times, thermal
distribution inside the walls and the volume are the same as for
@ =0 h at about some details. In the structure volume this
thermal distribution induces a main clock-wise circulation.

In these new imposed conditions named phase ¢ =12 h,
the isotherms show convective movements (figs. 9), due to
temperature steps relatively important in some cases. In the
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dry bottom wall case, with regard to the external temperature
(Text), gap values can reach ~ 5 °C near the adiabatic walls at
0 h (midnight) and can be lower than - 2,5 °C on the same
walls at 12 h (noon).

This demonstrates the main role of the thermal inertia of the
walls and of the “thermal driving force” acting on the internal
circulation.

3.2.2 Iso-humidity

Figures 10: deal with the relative humidity evolutions inside
the structure at various moments.

A humidity concentration relatively high in the vicinity of
the orifice and on the walls submitted to the constraints at 6 h
(am) (fig. 10), 12 h (noon) (Fig. 10b) and 18 h (6 pm)
(Fig. 10c), when the external relative hygrometry is the
highest (90%). That causes an internal condensation all along
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Fig. 10 continue

d.

the walls, essentially at 6 h (am) (fig. 10) in the dry bottom

wall case.

The hygrometry dispatch remains relatively homogeneous
out of these zones in the dry bottom wall case essentially at 0 h
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Fig. 11 Evolution of the inner temperature and RH inside the width section

16

Level
1 2 3 4 5 6 7 8 9 10 11
RH  0.910 0.912 0.914 0.916 0.918 0.920 0.922 0.924 0.926 0.928 0.930
0.6

0.1

0.5}
0.4}
03}

0.2}

(

G 2= (9 7410—3—2
M
P/Z

Level

RH

1 2

t—18h

3 4 5 6 7 8 9
0.45 0.47 0.49 0.51 0.53 0.55 0.57 0.59 0.60

0.6

0.5

0.4

0.3

0.2

0.1
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At t=12 h (noon) (Fig. 10b) the relative hygrometry dis-
tribution inside the volume is very similar in the 92-95%
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range but can reach saturation on the adiabatic walls for the
wet bottom when it cannot trespass 95% for the dry one.
Generally speaking humidity repartition inside the volume,
which is submitted to driving rotating forces, is usually higher
in the wet bottom case than in the dry one and saturation
essentially takes place on the adiabatic walls.

In the Fig. 10d it appears that at 1/=0 h (midnight),
when external RH =60%, the inner humidity is higher
than 95% in the totality of the volume for the wet bottom
case when for the dry bottom one we can observe a
“drying” effect downing RH to 46% near the adiabatic
walls in the opposite part of the orifice.

In the two cases, a driving clockwise circulation inside the
volume is apparent in contrast with the counter clockwise wise
circulation (from outside to inside) which is acting at 6 h (am),
12 h (noon) and 18 h (6 pm).

As we have shown in our previous paper (Batina and
Peyrous [1]) dealing only with the dry bottom wall case, we
can do some primary observations:
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— with the phase ¢ =0 h, in the case of the inside dry bot-
tom wall, an air “drying effect” can be seen at =18 h
(6 pm) and at midnight (0 h), falling RH away ~70%
when the imposed RH =90%.

—  with the phase ¢ =12 h this “drying effect” is only oc-
curring at midnight (0 h) reducing RH to ~45% when the
imposed RH = 60%.

3.2.3 Resulting condensation effects

Figures 11 show the mean temperature and relative
hygrometry of the air inside the volume for the two cases.

By comparing with the results obtained with ¢ =0 h we
can notice that, for this phase ¢ =12 h, in the case of the wet
bottom the inner air temperature T is varying around 15,2 +
2,8 °C and RH is always higher than ~ 78% all along the time,
in a 92-99% range during around 22 h. The maximal value is
reached at about 15 h (3 pm).
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Fig. 12 a Air exchanges between outside and inside of the structure in relation with the temperature differences. b: Evolution of the mean quantity of

condensed water vapour in relation with RH
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Fig. 13 Phase @ =12; day after F 6
day evolution of the yield of water 6F L
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In the case of the dry bottom the maximal RH values, in a
90-96% range, take place only from 5 hup to 19 h (7 pm) in
accordance with the maximal external RH imposed.

The “drying effect”, occurring around midnight (0 h), re-
ducing to ~ 45% the external imposed 60% RH, is confirmed.

In these new conditions, we can see, in Fig. 12, that the
inside temperature mean value have a similar behaviour with
the one at the outside of the structure. However, by comparing
with the external T (Text) conditions applied we can note a
phase displacement of about 2 h in time between the inner T
(Tint) and Text essentially depending on the nature of the
walls of the structure.

By comparing with Figs. 6a this point confirms the results
obtained with ¢ =0 h on the role of the walls.

By doing a direct comparison between the figs. 12 and 6a
it appears clearly that for each case (wet or dry bottom wall)
the very similar main behaviour of the air exchanges is only
slightly modified, in the first rising part of the curve, by the
presence of the inside thin layer of wet air. Consequently,
the “thermal driving force” resulting from the temperature
difference between outside and inside air leading to these
exchanges seems to be confirmed. It participates in the
renewing and possibilities of condensation of the more or
less high quantity of humid air penetrating inside the con-
sidered structure.

For the wet bottom case, a direct comparison between the
Figs. 12b and 6b (¢ =0 h) show a quasi-similarity in the
duration and maximal amplitude of the mean quantity of the
condensed water. However, the condensation process takes
place clearly during the decreasing external temperature pe-
riod in relation with the feeble air exchanges between out-
side and inside. In addition, there is another lower peak
more important than in the phase ¢ =0 h at the same time.

For the dry bottom case there is an important displace-
ment of the main peak of condensed water which appears
during the higher RH value. Its amplitude is of 2,5 times
lower than for the wet bottom and its duration reduced. But,
by comparison with the phase @ =0 h, its amplitude and
duration are about 20 times higher.
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These figs. 13 present an amazing difference with the re-
sults obtained of the phase ¢ =0 (fig. 7).

For the wet bottom case as for the dry one there is a stabi-
lization in 3 days as previously observed.

For the phase ¢ =12 h, the yield is about twice lower with
the wet bottom than with the dry one. It is not the case for
phase @ =0 h where it appears that we can reach ~18% with
the wet bottom when the dry one is quasi nil.

These results highlight the role of the phase in the water
condensation process and lead and press on us to attempt to
determine the optimal conditions to obtain the best results.

4 Conclusion/prospects

From a parallelepipedic structure, like the Arles-sur-Tech sar-
cophagus, we have attempted to determine the possibilities to
harvest the water droplets obtained by the ambient air conden-
sation with a view to solve the actual decrease of water supply.
The oldest known written report dealing with the production
of water in this sarcophagus is dated 1591 but there is not a lot
of works giving satisfactory explanations for this water pro-
duction of which 10% only would be due to condensation
effects [16].

We have based our parallelepipedic structure on this sar-
cophagus example, of which the dimensions, the internal vol-
ume, the thickness and nature (marble) of the walls are fixed
and the “slits between the lid and the body” [16] are repre-
sented by an orifice. Our structure, as the sarcophagus, is
submitted to external temperature and hygrometry constraints.

Numerous parameters are to be considered as able to pro-
duce condensation of the water vapour inside this
parallelepipedic structure.

Among this lot of efficient parameters, we have attempted
to determine, the more important. Our first boundary condi-
tions choice were the external temperature and RH and the
temporal phase @ linking these two parameters.

In our previous paper [1], to simplify, we have considered
that the inside bottom wall was remaining dry all along the



computation. In these conditions, the results obtained have
pointed out an important dependency of the water vapour
quantities as a function of the considered parameters and prin-
cipally the phase.

In this study, the new parameter taken in consideration is
the possibility to have a remaining high constant thin wet
water vapour layer on the inside bottom wall, named “dead
volume” in [16].

We have compared the various curves obtained in the
case of an inside wet bottom wall and the same bottom
wall assumed remaining dry [1], for the width section
only and for the two phases, ¢ =0 and ¢ =12 h. It results
that the external-internal temperature gap, depending on
the nature and thickness of the walls, acts similarly, for
the two phases, as a “thermal driving force” on the ex-
changes between outside and inside air through the orifice
and on the internal air circulation. By this air renewing,
the external water vapour can be introduced inside the
structure and, depending on the external RH and the
phase (T/RH), conditions for water vapour condensation
can be reached.

As we have previously determined, ([1], fig. 13), we
have now confirmed, by testing the possibility of the pres-
ence of a thin wet water vapour layer on the inside bottom
wall, that one of the more significant parameter is the
phase linking temperature and hygrometry and that the
condensed water vapour quantities are very depending
on this phase ¢ (T/RH). It appears possible to reach a
maximal value when ¢ (maximal RH value) would be
between 9 and 18 h (6 pm).

This point needs to be confirmed.

Taking into consideration an inside bottom wall cov-
ered by a thin layer of water vapour remaining at a
constant level has now permitted to show the role of
this new parameter:

for phase @ =0, it acts as a “starter” and a “feed-back™ in
the condensation process inside the considered structure
enhancing importantly the mean condensed water
quantity,

for phase @ =12 h, it is not so evident due to an apparent
reduced yield.

The systematic study of the influence of all these parame-
ters and the results already obtained open some new prospects
in understanding the condensation phenomena inside this type
of structure with a view to enhance it.

The actual running computations using other condi-
tions as nature and thickness of the walls, length section
and variable orifice size, acting on the residence time and
renewing of the water vapour inside the volume, equally
show the existence of condensed water vapour maximal
values depending on the fixed conditions [14, 15].
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