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A quasi steady heat and mass transfer model of a Tubular Solar Still taking account of humid air
properiies inside the still is presented in this study. Time variations of saline water, humid air, cover and
trough temperatures and production and condensation fluxes are derived under a steady meteorological
condition. In order to validate the proposed model, an indoor production experiment on a Tubular Solar
Still was carried out in a thermostatic room at the University of Fukui. A special technique to investigate
the water-vapor movement in the still was also developed and could detect a time lag between the
evaporation flux and the condensation flux. It is found from the production experiment that the analytical
solutions derived from the present model could reproduce the experimental results on the saline water
temperature, the humid air temperature, the cover temperature and production and condensation fluxes.
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1. INTRODUCTION

The human and economical activities, particularly
in arid and remote areas, may depend on
desalination performance to meet fresh water
demand produced from brackish or saline water.
Solar distillation is the simplest desalination
technique, compared with other types, e.g,
multiple-effect distillation, multi-stage flash, reverse
osmosis, electro-dialysis and biological treatment.
Solar distillation may be also one of viable options
for providing drinking water for a single house or a
small community in arid regions. A basin-type solar
still is the most popular method of solar distillation
but unfortunately has not been fully advanced yet.
The major reasons for this fact may be attributed to
low productivity of distillate and the difficulty of
rapid and easy removal of salt accumulated in the
basin. To enhance distilled water productivity, a
new type of solar distillation, i.e., Tubular Solar Still
(TSS) was designed by the authors and has been
tested (since 2001) as well as the basin type still in
the United Arab Emirates (UAE).

Conventionally, most of the heat and mass
transfer models of the solar still have been described

using temperature and vapor pressure of saline
water surface and glass cover, neglecting the
presence of intermediate medium, i.e., humid air
(Dunklel), Kumar et.al.z), Tiwari et.al.(3)). Nagai et.al?,
however, found that the relative humidity of the
humid air is by no means saturated in the daytime
and proposed a heat transfer model on a basin type
solar still. The production mechanism and heat and
mass transfer parameters of a solar still can be
judged more preciously under the steady
meteorological condition and the results can apply
to more accurate unsteady production model.

This paper aims to formulate the heat and mass
transfer phenomenon in a TSS taking account of the
humid air properties under a steady meteorological
condition and to derive analytical expressions of
saline water temperature, humid air temperature,
tubular cover temperature, trough temperature and
evaporation and condensation fluxes.

2. THEORY

Production principle of a TSS is illustrated in
Fig. 1. The solar radiation, after transmission
through a transparent tubular cover, is mainly
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Fig.1 Production principle of TSS

absorbed by saline water in the trough. The
remaining small amount of the solar energy is
absorbed by the tubular cover and trough. Thus, the
water in the trough is heated and then begins to
evaporate. There happen many types of heat transfer
inside the tubular cover and outside, e.g., convective
and evaporative heat transfer from the saline water
to the humid air, convective and condensative heat
transfer from the humid air to the tubular cover,
radiative heat transfer between the water surface and
the tubular cover, convective and radiative heat
transfer from the tubular cover to the atmosphere.
Convective heat transfer also occurs between the
trough and the water and between the trough and the
humid air. The evaporated water vapor is transferred
to the humid air and then finally condensed on the
tubular cover inner surface, releasing its latent heat
of vaporization. The condensed water trickles down
the bottom of the tubular cover inner surface due to
gravity and is stored in a collection vessel through a
pipe provided at the lower end.

(1) Mass and Energy balance equations
The proposed mass and energy balance
equations are made up under the following
assumptions:
i) Water temperature is uniform in the trough.
ii) Water vapor near the water surface is saturated.
iti) There is no leakage of the water vapor in the
TSS.
iv) The absorption coefficient of the humid air is
neglected, i.e., oy,= 0.
The mass balance equation for water in the
trough can be written as:
Do el M
t Pw
Fig. 2 shows the energy balance of TSS. All
terms in equations in the present paper are explained
in Nomenclature. Energy balance equations of the
TSS are expressed for the following four different
components.
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Fig.2 Energy balance of TSS

Saline water:
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(pc)wﬁ%)_)=Rw +0ny —Qew —CQew —Crw 2
Trough:
oT,
(pCV)z -, = Rt - Qtw _cha (3)
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Humid air:
aTha
(PCV)ha o

=Ryy +Qew +Oew + Orhg — Ccha — Cedha (4)
Tubular cover:

oT,
(PCV)C e

=R +QOcha + Ccdha +Prw —Qcc —CQrec %)

where,
Qcc = hcc (Tc'Ta) A,
Ocina = Lhcdha (pvha'pvc) Ap,= Lhcdha (yTha' 1/JT c) Ahpa

Oha = hcha (Tha'Tc) Apg

Qo = Rew (Tw' Tha) Ay,

Qew = Lh,, (pvw'pvha) A= Lhew (ﬂTw' }/Tha) Ay
Qrc = hrc (TC' Ta) Ac

On = hrw (Tw' Tha) A,

Oma = Riha (Tr'Tha) Appa

Oy = hp(T-T,,) A

R, = TRA+TR(2rl-A,)

R, = TR(2r.)

Riz = maRAp,

Rw = TwRyAw

. = (I—al)a

Tha = (] _alC)(J n—ac) g

L2 = (I —al)(I —a)(1 —ap)(I- al)(1- a,)(1- al)ay
T = (I —al)(I —a)(l ~op) (I-al) o

t, = (I —al)(I —a)(l —aw)(l-al,) a,
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(2) Steady state model and analytical solutions

Assuming that the energy balances of the trough,
humid air, and tubular cover are in a quasi steady
state, then the left hand term of Equations (2) to (4)
will be neglected. The solutions of Equations (2) to
(4) are eventually written in terms of water and air
temperature as follows:

Tyg =JT,, +KT, +M (6)
T, = NT,, + PT, +Q (7)
T, =ST, +UT, +V 8
where,
HZ—C = (hrc + hcc)Ac
Hyyy = Lhcdha Aha
H3-ha = hchaAha
H,,., = hchw
Heyppo = LhewAw
H,., = hrwAw
Hyoy = hthaAtha
Hyo = huoAn
H
B- tw—t
Hypgt + Hpypy
D chd—t
Hypg—t +Hpyy
R
E t

Hipg g +Hpyyy
- (ch-—w + BH ey + BHypg 4 )
YH ) pg +H3 pe
G= H3 pg+Hepy +7(H2—ha +Hew—w)+(1_D)cha—t
YH _pg +H3 pg
I= "(Rha +Echa—t)
YHy pg +H3z_p,
- (I_F)Hrw—w—F(l/JHZ—ha+H3—ha +H2—c)
(G _Z)H3-ha + (I/JG - V)HZ—ha +G(H2—c +Hrw—w)
_ Hj_.
(G_I)H3 ha +(¢G_7)H2 ha +G(H2 —-c +Hrw—w)
(sz ha *H3 pg +Hy_c +H w—w)
(G 1)H3 ha t (UG 7)H2—ha +G(H2—C +Hrw—w)
N=B+DJ

P=DK
Q=F+DM
S=F+GJ
U =GK
V=I+GM
Substituting the expressions for Ty, , T, and T, i.e.,
Equations (6) to (8) into Equation (2), it can be
rewritten as:

F =

v,
(oC), | T, 24V, Ly = XT,, +YT, +Z 9)
at ot
where,

X= (N_I)Htw-t +(J _])ch—w"'(?(] 'ﬁ)Hew—w "'(S_Z)Hrw—w
Y =PHyp, ; + K(ch—w + VHew—w)"'UHrw—w
Z =Ry, +0QHp, ,+ M(ch—w +7H gy )+ VH yy_y

\”&“& oy
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Fig.3 Schematic diagram of the experiment

Substituting Equation (1) into Equation (9)
yields the following differential equation:

41y =al,, +b (10)
where, a-= X + Mgy
(ecv), (V)
,_YTatZ
(ocv),

An analytical solution of the above differential
equation for t = 0; T, = Typis

T, = %[(aTwo +bl% b (11)

The production flux per unit area per unit time
may be calculated as:
mp =hew(ﬁTw _VTha) (12)
The condensation flux per unit area per unit time
may be given by:
me = hedpg (YTha _ch) (13)
3. INDOOR EXPERIMENTS

In order to examine the quasi steady state model
for water distillation presented in Chapter 2, indoor
simulating experiments were carried out in a
thermostatic room to keep a constant temperature
and a constant relative humidity at the University of
Fukui. The schematic diagram of the experiment is
shown in Fig. 3. The TSS is comprised of a tubular
cover and a semicircular trough. The tubular cover
is made of a curled transparent vinyl chloride sheet
of 0.5mm in thickness and a transparent polyvinyl
chloride bottle at both ends. The tubular cover is
0.52m in length and has an outside diameter of
0.13m. The black trough for storing water in the
TSS is made of vinyl chloride with 1.0mm in
thickness, 0.1m in outside diameter and 0.49m in
length. A solar simulator is comprised with 12
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Table 1 Estimated values of heat and mass transfer
coefficients

hew hcdha hcw hcc hrw hrc
(m/s)  (mjs) (W/m?) (W/m?) (Wm?) (W/m?)
0.0067 0.0023 4.43 3.89 7.59 5.69
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Fig.4 Time variations of observed vapor densities

incandescent spotlights (125W) arranged in six rows
of two lights each, and is used as the energy source
to produce the distilled water. All lights were set at
a height of 0.3m above the tubular cover top. In this
experiment temperatures, relative humidities, and
radiation flux were measured by eight
thermo-couples, two thermo-hygrometers and a
pyranometer, respectively. The data were
automatically recorded to a data logger at five
minute intervals. The evaporation flux across the
water surface in the trough and the production flux
from the TSS were measured separately and
simultaneously using two electric balances with a
minimum reading of 0.01g. A special experimental
technique to measure the evaporation flux was
developed using a support of the trough on the
balance, which was set independently from the other
compositions of the TSS. A lid, attached at the end
of the tubular cover, is screwed open and the trough
can be promptly taken out and easily inserted back
into the TSS again after flushing the accumulated
salt.

Another experiment was also carried out to
evaluate the heat transfer coefficient between the
trough and the humid air (f,,). A 10mm thickness
vinyl chloride plate (same material as the trough,
161.4 in weight, and a surface area of 268.0cm’)
was prepared for the experiment and heated to 70°C
in an oven. The heated plate was then placed in the

thermostatic room. Temperature variation in the
plate over time was recorded at intervals of five
seconds.

4. RESULTS AND DISCUSSIONS

All data of the production experiment were
obtained under the constant air temperature and
relative humidity of 25°C and 35%, respectively and
constant short-wave radiative flux of 1200 W/m®. It
was observed that the evaporation started after
twenty minutes elapsed and then forty minutes later,
the production followed the evaporation. Quasi
steady production was achieved for the last four
hours of the experiment duration. Then the values of
heat transfer parameters were evaluated using the
equations given in Appendix A and shown in
Table 1.

The heat transfer coefficient between the trough
and the humid air (h,,) became as 12.06 W/m’°C
from an analytical solution derived from the heat
energy conservation equation of the heated plate
given in Appendix B. The heat transfer coefficient
between the trough and the water (h,,) is assumed
same as Ay,

Fig. 4 shows the time variations of vapor density
at the saline water surface and the tubular cover
inner surface and in the humid air. As shown by the
arrow in the figure, the beginning of the
condensation on the tubular cover inner surface may
be detected after twenty minutes elapse when the
condensation condition, o, > p,. Was satisfied. On
the other hand, water droplets were visually
observed at the almost same time. From this
agreement, it was confirmed that the measurement
accuracy was satisfactory. The vapor densities p,,,
Oung and pvc were high in order after the occurrence
of the condensation takes place. It was observed that
the relative humidity of the humid air inside the TSS
was not saturated since it almost kept 72.0% during
the experiment.

Tia, T. and T, were analytically calculated using

Equations (6), (8) and (11), respectively. These
calculated temperatures were compared with the
experimental temperatures. The analytical solutions
were calculated wusing the following design
parameters:
Ty = 25.8°C; T, = 25°C; o, = 1.0; a. = 0.2; o =
0.0; a,, = 0.98; al, = 0.05; al, = 0.05; al,, = 0.02; the
initial mass of water in the trough = 0.607kg. The
reduction in the volume and surface area of the
saline water associate with the evaporation was
taken account in the model.

Fig. 5 shows the comparison of the calculated
temperatures with the observed temperatures. It is
seen that the analytically obtained temperatures
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Fig.5 Comparison of analytically evaluated temperatures
with observed temperatures

the observed
quasi

gave a good agreement with
temperatures  for the period of
thermodynamically equilibrium state.

Production and condensation fluxes were
analytically evaluated using Equations (12) and
(13), respectively and then compared with observed
ones (see Fig. 6). The evaporation started at early
time of the experiment (after twenty minutes) and
reached the quasi steady state approximately after
two hours elapse. The condensation started after the
occurrence of evaporation when the humid air was
satisfied the condensation condition, o, > p..- The
production was observed followed by the
occurrence of the condensation when condensed
(distilled) water got stored in a collection vessel. A
quasi steady production appeared approximately
after about three hours elapse. After all, the moisture
movement in the TSS brought a time lag of about
forty minutes was observed between the beginning
of the evaporation and the production. Finally, the
observed evaporation and condensation fluxes
became equal for the quasi state period and this fact
was well reproduced by the proposed model.

5. CONCLUSIONS

A quasi steady heat and mass transfer model of a
Tubular Solar Still taking account of humid air
properties inside the still is presented in this study.
In order to validate the proposed model, an indoor
production experiment on a Tubular Solar Still was
carried out in a thermostatic room at the University
of Fukui. The proposed model can predict the saline
water temperature, the humid air temperature, the
tubular cover temperature and the production flux
under a quasi steady state condition.
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Fig. 6 Comparison of evaporation, production and
condensation fluxes

APPENDIX A

The various heat and mass transfer coefficients
of the TSS are defined as follows:
me me

. By = _
) ¢ (pvw — Pvha ) (ﬁTw - YThg )

i) hgyp = Lhey (pvw ~ Pyha ) - Lhey (ﬁTw —¥1ha )
C(R)w ~Bha ) C(R/w ~{vha )
where, the coefficient C for the TSS is given by
C=292x10"2 _1.37x1073T,, +5.07x 10> T2

5
~8.08x1077 T3 +5.11x10~°T , Islam et.al.”
m m

i) hegng = L
) Fedha (pvha“pvc) (VTha _ch)

o n o en i en)
™1 (1 A
_+(__1).i

Eyw | Ec Ae

’2 /2 ! '
V) Ay =asg(1'c +T, )-(TC +Ta)
/3.3
vi) e = g(NugJ +Nu13:3 )I , Raithby et.al.?

where,

R
In 1+—2—f—
Nul
Nup =C3Ral’3
0.13
f=1-—""57%5
(Nuy f*

Nuj =0.772C;Ra’'#

NuL=

APPENDIX B

Energy balance of a trough plate exposed in air
with a constant temperature and relative humidity is
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o,

(pCV), L= ~0ns ~Orha

An analytical solution of the above differential
equation fort = 0; T, = Ty is

_ htA,t
vV
T, =T, + (g -Tp e PV

NOMENCLATURE

A area (m®)

Aina contact surface area between trough and
humid air (m?)

A contact surface area between trough and
water (m?)

al albedo )

C * specific heat capacity (J/kg °C)

hee convective heat transfer coefficient from
tubular cover to atmosphere  (W/m”°C)

heane : condensative mass transfer coefficient from
humid air to tubular cover (m/s)

hey convective heat transfer coefficient from
water surface to humid air (W/m*°C)

how evaporative mass transfer coefficient from
water surface to humid air (m/s)

h,. radiative heat transfer coefficient from
tubular cover to atmosphere  (W/m”°C)

/- radiative heat transfer coefficient between
water surface and tubular cover (W/m” °C)

R convective heat transfer coefficient between
trough and humid air (W/m*°C)

Ay convective heat transfer coefficient between
trough and water (W/m*°C)

l length (m)

L latent heat of vaporization (J/kg)

m, condensation flux (kg/m*s)

m, evaporation flux (kg/m’s)

m, production flux (kg/m*:s)

Nu Nusselt number =)

QOcc convective heat transferred from tubular
cover to atmosphere J/s)

Q.. : condensative heat transferred from humid
air to tubular cover d/s)

Qe convective heat transferred from humid air
to tubular cover J/s)

Qe convective heat transferred from water
surface to humid air (J/s)

o evaporative heat transferred from water

surface to humid air

(/s)

Q.. radiative heat transferred from tubular cover
to atmosphere d/s)

O radiative heat transferred between water
surface and tubular cover d/s)

Otha convective heat transferred between trough
and humid air J/s)

O convective heat transferred between trough
and water (3/s)

R radius (m)

Ra Rayleigh number )

R; solar radiation (W/m®)

T temperature (°C)

T’ temperature (’K)

|14 volume (m)

a absorption coefficient )

£ emissivity =)

o density (kg/m’)

o Stefan-Boltzman constant, 5.6697x10

(W /mz 0C4)

Subscripts:

a : atmosphere

t : trough

c : tubular cover

ha  : humid air

w @ water
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