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ABSTRACT

A tube-type solar distillator hybridized a conventional basin still with an air-gap membrane
distillator using PTFE membrane was numerically and experimentally investigated for drink-
ing water or irrigation. A tube-type basin still is directly combined with a flat-type membrane
distillator through an absorber for solar irradiation within the distillator. Membrane distillation
enables water to flow under an absorber at the stable state and water vapor to transfer in the
downward direction due to support of membrane. Distillate productivity in case of a bilateral
water feeding operation at the steady state almost equals to the summation of productivity in
case of one-way feeding method independently for basin still and membrane distillator. The
numerical simulation revealed that membrane distillation mostly produced distillate water at
the range of low solar irradiation and basin distillation contributed to productivity at the high
irradiation. Dynamic characteristics of the hybrid distillator were investigated in the indoor
laboratory by using a meteorological data in Japan. The distillate per a day was produced to be
2.18 kg/(m? - day) at an irradiative intensity of lamps per a day, 22.6 MJ/(m? - day).

The hybrid solar distillator will contribute to enhance distillate productivity for practical use.

Keywords: Hybrid solar distillator; Membrane distillation; PTFE membrane; Basin still

1. Introduction

Arid regions have been year by year expanding in
the world with drastic increases in industrialization.
Desalination technologies considerably contribute not
only to the shortage theme of water resources but also
to such an environmental problem as global warming
by means of irrigation. Solar distillation system is one of
the best solutions for remote areas or arid regions with
the lack of water due to the utility of free energy and
clean environment. However, the weak point of the low
water productivity of solar distillation leads to research
activities for the development of a variety of solar still
devices and processes as reviewed in references [1-5].

*Corresponding author.

On the other hands, membrane distillation (MD) is a
desalting process that is coupling conventional distil-
lation with membrane separation. MD is a membrane
technique for separating water vapor from saline water
through the pores of such a hydrophobic membrane as
PTFE (PolyTetraFluoroEthylene) sheet. The advantages
of MD compared to other pressure-driven separation
processes such as reverse osmosis, ultrafiltration and
microfiltration result from the high selectivity, lower
operating temperature or pressure and the high-mass
transfer rate in references [6, 7]. B.V.Bruggen et al. [8]
overviewed the comparison between distillation and
membrane filtration processes in seawater desalina-
tion. However, one of the most serious issues for the
practical use is to secure the energy source for distilla-
tion. The low thermal driven processes in membrane
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distillation are appropriate for the utilization of solar
energy. Membrane distillation processes driven by
solar energy has been investigated as the low cost,
energy saving processes [9-12]. The effective idea for
the enhanced distillate productivity is development of
an integrated [13] or a hybrid solar distillator.

A networked system of tube-type solar stills combined
with solar ponds has been proposed for use in the desert
environment [14, 15]. In a conventional basin-type solar
still, the only upward transfer of evaporated vapor from the
basin to a cover results in a factor of the low productivity
due to the decrease of temperature difference between
brine and a cover. The downward heat flow against
gravity contributes to an energy-free process for heating
and cooling operation in MD. A variety of methods in MD
are classified into four categories; direct contact membrane
distillator (DCMD), air gap membrane distillator (AGMD),
vacuum membrane distillator (VMD) and sweeping gas
membrane distillator (SGMD) [16]. AGMD is the most
appropriate method for a solar distillator due to the low
conductive heat loss from evaporated water to distillate
water. The direction of vapor transferin AGMD depends on
the setup of the distillator due to support of liquid film by
a membrane. The hybridization of a basin-type distillator
with AGMD contributes to the effective utilization for
solar energy due to the bilateral vapor transfers, that is
upward and down ward direction against gravity. Our
developed hybrid solar distillator is a tube-type basin
distillator combined with a flat-type AGMD through an
absorber for solar irradiation.

This paper presents the fundamental specifications
of a hybrid solar distillator. For evaluating effects of
hybridization on distillate productivity, the static and
dynamic characteristics were verified experimentally
on the indoor conditions and numerically by using
the simple simulation model. Heat and mass transfers
in a basin still [1, 3, 17] and AGMD [18-23] have been
numerically estimated. The experimental and numerical
analyses reveal us to be the synergistic effect of basin
and membrane distillation.

2. Experimental set-up

Figure 1 shows the schematic cross section of a tube-
type hybrid solar distillator. This hybrid module located
horizontally at the central plane of a pylex glass tube
is directly combined to a basin-type of solar still with
a flat-type of membrane distillator using PTFE (PolyTe
traFluoroEthylene) membrane. The absorber for solar
irradiation, which is made of a black-painted aluminum
plate for enhancement of absorbability, splits up the space
into saline waters for basin distillator and membrane
distillator. The membrane distillator composes of a
aluminum absorber (2 mm in thickness), feeding water

(2mm in thickness), PTFE membrane (NITTO-DENKO
Co. Ltd., NTF-5200, 1 um in pore diameter, 85 pm in
thickness and 80% in void fraction), a vapor diffusion
gap supported with fine and coarse types of polyethyl-
ene meshes (5 mm in thickness) and a aluminum radiator
(2 mm in thickness). The water depth in a basin is kept
to be a constant, 10 mm. Solar energy absorbed through
a glass cover heats up two feeding waters over and
under the absorber. On the one hand vapor evaporated
in basin distillator diffuses in the upward direction from
the basin into the outer glass cover, on the other hand
vapor evaporated in membrane distillator transfers in the
downward direction from water partition into the bottom
plate of distillator. This hybrid distillator effectively
utilizes the spaces of vapor transfer within it.

The effective size of a module is 0.70 m in length, 0.08 m
in width. The size of the distillator is 0.75 m in length,
0.14 m in width. The inclination of the hybrid distillator
is fixed at 5 degree for flowing down distillate water in
basin still along the glass cover, but the module is kept
at the horizontal level for the constant depth of water in
basin distillator. Several drain tubes are equipped on the
radiator for the more effectively discharge of distillate
water in membrane distillator. Experimental data were
measured in the indoor laboratory by using infrared
lamps. Irradiative intensity of lamps was adjusted by volt-
sliders in the range from 200W/m? to 800W/m? which
was calibrated with by pyranometer (EKO Instruments
Co. LTD. Model MS-42). Irradiative intensity of infrared
lamps was stepwise changed for a day according to a
characteristic meteorological data in Japan [15] in order
to evaluate the dynamic characteristics

Distillated water was used for the purpose of
estimating static and dynamic characteristics of the
distillator. Cupper and constantan thermocouples are
attached on several points marked with dots in Fig. 1.
Feeding water is separately supplied into two partitions
of basin and membrane distillator stably at the constant
water pressure by two head tanks.

In order to evaluate the hybridization at the steady
state, the following three operations were investigated:

1. No feeding in membrane distillator for estimating the
distillate productivity in basin still.

2. No feeding in basin still for estimating the distillate
productivity in membrane distillator.

3. Feeding direction from membrane distillator to basin
still in hybrid distillator.

3. Numerical simulation
3.1. Heat and mass balances

Figure 2 shows the simulated model for a hybrid
distillator. The tubular glass cover is modeled as such a flat



98 K. Murase et al. / Desalination and Water Treatment 9 (2009) 96—104

1. Pyrex glass tube

2. Half-cut gray PVC tube

3. Basin still

4. Saline water

5. Absorber for solar irradiation

6. PTFE membrane

7. Polyethylene mesh spacer

8. distillated water

9. Radiator

10. Drain tube for disltillated water
[ Red area : Heated water
[ Blue area : Distillated water
® Measured points of thermocouples

Fig. 1. A schematic diagram of a tube-type hybrid solar

distillatory.
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Fig. 2. Heat and mass transfer model for a tube-type hybrid

distillatory.

plate as the module in order to establish a one-dimensional
model [24, 25]. The interval between a hybrid module and
a cover is approximated by the half radius of a glass tube.

The following assumptions were made in order to

take mass and heat balances:

. Temperature gradients across various partitions are

negligible.

. Temperature polarization across the PTFE membrane

is negligible.

. Distillate productivities in basin and membrane dis-

tillator are independently calculated

. Natural convection occurs only within the space over

the basin still due to the temperature gradient.

. The mesh spacer within the air gap between the PTFE

membrane and the radiator has no effect on the heat

and mass transfer.

Energy balances for some partition at the steady state
under the above assumptions are presented as follows:

Glass cover:

dZ
0= kcrﬁ + (a'cl + qU/VC) - (qCONV,CA + qR/CS)

Distillate in basin still:

dT, d’T,
IOVCP,VuVrd_; = kvr dxzv

+ (a'v 7l +qp 50 + Geonv sy + %/sv)

~(quvc)

Water in basin distillator:

dT. d*T.
pscp/s”srd_xs = ksrﬁzs + (a's 7.t + qU/PS)

- (qE/SV +qconv,sv qR/SV)

Absorber:

dZ
0= kpr?zp + (aP Tty z'51) - (qu,Ps + qU,PM)

Water in membrane distillator:

dT,

2
PuCr mthy I —= Ty
' dx

dx?

- (qE,MD * conp,mp qR/MD)

=kyl' + (qU,PM)

Distillate in membrane distillator:

dT, aT,
IODCP,DuDr —L2= kDng

dx
+ (qE/MD *conp,mp + qR/MD) - (qu/DR)

M

@)

®)

4)

©)

(6)
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Bottom plate of hybrid distillator (Radiator):

a’T
0= kRFKZR + (qU,DR) - (qCOND,RB + qR,RB) @)
PVC Cover:

a’T,
0= kBFWZB + (%OND,RB + qR,RB) - (%ONV,BA) ®)

Physical properties and heat transfer coefficients in
equations.(1)—(8) are list up in appendix.

The above differential Eqs. (1)~(8) were numerically
analyzed under the boundary conditions as follows:
Boundary Conditions
(I) inlet (at x=0)

T _dTy _dTy _dT, _dT, _dTy

2) dx dx dx dx dx dx
=0 ; adiabatic condition 9)
b) TS (0) = TS/Inlet’ TM (0) = TM,Inle[ ’ (10)
inlet flow condition ¢
(I1) outlet (at x=L)
a) AT _dT, _dTy _dT, 0 ; adiabatic condition (11)
dx dx dx dx
b) q(L)=q;,,9(L) = qe5,9(L) = qe  ; (12)

outlet sensible heat flux

Distillates in basin and membrane distillator are
respectively estimated as follows [24, 25]:

Distillate in basin distillator [3]

(16273 x10 oy 5y (P~ P,)
Basin —
A

4 hCONV,SV

1/3

(PS_pV)TS

=0884|(T.-T, )+ ——————=—— 13

:-T) (268.9x10° - P,) (13)
Distillate in membrane distillator [26]
D 1 P.-P RT

DMembmne =7 36 ( : D) =T (14)
A(3/$+z) Py, z

Total distillate productivity is estimated by using the
summation of Egs. (13)-(14).

Total distillate productivity D =D, . + D

Basin Membrane

(15)

3.2. Numerical procedure

In order to numerically integrate differential Egs.
(1)-(8) under boundary conditions (9)-(12), Galerkin
finite element method was applied for the energy

balances by using the one-dimensional biquadratic
shape function for temperature. The computational
domain was discretized into 30 elements in the flow
direction. Unknown temperature variables at node
points were numerically evaluated with a iteration
process until under 0.1% relative error.

4. Results and discussion
4.1. Static characteristics
4.1.1. Distillate productivity

Figure 3 shows the effect of irradiative intensity
of lamps on distillate productivity at steady state in
experimental case of feeding only for basin destination
(EXP-BASIN), feeding only for membrane destination
(EXP-MEMBRANE), feeding for hybrid destination
(EXP-HYBRID), the summation of productivity EXP-
BASIN and EXP-MEMBRANE, the corresponding tube-
type solar still with a half-cut tube basin still in reference
[14] and in numerical case of hybrid distillator (CAL-
HYBRID). The productivity in filled marked circles (EXP-
HYBRID) almost equals to that in blank circles, namely
the summation of distillates by basin destination (EXP-
BASIN) and membrane destination (EXP-MEMBRANE).
The hybridization of basin and membrane destination at
the steady state results in the corresponding effect of each
solo module in spite of the increased heat capacity of a
hybrid distillator. The simulation model overestimates
productivity at the range of the high irradiative
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Fig. 3. Effect of irradiative intensity of lamps on distillate
productivity in cases of (1) only basin distillation (EXP-
BASIN), (2) only membrane distillation (EXP-MEMBRANE),
(8) hybrid distillation (EXP-HYBRID), (4) summation of
case(1)+(2), (5) numerical simulation (CAL-HYBRID) (6) half-
cut tube basin still in reference [14](water depth=10mm).
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intensity over 400W/m? and underestimates at the low
irradiative intensity below it rather than that in experiment.
This error around at irradiative intensity, 400W/m?, closely
interrelates with the unexpected increased productivity.
The degree of thermal resistances of waters in basin and
membrane distillator determined the transfer direction of
absorbed energy. The depth of water in basin still equals to
the five times depth of water in membrane distillator.

4.1.2. Relative distillate productivity

In order to analyze the unexpected simulated
productivity around at 400W/m? in Figure 3, each
distillate in basin and membrane distillation evaluated
respectively by using equations (13), (14) is indicated
in Figs. 4 (a)-(d) with the relative distillate along the
displacement from the inlet to the maximum distillate.
Figure 4-c indicates that the intensity, 550W/m? is
the critical value for the absorbed energy due to the
equivalent productivity in both cases of basin and
membrane distillation. Distillate produced by membrane

1
——————— CAL-BASIN
~08T —.—.-CAL-MEMBRANE
o CAL-HYBRID
Zo6 |
2
©
204 | 1=400W/m?
g% Ta=20cC
f Tg=Tm=20C
02|
0 . . s . s
0 01 02 03 04 05 06 07 08
Position from inlet (m)
(a) 400W/m?2
1
——————— CAL-BASIN
~0.8 [ —-—--CAL-MEMBRANE
o CAL-HYBRID
©
= 0.6
2 )
o |=550W/m2 T
> | “/’
204 Ty=20C =
K
° Tg=Tw=20C 7
0.2
0

0 01 02 03 04 05 06 07 08
Position from inlet (m)

(c) 550W/m2

at the range of the lower intensity than 550W /m?is larger
than that by basin. The total distillate at 400W /m?is equal
to that only by membrane distillation in Fig. 4(a). The
higher temperature difference between water surface
and bottom plate of module contributes to the higher
productivity. The lower productivity by membrane
distillation at the range of the high irradiative intensity
is stemmed from the saturated gap of vapor diffusion
due to the heat loss by thermal conduction. On the other
hands, the narrow gap and the shallow water depth
contribute to the effective performance of distillate at
the low range of irradiative energy due to the lower heat
capacity in spite of the low driving force that is the small
temperature difference.

4.1.3. Simulated temperature profiles

Figures 5 (a) and (b) show numerical temperature
profiles along displacement from the water inlet at the
irradiative intensity, 400W/m? and 600W/m? in order
to verify the dependence of irradiative intensity on
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Fig. 4. Profiles of relative distillate productivity along displacement from inlet (x = 0) to the maximum distillate.
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Fig. 5. Temperature profiles along the position from inlet of feed.

the peculiar productivity in hybrid distillator. Figure
5 (b) indicates the constant temperature difference
between a glass cover and feed in basin still although
the temperature difference at 400W/m? decrease along
displacement from inlet in Fig. 5 (a). The convective heat
transfer coefficient between water and a glass cover,
h o\, sy contributes to the result.

4.1.4. Averaged temperature

In order to compare measured temperatures with
numerical ones, averaged temperatures of partitions
along the distillator are plotted in Figs. 6 (a) and (b)
at the irradiative intensity, 400W/m? and 600W/m?.
Experimental data with blank triangles are measured in
hybrid distillator without water in the basin. Simulated
data have good agreements with experimental data at

80
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S50
Q.
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10 |
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TC TV TS TP TM TD TR TB TI TA
Partition

(a) 400W/m2

the low range of irradiative intensity, 400W/m? Cover
temperature at 600W /m? is numerically underestimated
but water or absorber temperature within hybrid
distillator is reversely overestimated. These result in the
overestimation of distillate productivity stemmed from
the temperature difference. One of error factors is due
to evaluate the conventional interrelationship of the
convective heat transfer coefficient because the actual
convective space, a half round shape, is approximated
by a rectangular one.

4.2. Dynamic characteristics

Dynamic characteristics of the hybrid distillator are
evaluated in Figs. 7 (a) and (b) by using a simulated
meteorological data in Japan, Sept. 3, 2006 [15]. Each

80
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Fig. 6. Average temperature of partitions along displacement from inlet.
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Fig. 7. Dynamic characteristics of distillate productivity for one day.

temperature of partitions gradually decreases after the
peak of solar irradiation due to the high heat capacity
of hybrid distillator in spite of the low temperature of
the PVC cover. On the other hand, the time response of
productivity is insensitive for the irradiative intensity
until the peak value. Moreover, the effect of heat
accumulation is not expected due to the same ending
time of intensity and productivity. The small inclination
of hybrid distillator interrupts the smooth drain of
distillate water on the radiator.

The distillate productivity per a day is obtained to be
2.18kg/(m? - day) at the irradiative intensity per a day,
2.6MJ/(m? - day) This productivity is almost equivalent
to with the performance of a tube-type solar still with
heat accumulator [15]. Feeding water into the hybrid
distillator is supplied independently into the basin and
membrane partitions. The skillful idea for the drain
of distillate in membrane distillation or an optimal
operation for feed, counter or parallel flow, expectedly
will contribute to the enhanced distillate productivity.

5. Conclusions

A tube-type hybrid solar distillator with a
conventional basin still and an air-gap membrane
distillator by using PTFE membrane was numerically and
experimentally investigated for drinking water orirrigation.
A tube-type basin still is directly combined with a flat-
type membrane distillator through an absorber for solar
irradiation within the distillator. The fundamental static
and dynamic characteristics were revealed as follows,

1. Distillate productivity in case of a bilateral water feed-
ing operation at the steady state almost equals to the

summation of productivity in case of one-way feed-
ing method independently for basin still and mem-
brane distillation.

2. The numerical simulation revealed that membrane
distillation mainly produces distillate water at the
range of low solar irradiation and basin distillation
contributes to productivity at the high radiation.

3. Dynamic characteristics of the hybrid distillator
were investigated in the indoor laboratory by using a
meteorological data in Japan. The distillate per a day
was produced to be 2.18kg/(m? - day) at a irradiative
intensity per a day, 22.6MJ/(m? - day).

Water flowed into the hybrid distillator is supplied
independently into the basin still and membrane distil-
lator in this experiment. The skillful idea for the drain of
distillate in membrane distillation or an optimal opera-
tion for feed, counter or parallel flow, expectedly will
contribute to the enhanced distillate productivity.

Nomenclature
C, : Specific heat [J-kg? K]
D : Distillate productivity [kg-m™=-s]
D : Diffusion coefficient of vapor into air ~ [ms™]
e : Porosity of PTFE membrane [-]
h.oxp :Conductive heat transfer

coefficient [W-m=2.K1]
h.,w, :Convective heat transfer

coefficient [W-m=2.K1]
h, : Evaporative heat transfer

coefficient [W-m=2.K1]
h, : Radiative transfer coefficient [W-m=2.K1]



e i ala

qCOND

qCON v

qe

e
S

N*Xx < cg 4%

: Solar intensity

: Thermal conductivity

: Thickness of partition

: Length of hybrid distillator
: Saturated vapor pressure

: Logarithmic average

: Conductive heat flux:

: Gas constant
: Temperature K
: Flow velocity

: Overall heat transfer

: Wind velocity
: Distance from feed [m]
: Interval between membrane and

condensate plate [m]

K. Murase et al. / Desalination and Water Treatment 9 (2009) 96—104 103

[W-m=2.
[W-m™-

LR

~A

=
[V

Geonp, a8 = Neonp, s (TA - TB) [W-

: Convective heat flux:

Geonv,as = Heonv, as (TA - TB) [W-

: Evaporative heat flux

e, = hE/AB (TA - TB) [W -

: Radiative heat flux

qr,a = hR,AB (TA - TB) [W-

: Overall heat flux

Qu,a = hU,AB (TA - TB) [W-m™

coefficient

Subscripts

AV

<BOUZUO

o
>

CA

PM

PS
RB

Ssv

: Average

: PVC(polyvinyl chloride) cover

: Pylex glass cover

: Distillate in membrane distillator

: Brine in membrane distiilator

: Absorber

: Brine in basin still

: Condensate plate

: Distillate in basin still

: between PVC cover and air

: between pylex glass cover and air
: between pylex glass cover and sky
: between pylex glass cover and sky
: between brine and distillate in membrane

distillator

: between absorber and Brine in membrane

distillator

: between absorber and brine in basin still
: between condensate in membrane distillator

and PVC cover

: between brine in basin still and distillate in

basin still

BEE

e e e

VC

COND
CONV

Greek

QA3 Q0T A mn=Q

- o

Appendix

: between distillate in basin still and pylex

glass cover

: Conductive heat transfer
: Convective heat transfer

: Absorptivity of partition [-]
: Reflectivity of partition [-]
: Emissivity of partition [-]
: Transmissivity of partition [-]
: Latent heat of water [kJ/kg]
: Density [kg/m?]
: Stefan-Boltzman constant [W/(m?- K%)]
: Overall absorptivity of radiation [-]
: Thermal efficiency [-]
: Total pressure(atmospheric

pressure) [Pa]
: Membrane thickness [m]
: Width of hybrid distillator [m]

The approximate equations for heat transfer coeffi-
cients are as follows [3, 24]:

Thermal conductivities

k. =13k, =ks =k, =k, =0.602,k,

=200,k, =0.151W /(m-K), (A-1)
Thermal conductivity of air
k, =0.0244+0.7673x107*T,, W /(m- K) (A-2)
Sky Temperature
T,, =T,(0.55+0.06548,/fP, ), K (A-3)
Absorptivity of solar absorber and water
a-=085a,=05,=0.82,0,=0.95, 7,

=7,=7,=092 (A-4)
Overall absorptivity
1/4,=1/&+1/& -1 (A-5)
Latent heat of water
A, = A, =2.3246 x10°(1.0727 x 10° = 1.0167T

+1.4087 x107*T* —5.1462x10°T?, ] / kg (A-6)
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Heat capacity of saline water

C, =C,, = (42055 0.06785 +1.4757 x 10°5?) (A7)
x10° - (13.604 — 6.19175 + 0.32515?)
10T + (15.908 — 5.05725 + 0.25625%)
x107°T?,] / (kg - K)

C.=0.77x10%,C, =C, =4.18,C, =1.0x 10°

Conductive heat transfer coefficient
k, k,

7 tconD,rB = I;

hCOND,MD = /
MD RB

Convective heat transfer coefficient

heony,ca =heony,pa =57 +3.8XV,

1/3

(Ps _PV)TS
h =0.884| T~ T, + —————
CONV,5V s—hv (268.9 x10° - Ps)

Radiative heat transfer coefficient

4 4
TC — TSKY

hR,CS =00 T.-T,, ’ hR,SV/ hR,MD/ hR,RB (A-10)

Evaporative heat transfer coefficient in basin still

Ps _Pv
Ts _Tv
Y4 1 pP,-P
h =D M___D
PP TRy (0]€* +2) Dy

hy o =16.273x10°h g, X
(A-11)

Overall heat transfer coefficient

L0,
UVC kV C

»lf\
(9}

Ups, Upy, Upy (A-12)
Saturated vapor pressure(Antoine equation)

P, = exp{25.317 —5;&},& (A-13)

S
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