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Membrane distillation (MD) is a membrane separation process that has long
been investigated in small scale laboratory studies and has the potential to become a
viable tool for water desalination. MD is a separation process that combines simulta-
neous mass and heat transfer through a hydrophobic microporous membrane. A solar
collector is used in direct contact membrane distillation (DCMD) to heat seawater as
a temperature driving force in heat transfer to establish seawater desalting systems.
The effect of the temperature difference makes the brine vaporize in the hot fluid side
and condense in the cold fluid side. The optimal operating parameters on the pure
water production rate will also be examined in this study. The purposes of this study
are to develop the theoretical heat and mass transfer formulations, simulate heat
transfer rate of solar collector with internal fins in membrane distillation, and investi-
gate the mass-transfer efficiency improvement in membrane distillation with the brine
flow rate, solar collector efficiency, and temperature difference between both sides of
membrane as parameters. © 2007 Wiley Periodicals, Inc. Heat Trans Asian Res, 36(7):
417-428, 2007; Published online in Wiley InterScience (www.interscience.
wiley.com). DOI 10.1002/htj.20172
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1. Introduction

Membrane distillation (MD) is an innovative membrane separation process to extract pure
water from seawater, brackish water, or waste water. The pure water in vapor form transports through
a hydrophobic membrane while a temperature gradient is established across the membrane resulting
in a vapor pressure difference as a driving force. The benefits of MD as compared to the convectional
processes to produce pure water, say distillation or reverse osmosis (RO), are: (1) lower operating
temperature than distillation, (2) lower operating pressure than RO, (3) lower energy requirement, (4)
smaller module size, and (5) higher purity of the produced water [1]. There are four categories of MD:
direct contact membrane distillation (DCMD) [2—4], air gap membrane distillation (AGMD) [5, 6],
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vacuum membrane distillation (VMD) [7, 8], and sweeping gas membrane distillation (SGMD)
[9-11]. The DCMD is the simplest type to operate and it is also best suited to desalt or concentrate
aqueous solutions while the water is the major permeate component. In the DCMD, the hydrophobic
membrane directly contacts the liquid phases on both sides. The water initially vaporizes in the liquid
phase under the higher temperature, then transports through the pores of the hydrophobic membrane
and condenses immediately in the cold liquid phase. In general, the mass transfer rate of water vapor
through the membrane can be improved by changing the properties of the hydrophobic membrane
[12, 13], enhancing the turbulence of fluid on the membrane surface [14], increasing the fluid flow
rate and the inlet temperature difference [15], and changing the conduit geometries [16].

The heat source used in the type of DCMD of this study is afforded by a sheet-and-tube solar
water heater with fins attached, which is referred to as solar thermal-driven membrane distillation.
The sheet-and-tube solar water heater consists of one glass sheet above an absorbing plate and the
fluid flowing in the metallic tubes under the absorbing plate. The sheet-and-tube solar water heater
is a kind of flat-plate solar collector and is mechanically simpler than the concentrating solar collector.
The blackened absorber absorbs the solar radiant energy and transforms it to thermal energy, and thus
the fluid, say seawater, in the metallic tubes receives the heat from the absorber via the heat conduction
of the metallic tubes. The heated seawater exits from the sheet-and-tube solar water heater and then
feeds into the DCMD module as the hot liquid phase while the cold liquid phase is the pure water
pumped from the storage tank. Moreover, the strategies of improving a flat-plate solar collector
performance involves: (1) extending the heat transfer area [17], (2) enhancing the fluid turbulence
[18, 19], (3) strengthening the free convection of fluid [20], (4) reducing heat loss by using the glass
covers above the absorber [21], (5) adjusting the aspect ratio of the collector, (6) regulating the fluid
inlet temperature, flow rate [22], and (7) adding the external recycle to enhance the force heat
convection of fluid [23, 24].

The purposes of this work are to develop a two-dimensional mathematical formulation for the
solar thermal-driven DCMD module, investigate the effects of feed flow rate and inlet temperature
gradient on the temperature distribution of fluid and pure water productivity, and calculate the required
collector area of the sheet-and-tube solar water heater to provide sufficient thermal energy for the
DCMD process.

Nomenclature
A surface area of the collector (m?)
Qe activity of water in NaCl solution
B,: the horizontal width of membrane distillation apparatus (m)

Cy conductance of bond (kJ/(s-m-K))

C,: membrane coefficient (kg/(s-mz-Pa))

Cp: specific heat of water at constant pressure (kJ/(kg-K))

D: outside diameter of tube (m)

Dy equivalent hydraulic diameter of tubes with/without fins attached (m)
D;: inside diameter of tube (m)

d; height of channel i (m)

F: sheet standard efficiency

F /f;n: collector efficiency factor of solar collector with fins attached
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T(xq 2):
Tholin:

T, (xp, 2):
T,

coldin’
Tﬁo:

T ourt
Ty():

Fanning friction factor

height of internal fins (m)

hydraulic dissipate energy with recycle operation and fins attached (hp)
convective heat-transfer coefficient inside tube (kJ/(s-m*-K))
incident solar radiation (kJ/(s~m2))

thermal conductivity of fluid a (kJ/(s-m-K))

thermal conductivity of fluid b (kJ/(s-m-K))

thermal conductivity of membrane (kJ/(s-m-K))

total length of membrane distillation device (m)

total length of tubes (m)

mass flow rate of solar water heater (kg/min)

total water mass flow rate of solar water heater (kg/min)
total mass of pure water transfer across membrane (kg/s)
pure water flux (kg/(s-mz))

number of fins attached

number of pair ducts

partial vapor pressure of component i (Pa)

saturated vapor pressure of component i (Pa)

total useful gain of solar water heater (kJ/s)

useful energy of solar water heater with fins attached (kJ/(s-m))
useful energy of absorbing plate from the sun (kJ/(s-m?))
ambient temperature (K)

temperature distribution of channel a (K)

inlet fluid temperature of NaCl solution (K)

temperature distribution of channel 4 (K)

inlet fluid temperature of water (K)

inlet temperature of water of solar water heater (K)
outlet temperature of water of solar water heater (K)
temperature distribution of fluid of solar water heater (K)
overall loss coefficient (kJ/(s-m*K))

volumetric flow rate of channel i (m?/s)

fluid velocity of solar water heater (m/s)

mean velocity of channel i (m/s)

velocity profile of channel i (m/s)

distance between tubes (m)

mole fraction of component i

thermal diffusivity of component i (m?/s)

thickness of membrane (m)

collector efficiency

fin efficiency

latent heat of water (kJ/kg)

density of component i (kg/m?)
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2. Thermal Efficiencies of Sheet-and-Tube Solar Water Heater with Fins Attached

The sheet-and-tube solar water heater with fins attached plays the role of thermal supply for
membrane distillation process. Its schematic diagram is shown in Fig. 1. The main simplified
assumptions and approximations in the calculation procedure are as follows: (1) the inlet concentration
of NaCl solutions is time-independent; (2) the physical properties are constants in each theoretical
prediction; (3) the effect of concentration polarization on membrane surface is neglected. The useful
energy gain per unit length in the flow direction from the blackened absorber by fluid was obtained
as

Gu=WFlS — UL(T(z) = T,)] ey

where the collector efficiency factor with fins attached F]’om is

-1
Fpy = {WU{ 1 +[ L L} [1 _ 2Nyt ﬂ} 2)
U.[(W—-D)F + D] (hﬁiTl:Di) Cp U;[(W-D)F + D]

After making the energy balance in a fluid element, one may derive the following equations for
calculating the outlet fluid temperature of the sheet-and-tube solar water heater

d7},1 (2)

M\Cp— = WE [S = Un(T31() = T)1 = 0 ©)
dT,
- MG, fé(Z) = WER[S = Uy(Tyo(d) ~T)1 =0 4)

where the mass flow rate in each tube is M; = M, = m(R + 1)/n. The performance of the solar water
heater can be obtained by defining the collector efficiency 1,

Solar radiation

e

/ glass cover

absorber plate

fin

Fig. 1. Sheet-and-tube solar water heater with fins attached.
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Ne= Qu/AcIO = me(Tf,out - ]kO)/ACIO

&)

The hydraulic dissipate energy of the double-pass device with recycle operation and fins attached can

be estimated as

Hp=(M,; + Mz)(ZfF"st/Dh)

3. Temperature Distributions in Direct Contact Membrane Distillation Module

(6)

Figure 2 shows a parallel-flow membrane distillation device. The open conduit is divided into
two parts, channel a and channel b, by inserting a hydrophobic membrane in it. The equations of heat

transfer and velocity distributions are as follows:

azTu(xa, Z) aTa(xaa Z)
kfa T = pman,ava(xa) T

9°Ty(xp, 2) oT,(x, 2)
kg, # = PubCop pVr(Xp) %

vi(x) = 6v(x;/d; — xi /d7), (i = a, b)

The boundary conditions for solving Egs. (7) and (8) are

Ta(xav 0) = Thotin

oT,(d,,
kfa # =— (N?L + km(Ta(das Z) — Tb(db, Z))/am)
x,=0
T::uldln
=l T, (x,z) —l_x”
hydrophobic membrane ——x,=d,

Fo e O R R P P R P o R S R R IR R A ISP RITR] O

=

| X,

Tl‘wlln ‘
x, =0

insulation
’ z

Fig. 2. Parallel-flow diagram of membrane distillation apparatus.
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4109 _ "
dx,
Tb('xb’ 0) = Tcoldin (13)
AT, (d,
ko % =NA+ k(T (d,, 2) — Tp(dy, 2))/6,, (14)
a0, _ "
dxb

By introducing a general technique, method of lines, for solving Egs. (7) and (8), the partial differential
equations can be reduced to ordinary differential equations via finite difference relationships. The
equations of heat transfer in Egs. (7) and (8) can be rewritten by the following form

channel a
aTal(xal’ Z) — Oy TaZ - 2Ta1 + TaO (16)
aZ va(xal) A.Xfﬁ
aTaz(Xaz, 2) _ Oy (T;3—2Tp+ T, (17)
aZ va(xa2) sz
aTan(xan» 2) _ g Ta(n+1) =27, + Ta(n—l) (18)
az Va(xan) Axg
channel b
0T }1(Xp1, 2) _ Oy [T 2Ty + T (19)
0z Vip(Xp1) Axj
9T po(xp2, 2) _ Oy (T3 =2Tpp + Tj 20)
0z Vip(Xp2) Ax,
T (Xpn» 2) _ b Tynery = 2Tp + Thny @1
oz Vi (Xpn) Axj

and the reduced boundary conditions are
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channel a
Toplmo=Thoin-n=1,2,3. .. (22)
Toniry = (AT gy — Tyu1y — 280 (NA + k(T — Tp) /8,) / kp) /3 (23)
Tyo= (4T — Tp0)/3 (24)

channel b
Tyl = Teorgim n=1,2,3. ... (25)
Tpnety = 4T = Tpuoty = 2A0(NA + k(T = T)/6,) /) /3 (26)
Tyo = (4Tp1 — T1n)/3 (27)

The total mass of pure water transfer across membrane can be determined by

di 28

The pure water flux N is a function of vapor pressure drop across the membrane

N=C,AP=C,(Pyq—Pup) (29)

where C,, is the membrane coefficient. For non-idea binary mixtures, the partial pressures can be
determined from

P;=y,P = x,a;P} (30)
The activity of water in NaCl solutions can be determined by [1]
Ayarer = 1 = 0.5xn01 — 102001 (31)
The vapor pressure of water is determined by Antoine equation as follows:
P =exp(23.238 — 3841/(T - 45)) (32)

Substituting Egs. (30)—(32) into Eq. (29), one may obtain the following relations

3841 3841
N = C,| XpaterQpater €Xp| 23.238 = ————— |—exp|23.238 - ———— 33
( t t ( Ta(n+1) _ 45} Tb(n+1) —45 (33)
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Substituting the boundary conditions into Egs. (16)—(21), the system of ordinary differential equations
with initial boundary conditions as well as Eq. (28) was solved simultaneously by using the
fourth-order Runge—Kutta method and the theoretical production of pure water is thus obtained.

4. Results and Discussion

The working dimensions of the present solar thermal-driven direct contact membrane distil-
lation device are as follows: conduit length L = 0.2 m, channel height H = 0.002 m, and width B =
0.15 m. The membrane coefficient of hydrophobic membrane referred to experimental results of
Schofield et al. [25] is C,, = 4.5 x 107 kg/(s-m>-Pa). The pure water flux can be determined by Eq.
(33) and the calculated results are shown in Fig. 3 with the inlet cold water temperature as a parameter
under the given working dimensions. The theoretical results show that the pure water flux increases
with increasing the inlet hot NaCl temperature 7y,.;;, but decreases with increasing the inlet cold water
temperature T,4;,,- This transport phenomenon can be attributed to whether the temperature gradient
between cold and hot fluid increases by increasing T}, or decreasing T.4,, and thus the vapor
pressure difference increases to lead to enhancing the mass transfer rate of the pure water. Meanwhile,
the temperature polarization phenomenon on the membrane is an important factor of hindering the
pure water flux in a DCMD process due to the heat conduction and water vaporization across the
membrane. The undesired effect can be overcome by increasing the volumetric flow rate of fluid,
resulting in the heat convection coefficient improvement which is proportional to volumetric flow
rate of fluid. The pure water flux increases with increasing the volumetric flow rate of fluid in the
channels a or b as confirmed in Fig. 4. Figure 5 shows the temperature distribution on both membrane
surfaces in the flowing direction (z). The membrane surface temperature of hot side 7,(d,, z) decreases
along with z while the membrane surface temperature of cold side 7}(d,, z) rises with increasing z as
indicated in Fig. 5. Moreover, the difference between the two temperatures 7,(d,,, z) and T;(d,, z) in
Fig. 5 decreases along the flow direction, but the temperature difference decrement versus z is limited
as the DCMD processes take place. The temperature gradient on the membrane is the main mass-

0.007

T 5.5 wt%, I/U=Vh: 9x10™ m’/s
0.0064 —— 7 -288.15K

—'A cold
;"’ 0004 = T . =29315K
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a .
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P-»C; 0.002

2
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Fig. 3. Effect of fluid temperature on pure water flux.
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Fig. 4. Effect of fluid velocities of both channels on pure water flux.

transfer driving force in the DCMD and the higher temperature gradient leads to the higher pure water
flux as concluded from Fig. 3. Therefore, it is seen that the pure water flux decreases with flowing
direction due to the temperature difference decreasing along the flowing direction as shown in Fig.
5. Although increasing the membrane area with a fixed horizontal width of channel has the advantage
on total productivity of pure water, the pure water flux decreases with increasing the length of channel.
There exists an optimal adjustment on the membrane distillation parameters to make good economic
sense (i.e., the initial cost of membrane and operating cost).

345 —
340]  CuaTSSWN V=V, 9x10” m’/s

T =338.15K,T  =298.15K

hotin coldin

335
330 Td.2)

325
320
3154
3104
3055/’f \

300- T(d,2)

295 : : : : : : .
0.00 0.05 0.10 0.15 0.20

membrane surface temperature (K)

Fig. 5. Temperature distribution on the membrane surface along z-axis.
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Before entering the membrane distillation module, a sheet-and-tube solar water heater is used
to preheat the NaCl solution to establish a temperature difference with the cold water feed in this
study. The scheme of the sheet-and-tube solar water heater is shown in Fig. 1. The recycle-operation
device with fins attached on the sheet-and-tube solar water heater can enhance the heat transfer rate
to reduce the required collector area for preheating the NaCl solution and these advantage designs
have been reported in the previous works [19, 24]. For the case of both temperatures T}, and g gin
are 338.15 K and 298.15 K, respectively, in the MD module as shown in Fig. 5, the outlet fluid
temperature of the hot NaCl solution is estimated to 336.78 K under steady-state operation. Hence,
the required collector area of the sheet-and-tube solar water heater operation to preheat the NaCl
solution from 336.78 K to 338.15 K is calculated by the following working dimensions and operating
conditions of the sheet-and-tube solar water heater: distance between two tubes = 0.2 m, number of
pair ducts = 5, number of fins attached = 2, mass flow rate of NaCl solution = 0.093 kg/s, recycle ratio
= 1, and incident solar radiation = 1.0 kJ/(m”-s). The calculated result of the required collector area
is of 1.1 m? and the corresponding collector efficiency calculated by Eq. (5), and the hydraulic
dissipate energy calculated by Eq. (6), are 0.487 and 7.32 x 10~ hp, respectively.

5. Conclusion

The mathematical model of the direct contact membrane distillation (DCMD) coupled with
the sheet-and-tube solar water heater has been developed theoretically in this study. The theoretical
prediction of the pure water flux is obtained by the energy balance equations with the use of the
fourth-order Runge—Kutta method. The influences of the inlet fluid temperature and volumetric flow
rate of both hot NaCl solution and cold water on the pure water flux are shown in Figs. 3-5. The
calculated results can be summarized as follows: (1) the production of pure water increases with
increasing the hot NaCl temperature but with decreasing the cold water temperature; (2) the production
of pure water increases with increasing the volumetric flow rate of the hot NaCl solution and the
volumetric flow rate of the cold water due to the minimization of the temperature polarization
phenomenon on the membrane surface; (3) the pure water flux decreases along with the flowing
direction; (4) the required collector area for preheating the hot NaCl solution from 336.78 K to 338.15
K is about 1.1 m? in the present study.

It may be stated from the above results that the possibility of incorporating solar heating
technology into membrane distillation device to reduce additional energy cost for preheating the NaCl
solution and thus the greenhouse effect is reduced. A further study will be conducted on the
experimental run of DCMD membrane distillation to confirm the theoretical formulation. The

theoretical perdition of this study is useful to explain the temperature polarization phenomena on
membrane surface of DCMC membrane distillation. This is the value of the present study.
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