Fig. 3. Temperature polarization.

increase in mass flux and temperature (vapor enthalpy
depends on temperature).

The temperature polarization coefficient (r) defined
in Eq. (2) can be obtained by substituting 7, and T>
from Egs. (9) and (10):

L (HAGAT2 (1
r=1 ( T —T, (h:*hp)) an

Spacers can improve the flow characteristics at the
membrane surface [3,4] by promoting regions of tur-
bulence due to the formation of eddies and wakes
when the fluid passes spacer strands. As a conse-
quence, the film heat transfer coefficient is increased.
Then, the membrane surface temperature T is raised
to T, and T is reduced to 73 (see Fig. 3) (the super-
script *s’ indicates the spacer filled channel condition).
In such a situation heat and mass transfer models are
written as

J =C"P;—P}) (12)
and
TS + TS
ﬂm—npum[‘zzrﬂyﬁ—m(w)
or
Tf =T ﬂH n+n (14)
T B

2 [TE+ TS
r;=TP+FHvlsz} (15)

P

The heat and mass transfer models are used to derive
the mass flux enhanced model for the spacer filled
channel. The first step in the derivation is to consider
the ratio of mass flux between empty and spacer filled

J. Pharntaranawik et al.fJournal of Membrane Science 187 (2001} 193-201

channels as expressed below.
J5 CHP{— P

J T C(P-P)

Both membrane distillation coefficients, C and C*
depend on the membrane morphology; such as the
porosity, pore size, membrane tortuosity, membrane
thickness and also depend on the vapor properties
such as molecular weight, mean free path, and mean
membrane temperature [8,10). Such properties would
be unchanged and we can assume that the membrane
distillation coefficients are unaffected by the spacer.
Then, Eq. (16) can be rewritten as

s PP .
J P — P

This can be further simplified for the special case
when the feed and permeate solutions are the distilled
water, the flow rates on both sides are equal, and the
bulk temperature difference between feed and per-
meate side is less than 10°C. We can then assume
that the film heat transfer coefficients on both sides
are equal (hf = hy = h*), and the vapor pressure
polarization coefficient {f) is equal to the temperature
polarization coefficient (r) [1]. With this assumption,
Eq. (17) can be expressed by Eq. (18):

(16)

JEo
=7 (18)
and
n-n
t=r—r T: (19)

T{ and T; are given by Eqs. (14) and (15). When h =
hg, the average membrane temperature (T} + I3)/2
can be replaced by the average bulk temperature
{Tt + Tp)/2. This assumption can be proven from the
heat transfer model, Eq. (13), as shown below.

From Eq. (13): hi(T; — T}) = hl‘,(Tzs — Ty}, when
ht = hy; Eq. (13) can be written by

L—-TI'=T,-1, (20)
Eq. (20) is rearranged:
N+ =Tc+T,
So
T+13 _5r+ Ty

2 2

(21}
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Combination of Egs. (14), (15), (18), (19) and (21)
gives Eq. (22) shown below:

Te — (I3 h5)HA(Ts + Tp)/2)
75— J —Tp — (J3/R)H((Ty + T) 2} 22)
T i~ T,

After rearranging Eq. (22), the model predicting mass

flux enhancement due to the effect of the spacer is

obtained:

JE 1

J o o+ 2T/ (T - TV H(T; + Tp)/2)D)
(23)

In Eq. (23), the values of J and t are known from

the empty channel experiments. The vapor enthalpy
of water (H,) is determined by [11,12]

H, = 1.7535T +2024.3 (24)

where T is the temperature (K) and H, the vapor
enthalpy of water (kJkg~!).

For the same conditions as described above, the tem-
perature polarization coefficient for the empty channel
in Eq. (11) becomes

_ 2J T+ 1p

where h is the heat transfer coefficient for the empty
channel, calculated from heat transfer correlations
such as the Graetz-Leveque equation, Eq. (26) {13]:

033
Nu=1.86 (Re Prf) (26)

Combining Eqgs. (23) and (25), the mass flux enhanced
by the spacers is expressed as

I 1
71— [(IH(Ts + Tp)/2Y/
(Te — TpD{(1/ 1) = (1/ R

The film heat transfer coefficient for the spacer filled
channels, h° in Eq. (27), is determined from heat
transfer correlations for the spacer filled channel. Da
Costa [14] obtained mass transfer correlations for
spacer filled channels which can be used by assuming
an analogy between heat and mass transfer. Thus, the
heat transfer correlations can be written by:

@7

e for spacers inducing directional flow change:

24 0.5
Nu = 0.664kg, Re®S pro33 (—I—") (28)

m

and

df -0.039 g 0.086
kg = 1.654 (?) g7 (sin (i)) (29)

e for spacers that do not induce change in flow direc-
tion (one set of filaments is parallel to and the other
is transverse to flow directions):

0.5
Nu = 0.664 RS> pr2-33 (f—") 30

m

where Nu is the Nusselt number, Re the Reynolds
number, and Pr the Prandtl number, other symbols
are defined in the nomenclature.

The Re for the spacer filled flat channel is expressed

by
_ putdy
7

where u«* is the velocity when the spacer fills the
channel, p the density, and u the viscosity.
The velocity i« can be calculated by [4]

_2
At

where Q is the volumetric flow rate, and A the cross

sectional area of empty channel.

The diameter dy can be czlculated by [15]

_ dc

- (2/hsp) +(1- E)Svsp

where h;;, is the spacer thickness, and Sysp the specific

surface of the spacer.

Re

Gn

u (32)

dy (33)

4
Svsp = -d-f (34)
According to [14], spacer voidage is calculated by
L (35)
=1 - —nrr—o
AU hspsin

When the value of the heat transfer coefficient for the
spacer filled channels is large, the temperature polar-
ization coefficient in the channels approaches unity.
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Table 1
Characteristics of coarse and fine spacers

J. Phartaranawik et al /Journal of Membrane Science 187 (2001) [93-201

Spacer hyp x 10 (m) dy x 10° (m) Iy x 10° (m) Voidage ¢ Sup (@) dy x 10 (m) Angle 8 {°)
Coarse 21 115 4385 0.796 3478 1.92 20
Fine 1.15 055 28 0.852 7213 1.21 90

At this condition, we obtain the maximum mass flux
enhanced by the effect of spacers (J3,.}). Eg. (18) can
be changed to Eq. (36), giving

Imax
J
Eq. (36) shows that the effect of spacers on mass
flux enhancement will be most evident for DCMD
systems which have poor fluid dynamic arrangements
(low temperature polarization coefficient). For DCMD
systems which have good fluid dynamics (high tem-
perature pelarization coefficient), t falls in the range
of 0.4-0.7 [8]. Thus, the probable maximum ratio of
mass flux enhanced by the spacers and mass flux for

the empty channel would be in the range 1.43-2.5.

(36)

o=

3. Experimental

The model was tested by comparison with the
results obtained using an unsupported flat sheet mem-
brane in a direct contact membrane distillation mod-
ule. The membrane was Millipore GVHP (PVDF)
with a nominal pore size of 0.2um, a porosity of
80%, membrane thickness of 125 um, and thermal
conductivity of 0.14 Wm~!K~!.

The membrane module was made from perspex
(polymerized methylmethacrylate) with a flow chan-
nel 40mm wide, 100mm long, and 2.5mm high.
The effective membrane area was 0.004 mZ. In all
experiments, the membrane module was placed in the
vertical position. Distilled water was used as the feed
and permeate solutions.

The feed solution was heated and maintained at the
required temperatires in a thermostatic water bath, and
the permeate solution was maintained at the required
temperature by a cooler. Both feed and permeate so-
lutions were pumped into the bottom of the module
and flowed co-currently. The process solutions were
circulated through closed thermostatic systems.

The temperatures of the process streams were mea-
sured by thermocouples at the entrance (Ttin, Tpin)
and exit (Tt out» Tp.om) Of the module. Average values
of the temperatures Ty and 7, were calculated by

_ Ttin + Tt.on

Tt = 3 37
Too + T,
T, = -piat Toon ; p.out (38)

In the experiments, the bulk temperature difference
was 10°C, while the average temperature of Ty varied
from 40 to 50°C and T, from 30 to 40°C. The exper-
iments were carried out for two different flow rates:
12 and 19mls~L.

The spacers used in this work were coarse (80 MIL
type) and fine spacer, the geometric characteristics of
these spacers are summarized in Table 1.

The values of mass flux for the empty chanael (J)
and the values of experimental mass flux for spacer
filled channels (Jc‘xp) were obtained experimentally.
The values of r for empty channels were determined
from Eqgs. (25) and (26) (all physical properties eval-
vated at mean bulk temperature). Eq. (23) or Eq. 27)
was used to estimate the mass flux enhanced by the
spacers (JZ,) which was then compared with Je‘xp.

4. Results and discussion

The model was tested with the two types of spac-
ers. In Figs. 4-7, J2 , J:xp. Jiaxe J at flow rates 12
and 19mls™! for coarse and fine spacers are shown
versus the average bulk temperatures. Eq. (27) was
used to estimate the mass flux achieved by the spac-
ers on the basis of the empty channel experimental
data and Eq. (36) was used to estimate the maximum
possible mass flux enhanced by the spacers. For the
coarse spacer (80 MIL type) (Figs. 4 and 5), the model
predicted the mass flux close to the measured mass
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fluxes. The differences between calculated and mea-
sured mass fluxes varied in a range of —9.0to +16.5%.

For the fine spacers (Figs. 6 and 7), the differences
between calculated and measured mass fluxed were in
the range of —6.0 to +20.5%. From Figs. 4-7, both
75, and Jo, were close to J3,, because the coarse
and fine spacers used can genperate large eddies and
wakes and thereby give high heat transfer coefficieats
(9300-17,600Wm~2K~!). Da Costa [14] showed
that for mass transfer, optimal spacers have hydro-
dynamic angles in the range of 70-90° and voidages
of 60-70%. The characteristics of the spacers used in
this study fall into the same ranges.

Figs. 8 and 9 show the temperature polarization
coefficients for empty and spacer filled channels at

1 b
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0.8 |
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0.7 |
065 |
06 | T
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05 +— : . — .
30 as 40 45 50
Awerage bulk temperature (°C)
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Fig. 8. The temperature polariration coefficients v and 1* at the
fiow rxz of 12mls™' for coarse spacer.
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Fig. 9. The temperature polarization coefficients t and t* at the
flow rate of 12mls™! for fine spacer.

flow rate of 12mls~! calculated from Egs. (25) and
(18), respectively. From the figures, it is evident that
the temperature polarization coefficients are substan-
tially raised when spacers are used. Similar trends are
observed at the higher flow rate of 19 mls™!. The val-
ues of t* falls in the range of 0.9-0.97 and t in the
0.57-0.76 range.

When spacers are used in the channels, the tem-
peratures at the membrane surfaces are changed.
Pena et al. [16] showed that the membrane distilla-
tion coefficient decreases with the average membrane
temperature. However, for the case where the heat
transfer coefficients of both sides are equal, the av-
erage membrane temperature is equal to the average
bulk temperature. Thus, the assumption of a constant
membrane distillation coefficient is satisfied in these
experiments.

Heat transfer correlations for spacer filled channels
obtained from an analogy with mass transfer [14]
were satisfactory for mass flux predictions in this
work. We may conclude that there is analogy between
heat transfer and mass transfer in the spacer filled
channel. The mass flux enhancement model can be
also applied to predict the mass flux enhanced when
the flow rate is increased in the empty channel. The
heat transfer coefficient for the spacer filled channel
in Eq. (27) is replaced by the heat transfer coefficient
for the empty channel at the higher flow rate. Both
situations rely on the principle of reduction of the
temperature polarization due to the increased heat
transfer coefficient. In this study, the feed was water

only. However, the observations and model should
be valid for modest levels of inorganic and organic
solutes based on our earlier work comparing DCMD
for solute feed and water feed [17].

5. Conclusions

DCMD in spacer-filled channels is shown to achieve
fluxes 31-41% higher than without spacers. A model,
based on the analogy between heat and mass transfer
using correlations for spacer mass transfer, gives good
predictions of spacer enhancement in DCMD. The dif-
ferences between calculated and measured mass flux
fall in the range of —9.0 to +16.5% for a coarse
spacer and —6.0 to +20.5% for a fine spacer. The
temperature polarization coefficients are substantially
increased and approach to unity when the spacers are
used in the channels.

Acknowledgements

The authors would like to thank the Thailand
Research Fund and the Royal Golden Jubilee Ph.D.
Program for financial support. Phattaranawik wishes
to thank the UNESCO Center for Membrane Science
& Technology for hospitality,

References

[1] L. Martinez-Diez, M.L. Vazquez-Gonzalez, Temperature and
concentration polarization in membrane distillation of aqueous
salt solution, J. Membr. Sci. 156 (1999) 265-273.

[2] L. Martinez-Diez, M.I. Vazquez-Gonzalez, FJ. Florido-Diaz,
Study of membrane distillation using channel spacers, I.
Membr. Sci. 144 (1998) 45-56.

[3] AR. Da Costa, A.G. Fane, CJ.D. Fell, A.C.M. Franken,
Optimal channel spacer design for ultrafiltration, J. Membr.
Sci. 62 {1991) 275-291.

(4] AR. Da Costa, A.G. Fane, D.E. Wiley, Spacer charac-
terization and pressure drop modelling in  spacer-filled
channels, J. Membr. Sci. 62 (1991) 275-291.

[5] RW. Schofield, A.G. Fane, CJ.D. Fell. Gas and vapour
transport though microporous membrane, 0. Membrane
distillation, J. Membr. Sci. 53 (1990) 173-185.

{6] K.W. Lawson, DR. Lloyd, Membrane distillation, J. Membr.
Sci. 124 (1997) 1-25.

[7] RW. Schofield, A.G, Fane, C.J.D. Fel!, Heat and mass transfer
in membrane distillatton, J. Membr. Sci. 33 (1987) 299-313.



\

[8] RW. Schoficld, Membrane distillafion. PhD. Thesis,
University of New South Wales, 1989,

[9] J. Phamaranawik, R Jirarztananon, Direct contact membrane
distillation- effect of mass transfer on heat qansfer, J. Membr.
Sci_, accepred for publication.

[10] M. Tomaszewska M. Gryra, AW. Morawski, Mass transfer
of HCt and H3O acyoss the hydrophobic membrane during
membrane distillarion, J. Membr Sci. 166 (2000) 149-157.

(111 M Smith, HLC. Van Ness, Inooduction w Chemical
Engincering Thermodynamics, 4¢h Edition. McGraw-Hill,
New York, 1990,

[12] RH. Perry. Pemry's Chemical Engineers' Handbook, 6¢h
Edition, McGraw-Hill, New York, 1984,

J. Phattaranawik et al /Journal of Membrane Science 187 (2001) 193-201 201

{13} J.P. Holman, Hear Transfer, McGraw-Hill, New York,
1989.

[14] A.R. Da Costa, Fluid flow and mass transfer in spacer-filled
channels for ultrafiltration, Ph D. Thesis, School of Chemical
Engincering and Industrial Chemistry, University of New
South Wales, 1993,

[15) G. Schock, A. Miquel, Mass transfer and pressure loss in
spiral-wound modules, Desalination 64 (1987) 339-352.

[16] . Pena, M. Paz Godino, J.I. Mengual, A method to evaluate
the net membrane distillation coefficient, J. Membr. Sci. 143
(1998) 219233,

[17) R.W. Schofield, A G. Fane, CJ.D. Fell, Factors affectng flux
in membrane distillation, Desalination 77 (1990) 275294,



0 N 1.

10
1

12
13
14
15
16
17
18
19

¥URYY

]

K2guys

ARTICLE IN PRESS

Journal of Membrane Scence 5477 (2002) 1-17

SCIENCE

www.elsevier. com/locate/memsci

Heat transport and membrane distillation coefficients
in direct contact membrane distillation

J. Phattaranawik ®, R. Jiraratananon®*, A.G. Fane?

" Deparmment of Chemical Engineering, King Monghut's University of Technology Thoaburi, Toonghkrw, Banghok 10140, Thailand
¥ UNESCO Centre for Membrane Science & Technology, School of Chemical Engineering and Industrial Chemistry.
The Univertity of New South Wales, Sydney, NSW 2052, Australia

Recerved 20 June 2002 ; received in revised form 25 September 2002; accepted L1 October 2002

Abstract

This work aims to provide detailed understanding of heat transport in direct contact membrane distillation (DCMD). The
influcnce of mass transfer on heat transfer rates and on the heat transfer coefficient was identified, and the relative significance
of each heat transfer mechanism was evaluated. The role of spacers in heat transfer improvement was analyzed. Alternative
methods to cvalnate the membrane thermal conductivity were also proposed.

The heat transfer anatysis of the experimental results showed that the effects of mass transfer on the heat transfer rates and
on the film heat transfer coefficients were negligible. The heat transfer due to the vapor flow (g,) in the membrane was equal
to or greater than the heat conduction (g, ) for the membranes studied and increased with the feed temperanure. When the feed
temperature was lower than 323 K, the heat loss due to heat conduction across the membrane was the major contribution of
the total heat transfer in the membrane. [n addition, the temperature distributicns in the membranes were closely linear. The
membrane distillation (MD) coefficients for each membrane were constant over the flow rates and temperatures studied. The
fiow pattern in the spacer-filled channel was probably transition fiow rather than turbutent flow. The alternative models for

calculating the membrane thermal ponductivity showed better agreement than the commonly used model.

© 2002 Published by Elsevier Science B.V.

Keywords: Effect of mass transfer; Heat transport; Membrane distillation; Membrane distillation coefiicient; Spacers

1. Introdaction

Membrane distillation (MD) is a hybrid process that
uses membranes and operates on the basis of evapo-
ration. Unlike most other membrane processes, MD
does Lot require a mechanical pressure pump and is not
limited by the osmotic pressure. In MDD, mass is trans-
ported by the difference in vapor pressures between
feed and parmieate. The most commeon configuration of

* Comresponding author Tel: +66-2-470-9221;
fax: +66-2-428-3534.
E-mail address: ratana ji@kanatt ac.th (R. Firarstananon).

MD is direct contact membrane distillation (DCMD)
in which both heated feed and cold permeate streams
are in direct contact with the porous, hydrophobic
metabrane. The difference in the temperature and com-
position of solutions in the layers adjoining the mem-
brane between the feed and permeate streams cre-
ates the vapor pressure driving force for DCMD. On
the other hand, the chemical potential resulting from
the temperature difference plays an important role in
both heat and mass transport. The DCMD process
takes place at atmospheric pressure and at temper-
atures that are much lower than the normal boiling
point of the feed solutions. The vaporization at the hot

0376-738802/3 — see front matter © 2002 Published by Elsevier Science B.V,
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Nomenclature

C

membrane distillation cocfficient
(kgm~2s5"lpPa-)

Cov specific heat of vapor (kI kg=! K1)

dy filament size (m)

dhy s hydraulic diameter of spacer-filled
channel (m)

D hydraulic diameter of empty
channel (m)

h heat transfer cocfficient for low
mass transfer rate (Wm~—2 K~})

h* heat transfer coefficient for high
mass transfer rate (Wm—2 K1)

he and Ay heat transfer cocfficients at feed
and permcate sides

H spacer thickness (m)

H,{T} vapor enthalpy at temperature
T kg™

J mass flux (kgm—2s~1)

k thermal conductivity cocfficient
(Wm™' K1)

kg correction factor for spacer

In mesh size (m)

Nu Nusselt number

Pr Prandlt number

ge heat transfer by conduction

grand g,  convective heat transfer rates across
the boundary layer at feed and
permeate sides (kW m™2)

q¢ and g7’ heat transfer rates due to mass
transfer across the thermal
boundary layers of feed and
permeate sides (kW m™2)

qv heat transfer due 10 vapor
flowing through the membrane
(kWm?)

Re Reynolds number

Ty and T;  temperatures at membrane surface
on feed and permeate sides (K)

Trand T,  bulk temperatures of feed and
permeate (K)

Greek letters

] membrane thickness '

£ membrane porosity -

e spacer hydrodynamic angle

r temperature polarization coefficient

¢ spacer voidage

¢ rate factor

YT correction factor of high mass
transfer rate effect for heat transfer

Subscripts

B air

m membrane

s solid

foil aluminum foil

feed—membrane surface interface produces the vapor,
which is then driven across the membrane by vari-
ous mass transport mechanisms, and condenses at the
membrane surface—cold permeate solution interface.
The hydrophobicity of the membrane protects against
liquid penetration through the membrane. Thus, only
vapor or gas phase is allowed to enter the membrane
pores.

The heat transfer with simultaneous mass transfer
takes place in DCMD, resulting in complex heat trans-
fer mechanisms, As a consequence, the mass transfer
can affect both heat transfer rates and heat transfer
coefficients [1,2]. The heat transfer model has been
proposed to describe the heat transfer mechanisms
in DCMD and facilitates the evaluation of the mem-
brane surface temperatures. In most literatures, the
heat transfer model for DCMD was developed based
on the assumption of lincar temperature profile and
isenthalpy flow of vapor. However, there are different
heat transfer models derived based on other assump-
tions. Gryta and Tomaszewska [3] derived the heat
transfer model by assuming non-isenthalpy flow of va-
por and non-linear temperature distribution and used
the temperature on membrane surface on the perme-
ate side as thermodynamic reference temperature. Al-
though better agreement between the measured mass
fluxes and the predicted fluxes was achieved, the sig-
nificance of each heat transfer mechanism was not
mentioned. [zquierdo-Gil et al. [4] achieved the heat
transfer model from the conservation of enthalpy flux
and the terms of heat flux due to mass flux were first
introduced to MD. Both works showed better agree-
ments between experimental and calculation results.
However, the previous models did not mention the de-
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tails and importance of heat transfer mechanisms in-
volved. Furthermore, such models cannot identify the
mfluence of mass transfer on beat transfer rates. Re-
cently, Phattaranawik and Jiraratananon [5] proposed
the heat transfer mode! that can identify the influence
of mass transfer on heat transfer rates and significance
of each heat transfer mechanism in DCMD. However,
the expenimental data employed in {5] were taken from
Lawson and Lloyd's work [6], which covered only
turbulent flow condition and one membrane matenal
{polypropylene). In addition, the thermal conductiv-
ity of the membrane used in the calculation was too
low, 0.024Wm— K~! [5,6). Hence, the calculation
results did not cover all membranc material and flow
conditions.

Spacers may be applied as the urbulent promoter in
DCMD o increase both heat and mass transfer {7,8].
The maximum flux enhancement was obtained by ap-
proximately 50%. On the other hand, the spacers in the
UF processes improved fluxes by three- to five-fold
[9,10]. In addition, turbulent or upper transition flow
regime was found in the spacer-filled channels for UF
and RO [9,11] although the Reynolds numbers were
still in laminar regime. However, the flow characteris-
tic for spacer-filled channels in DCMD has not been
investigated.

From above discussion, the influence of mass
transfer on bheat transfer rates and on heat trans-
fer coefficients for DCMD was ignored in most
works. However, high mass transfer rate theory [1,2]
suggests that high mass transfer rates have strong
effect on heat transport, especially the transfer co-
efficients (momentum, heat, and mass). In addition,
the significance of cach heat transfer mechanism has
not been described clearly. Accordingly, the under-
standing in the heat transfer of DCMD is still in-
complete.

This paper intends to illustrate the details of all heat
transfer mechanisms in feed stream, inside the mem-
brane, and in permeate stream. The main objectives
of this work are to: (1) study the effect of mass trans-
fer on heat transfer rates and heat transfer coefficients;
(2) determine the significance of cach heat transfer
mechanism for both laminar and turbulent flow condi-
ticos; (3) prove the validity of the assumptions of lin-
car temperature profile inside the membrane and isen-
thalpic flow of vapor; (4) identify the flow condition
i spacer-filled channels. >

2. Theory

2.1. Heat transfer model and temperature
distribution inside the membrane

The beat transfer in DCMD relies oa the complex
relation between simultaneous beat and mass trans-
fer, which are transported in the same direction from
hot feed 10 cold permeate. The schematic diagram of
heat and mass transfer for DCMD is illustrated in
Fig. 1. The difference between the bulk temperatures
and the temperatures at the liguid-vapor interface or
membrane surfaces on both sides of the membrane is
termed ternperature polarization, which appears in all
configurations of membrane distillaton. The temper-
ature polarization coefficient [12] defined in Eq. (1) is
used 10 measure the magnitude of this phenomenon.
Furthermore, the temperature polarization can be re-
garded as a defect of the DCMD process, which should
be minimized The use of spacers, as the turbulent
promoters [7,8), and turbulent flow [6] are appropnate
methods to decrease the effect of this phenomenon.

Iy — T3

T} and T; are the membrane surface temperatures on
the heated feed and cold permeate sides, respectively,
whereas Tt and 7, are the bulk temperatures of feed
and parmeate streams. The temperature polarization
t coeficient is, therefore, the ratio of the actual driving
‘force to the overall driving force.

Mass transport across the membrane in DCMD is
generally described by various mass transfer mod-
‘els based on the dusty gas model [13], such as the
Krudsen model, the Poiseuille model, the Knudsen—

Membrane
Tr —\ l l Permeate
T,
\Tz M
Feed p
Te
o Mass flux (D)
» Heat fix (@)

Fig. 1. Heat and mass transfer in DCMD.
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Poiscuille transition models, and the molecular diffu-
sion model [6,12.14). The sclection of the most appro-
priate model depends on the properties of vapor and
membrane, Le. the mean free path and mean pore size.
However, in most cases, the models suggest that the
mass flux may be written as a linear function of the
vapor pressure difference across the membrane, given

by
J=C(P - P) 05

where J is the mass flux, C the membrane distillation
coefficient, and P| and P; the partial pressure of vapor
{water) at the membrane surfaces on the feed and per-
meate sides, respectively. According to the mass trans-
fer modzels, the membrane distillation cocfhicient (O)
is a function of the membrane properties (pore size,
thickness, porosity, and membrane tortuosity), prop-
crties of the vapor transported across the membrane
{molecular weight and diffusivity), and temperatures.

The original expression for heat transfer with si-
multanecus mass transfer is derived from energy con-
servation [1.2], Eq. (3)

dr

q = JHIT} kdX 3)
where ¢ is the total heat flux, J the mass flux, H{T}
the enthalpy at temperature 7, k the thermal conductiv-
ity, and x the distance in direction of heat transfer. In
addition, the term for convective heat transfer should
replace the conduction term in Eq. (3) to illustrate the
heat transport in the feed and permeate streams. Thus,
Eq. (3) becomes Eq. (4)

q =JHIT}) + h(Toux — Tax) @

where h is the convective heat transfer coefficient,
Tiunx the bulk temperature, and 7, the surface tem-
perature.

As seen in Fig. 1, energy transport in DCMD is di-
vided into three regions; feed, membrane, and penme-
ate regions. The mechanisms of heat transfer in the
feed and permeate streams can be described by Eq. (4),
and Eq. (3) is used to explain the heat transfer across
the membrane. The heat transfer model (5] can be vi-
sualized by the electrical analog shown in Fig. 2. The
heat transfer in each region with model elements were
mentioned in our previous work [5].. :

To achieve the temperature distribution inside the
membrane, the heat transfer mechanisms m the mem-

J. Phartaranawik et al. / Jowrnal of Membrane Scyence 5477 (2002) 1-17

Qe

Qr L Qe

Fig. 2 The clectrical analogy of heat transfer model for DCMD,

brane have to be considered. The heat transport across
the membrane (gy) can be divided in to two pos-
sible mechanisms, conduction across the membrane
material (g;) together with a heat due to vapor
flowing through the membrane (gy). With the as-
sumption of non-lincar temperature distribution and
non-isenthalpic flow, the heat transfer equation inside
the membrane is given by
dr

gm = JH{T) kmdx ()
where H,{T} is the vapor enthalpy at temperature T,
and ky, is the thermal conductivity of the membrane
that is contmbuted from both polymer material (k)
and gases (kg) which are usually air and water vapor.
In some cases, the presence of vapor mixtures, for
example acid or alcohol vapor mixed up with water
vapor, causes problems in calculating &; because it
is difficult to approximate the mole fraction of each
vapor in the membrane. In the case of the air—water
vapar mixture, there is a small difference between their
thermal conductivities. Consequently, the mixture can
be assumed to be a single component (air).

Generally, the reforence temperature (T) is 273 K,
so H,{T} can be written in the forms below

H (T} = CowT + (H{To} — Cpu To) (6)

Here, Cpv is specific heat of vapor and liquid, and
Hy{To} is vapor enthalpy evaluated at the reference
temperature, Ty.

By assuming that kq is constant over the range of
temperatures considered with steady-state conditions,
both heat and mass flux are constant in all regions. The
teroperature distribution in the membrane is obtained
by substituting Eq. (6) into Eq. (5), separating the vari-
ables, and integrating the equation for the boundary
conditions, x =0, T =Ty andx = x, T = T. The ex-
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pression representing the temperature distribution in
the membrane is shown in Eq. (7).

T=(z+Ti)exp(yx) —« ™
where

_ JHATo} — gm — JCv T
o= o (8)

and

JC
y="" )
m

The term yx represents the ratio of heat transport
contributed by mass transfer inside the membrane to
heat conduction through the membrane. Eq. (7) also
reveals that the temperature profile in the membrane
is an exponential function of the distance (x) due to
the assumption of non-isenthalpic flow of water vapor.
Although the positive sign of yx gives an increasing
function with distance, the value of « calculated by
Eq. (8) is negative which results in decreasing temper-
atures across the membrane evaluated by Eq. (7). The
typical values of & and y are approximately —2000K
and 70m~! (at Ty = 323 K, GVHP membrane, and
laminar flow). At x = § (membrane thickness), T =
T> and the equation used to calculated g4, in Eq. (8)
appears in Eq. (10)

_ CowTi exp(y8) — Co T

exp(ys) — 1
+ J(Hy (o] — CpuTo)

4m

(10)

At steady-state conditions, heat fluxes in cach region
are transported with identical rates, which allows us to
obtain the expressions that can be used to evaluate the

membrane surface temperatures (T and 73), details ‘

are given in [5].

2.2. The influence of mass transfer on heat
transfer rate and significance of each heat
transfer mechanism

The significance of the mechanisms is determined
after the membrane surface temperatures 77 and T3
are obtained from the heat transfer model. The mass
fluxes are obtained from the experimental measure-
ments, and the heat transfer coefficients are calculated
from the heat transfer correlations for heat exchangers.

The methods to calculate the effect of mass transfer
on heat transfer in the feed and the permeate streams
(g and g7') were described in [5). The heat transfer
due to vapor flowing through the membrane (g.) is
calculated by

gv =JH,(T} (1)

The heat conduction across the membrane can be
determined from the difference between ¢ and gy.
The membrane distitlation coefficients are calculated
by Eq. (2), and the vapor pressures of water at the
membrane surface temperatures are calculated by the
Antoine equation for water, In addition, the enthalpies
of water vapor and liquid are determined from the
cquations fitted from the enthalpy data of saturated
water vapor and liquid taken from the thermodynamic
property table [15,16] in the range of temperature
273373 K, expressed as

H (T} = 1L.7535(T) +2024.3
where His in kJkg~!, and T in K.

(12)

2.3. Thermal conductivity of membrane

As mentioned previously, the thermal conductivity
of the membrane is contributed from both polymer
(k;) and air (k;). For homopolymers, k; is mainly
dependent upon the temperature, spatial arrangement,
the degree of crystallinity and shape of the crys-
tallites [17,18]). However, the thermal conductivity

‘of crystalline polymers is a weak function of tem-
-. perature because the polymer chains in crystalline
“structure hardly move or vibrate when energy is
_absorbed. For instance, the thermal conductivities
‘for polyvinylidenedifluoride (PVDF), polytetrafluo-

rocthylene (PTFE), and polypropylene (PP) tested

- by the standard method ASTM C177, are reported

in a narrow range: PVDF 0.17-0.19Wm~ X!
(at 296K) and 021 Wm~!'K~! (at 348K); PTFE
0.25-027Wm~' K~! (at296K)and 0.29 Wm~! K~!
(at 348K); PP 0.11-0.16 Wm~! K~! (at 296 K) and
0.2Wm~! K~! (at 348 K) [19-21). The thermal con-
ductivities of air and water vapor are reported as
0.026 Wm~! K~! (at 298 K) and 0.03 Wm™! K~ (at
348K) for air, and 0.020Wm—! K~! (at 298K) and
0.022Wm~! K1 (at 348K) [22] for water vapor.
Fortunately, there is a very small difference between
the thermal conductivities of vapor and air. Thus, it is

278
279
280
281
282

283

284
285
286
287
288
289

EERRRE-EE-EEE

310
n
312
a3

315
316
17
318
319
320



328

&

g

g

BEgEEsEEE 88 ETEEE &

¢85

g B

ARTICLEINPRESS

é A\

possible to assume that the gases in the pores behave
as one component.

There are three models that can be used to predict
the thermal conductivity of two-phase composite ma-
terial, based on molecular orientation: (1) the Isostrain
or parallel model {23] (Eq. (13)); (2) Isostress or se-
ries model [23] (Eq. (14)); (3) flux law mode] [24]
(Eq. (15)).

Isostrain model:

ke — (1 — &)k + ekg (13)

Isostress model:
e (1-97"
kpm=|—
<[+ 452
Flux law model:

LM+ -0B
k‘“‘"‘[l—(l—s)ﬁrg]

(14

(15)
where

_kyfkg =1
ﬁ'—g—k,/kg+2

where £ is membrane porosity. Eq. (13) is often uti-
lized for MD, and Eqs. (14) and (15) are the alter-
native expressions to calculate the membrane thermal
conductivity.

2.4. The influence of mass transfer
on heat transfer coefficient

Transfer of mass across the thermal boundary layers
poss:bly distorts the temperature profiles in the ther-
mal boundary layers [1,2] of both feed and permeate
streams. Generally, convective heat transfer correla-
tions are developed based on the assumption of small
rate of mass transfer, Eq. (16). When a high rate of
mass transfer exists in the system being considered,
all transfer coefficients (momentum, heat, and mass)
depend on the mass transfer rate (Eq. (17)) [1].

Nu = f(Re, Pr, channel geometry} (16)
JsC

Nu=f (Re. Pr, "'\Cp'\hﬂ. channel geomeu-y)

an
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The effect of high mass transfer on film heat trans-
fer coefficients can be assessed by the cormrection fac-
tor (¥r1) in Eq. (18) [1,2], which may be evaluated
by the film theory or the penctration theory, and the
boundary layer thcory. However, only the film theory
is discussed in this work due to its simple solution,

Eqgs. (18) and (19
A* &
VTR T @ ()
where
JaC,
¢=—2 - PA (19)

In Eq. (19), ¢, Ja, Cpa, and A are the rate factor, the
molar flux, the heat capacity of species A, and heat
transfer coefficient at low mass transfer calculated by
ordinary Nusselt number correlations, respectively, #*
in Eq. {(18) is the apparent heat transfer coefficient
including the effect of high mass transfer rates. The
minus sign in Eq. (19) is due to the water removed
from the feed side [1.2]. The typical values of Yt are
estimated in Section 4.3,

2.5. The spacers for DCMD

Net-type spacers are often put into the flow chan-
nels in membrane processes such as reverse osmosis
and ultrafiltration to improve the mass transfer and
to reduce the effect of concentration polarization and
fouling [9,25]. Spacer geometry and the flow moving
through the spacer is shown in Fig. 3. Spacers also
have benefits in MD [7,8] since they destabilize the
flow and create eddy currents in the laminar regime so
that momentum, heat, and mass transfer are enhanced.

The heat transfer correlation for DCMD with spac-
ers was obtained from the mass transfer correlation
for UF [26] under the assumed analogy between heat
and mass transfer

0 2dy 5 05
Nu = kg:0.664 Rel pr033 (—.)

(20)

where

d —0.039 0.085
ke = 1.654 (?;-) @075 (sin (g))

Here, k4 15 the correction factor for spacer geometry,
dp ¢ the hydraulic diameter for the spacer-filled chan-
nel, dr filament size, [, the mesh size, H the spacer
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(n) Top view (b) Side view

2) Lower and upper filaments were
welded together by the tip.

Joints

1) Lower filaments were melted by the hot
tp to create the indentations.
(c) Spacer fabrication
Joints
U 5 s Lower filaments
pper filamen
\ /

{d) Joints and arrangement of the filaments

Fig. 3. Flow direction in spacer-filled channel and spacer fabrication.

thickness, ¢ the spacer voidage, and @ the hydrody-
namic angle. In this work, DCMD experiments with
the spacers were carried out to identify the flow con-
ditions in the spacer-filled channels.

3. Experimental

The membrane modules for laminar and turbulent
flow conditions were made from polymethylmethacry-
late (PMMA). The dimensions and the characteristics
of both modules are shown in Table 1. In the experi-
ments, both modules were placed in the vertical posi-

tion in order to eliminate the effects of free convection.
Distilled water was used as the feed and permeate solu-
tions. The membranes used were PVDF (nos. 1 and 2),
and PTFE (no. 3), and their reported properties are
summarized in Table 2. In addition, membranes
nos. 4 and 5 are also included for the discussion in
Section 4.1.

The feed solution was heated and maintained at
the required temperature in a 281 thermostatic water
bath {Nickel-Electro: model NE4D) with sensitivity
0.1 K and uniformity +:0.01 K. The low temperature
circulator for the penmeate solution was supplied by
Vision Scientific (model VS-1205CW) with unifor-
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Table 1
Meanbrane module characteristics and channe} dimensions

J. Phattaramawtk et al /Jowrnal of Membrane Science 5477 (2002) 1-47

Mombrane module Width (m) Length (m) Height (m) Hydraulic diameter Effective merobrane
of channe! (m) area (m?)

Lammar fow 5 x 1072 1 x 107t 5 x 1072 909 x 1073 5= 107}

Turbulent Aow 3 x 1073 1 x 107! 3 x 1073 3 x 107} Ix 107

Table 2

Membrane propertes [4)

Na. Membrane material Pore size (um) Thickness (um) Porosity (£} bn (WK™ Manufacturer

1 PVDF (GVHP) 02 126 0.62 0.041 Millipore

2 PVDF (HVHP) 0.45* 116 0.66 0.040 Millipore

3 PTFE 02* 70 or - Sartorious

4 PTFE 02 64 0.9 0.031 Gore

5 PTYE 0.45° 77 0.89 0.027 Gore

Note: by, ; are the reported membrane thermal conductivities {4); GVHP and HVHP are code names of the PYDF membranes produced

by Millipoce.
* Manufacturer’s data

mity £0.1 K. The feed and permeate solutions were
pumped co-curreatly into the top of the modules by
precision brushless drives {model 7741) supplied by
Cole-Parmer (Master Flex), and the flow rates were
measured by a glass vaniable area flow meter (model
10A1197) supplied by ABB Fisher & Porter for the hot
feed stream and by a polycarbonate flow meter (model
RMB-85) provided by Dwyer for the cold permeate
stream. The solution temperatures were measured by
digital thermometers supplied by Testo (model Testo
935). The process solutions were circulated through
closed thermostatic systems. The bulk temperatures
of feed solutions were varied from 313 to 343 K with
10K increments, and the permeate temperatures were
constant at 293 KL

The experiments were divided into three parts. (1)
The experiments for obtaining the most suitable heat
transfer correlations for laminar and turbulent flow
modules used. (2) DCMD experiments were per-
formed with the empty channels. The measured mass
fluxes at various operating conditions were used to
calculate the influence of mass transfer on heat trans-
fer rates and on heat ransfer cocfficients, to assess
the significance of each heat transfer mechanism, and
to evaluate the membrane distillation coefficient (C).
(3) DCMD experiments with two types of the spacers
to identify the flow characteristic in the spacer-filled
channe! and study the enhancement of heat and mass
transfer by the spacers.

3.1. Determination of appropriate heat transfer
correlations

To eliminate the mass transfer, the membranes were
replaced by the aluminum foil with thickness of 40 um
and thermal conductivity of 229 Wm~! K~1. In this
part, Reynolds numbers for both sides were kept equal,
and the experiments were conducted with four differ-
ent flow rates (Re), shown in Table 3. The calculated
overall heat transfer coefficients from the heat trans-
fer correlations (Ueore, EQ. (21)) and the experimen-
ta] overzll heat transfer coefficient (Usp, Eq. (22))
were compared, and standard deviations [27] of the
differences were considered to detcrmine the best heat
transfer correlation for each flow condition

1
€1/ Av) + G/ keoit) + (1/ he)]

Uouu =

2n

Table 3
The experimental conditions for determining the appropriate heat
transfer correlations

Termperature (K) Reynolds numbers

Feed Permeate Larinar Turbulent
313343 293 762 12,217
313343 293 1142 15,708
313343 293 1523 17,453
313343 293 2094 19,198
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Table 4
Heat transfer comrelations for laminar Aow
Correlation Reference
Repri'P
Nu= l.86( L/D) (23 (28]
0.636Re Pr(D/L)
Nu=4.
u=436+ | +0.0011(Re Pr(D/L))°* @y 3
Migooting = 11.5(Re Pr)® B (Df L)%, 2% [27]
Nitesong = 15(Re Pr® B (D/L)**
Nu = D.13RHSH p38 (26) [27)
RePr\'7
— — Ll
Nu= 195 ( 7 D) 2n  [29)
Nu = 0.097R1 pA 13 28 [27)
_ 0.104Re PHD/ L} -
M=36+ T oere PO &Y 9
* Average Nusselt pumber.
o
Uep = ——— 22
T AAT (22)
where
Thin — Tein) — (T - T
AT,. _ ( h.m c.m) ( h,out c.out)

" n[(Thin — Te.in)/ (Th.ow — Te.om))

In Egs. (21) and (22), @ is the heat transfer rate, g1
the foil thickness, kg, the foil thermal conductivity, iy
the heat transfer coefficient of hot solution, and A, the
heat transfer coefficient of the cold solution. The heat
transfer correlations tested for both flow conditions
are shown in Tables 4 and 5.

In Tables 4 and 5, L is the channel length and D the
hydraulic diameter of the membrane module. The en-
trance effect term, (1 + (6D/L)) [34], is considered
for most correlations in Table 5. The most appropriate
heat transfer correlations obtained were used to eval-
uate the heat transfer coeflicients in the subsequent
experiments.

3.2, The DCMD experiments with the
empty channels

The same heat transfer cocfficients for both feed and
permeate streams were employed in order to compare
the effect of mass transfer on each side. However, the
same flow rates cannot provide the same heat trans-
fer coefficients due to the large difference between

the bulk feed and permeate temperatures. Accordingly,
the flow rates of the feed side were reset in order to
equalize the heat transfer cocfficients of both sides.
The chosen correlations from Section 3.1 were used to
calculate both the experimental conditions (fluid ve-
locity) and the heat transfer cocfficients. The experi-
ments for this part were performed with three differ-
ent flow rates (heat transfer cocfficients) for each flow
condition, shown in Table 6.

3.3. The DCMD experiments with
spacer-filled channels

The operating conditions used in this part were sim-
ilar to those previously described for laminar flow con-
ditions {Table 6) except that spacers were put in both
feed and permeate channels. To minimize the bypass
flow the spacer thickness was equal to the channel
height, that is, Smm for both spacers. The spacers
were made ‘in house® from polypropylene rod 3 mm in
diameter. A welding rod with a sharp tip was electri-
cally heated and used to fabricate the spacers. Spacer
thickness () should be less than double the filament
diameters since vertically directional flow change is
required (see Fig. 3b). The hot tip was used to cre-
ate indents of approximately 1 mm in the lower fila-
meats. Then, the upper filaments were placed across
the indents and the tip was used to weld both filaments
together (see Fig. 3c). The welding positions and ar-
rangement of upper and lower filaments are displayed
in Fig. 3d. Dimensional errors in fabricating spac-
ers were controlled to levels less than 8% (Table 7).
The relationship in Eq. (37) [26] was used to eval-

_uate the mesh size (/) at the required voidage (¢)

"and hydrodynamic angle (6). Both voidage and mesh
size are necessary for spacer fabrication. The geomet-
ric characteristics of the spacers are summarized in
Table 7.

_ rrd%
T 2(1 —¢)Hsiné

In Eq. (37) dy is the diameter of the spacer filament
and A the spacer thickness. The mass fluxes obtained
from the experiments with spacers were compared to
those from the experiments performed under laminar
and turbulent flow conditions so as to estimate the heat
transfer cocflicients and identify the flow characteristic
for spacer-filled channels.

(37
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Table 5
Heat transfer correlations for turbulent Bow
Correlation Reference
. 6D (f/8)Re Pr
Nu=|14 " 10 29
“ ( Y )(1.01+lz.7(ﬂ8)”2(h-74’—1)) oo e
. 6D (f/8)(Re — 1000)Pr
o= (‘ * "E') (l 12T AP = n) en G0
6D 1
Ne=0023(1+— R:A3 ppin (32) {31}
D Qoss
Nu = 0.036Re3 p17? ('E) 33) 132
6D {f/8)Re Pr )
= hikad 33
N (1 T ) (u+ DB2(f8) 2P — 1) G4 (33]
775 -t
Nu = (1 + 5’?)( % [lushm - 1.853p8 +3.613ln(Pr)+S.B+l7Sln(Re—‘s—)] (1)) [33]
0.14
Nu = 0,027 (1 + 2) RAA PP ("‘2) 06) B2}
L Heax
Note: f = (0.79In{Re) — 1.64)~2 for all correlations.
Table 6
Openating conditions and beat transfer coefficients calculated by Eq. (24) for lanmnar flow and by Eq. (32) for turbulent flow
Run  Tempennture (K) Laminar flow (Eq. (24)) Turbulent Bow (Eq. (32))
Feed Permexte Fluid velocity (ms™") Heat mansfer coefficient  Fluid velocity (ms™') Heat transfer coefficient
- R | -2 y-1
Feed  Pormeste Wm™K™) Feed Pemeste Wa K™
1 313 93 0.063  0.063 10543 259 350 17,0263
2 3 9 0063  0.063 10543 232 350 17,0263
30333 293 0.060 0.063 10543 213 3150 17,0263
4 M3 29 0.060 0.063 10543 194 350 17,0263
s 313 293 0.083  0.084 12819 306 409 19,261.0
6 323 293 0.083 0.084 12819 278 409 19,261.0
7 333 293 0.083 0.084 12819 250 409 19,261.0
g M3 293 0.083 0.084 12819 . 277 409 19,261.0
9 M3 293 0.100 0.105 14989 352 467 21,432.4
10 313 293 0.100 0.105 1498.9 314 467 21,4324
1 333 293 0.100 0.103% 14989 287 467 21,4324
12 M43 293 0.097 0.105 14989 259 467 21,4324
Table 7
Chanacteristics of spacers
No. Voidage () Hydrodynamic angle (6} Hydraulic diameter (m) s (m)
1 0.612 45(xTH) 2.7 x 107 }(15%) 11 x 10°3(x7%)
2 0.623(£8%) 90(+5%) 28 x 1073x5%) 8 x 1072(£7%)

Note: Spacer thickness = 5(18%) mm.
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4. Results and discussion
4.1, Thermal conductivities of the membranes

The values of ky,; taken from [4] were compared
with the calculated membrane thermal conductivities
(km.c) by various models. As shown in Table 8, the
Isostress model, Eq. (14), provided the best agreement
for all membranes, On the other hand, the Isostrain
model (Eq. (13)) which is usually used to calculate
the membrane thermal conductivity in most MD stud-
ies provided very large discrepancies. Therefore, the
Isostress model {(Eq. (14)) appeared to be the most ap-
propriate model for calculating the membrane thermal
conductivity, and also suggests that the thermal con-
ductivity of the PTFE (no. 3) was 0.0382 Wm~! K~!.

4.2. The most suitable heat transfer correlations

For repeated runs of each expenment, the measured
temperatures: 7 in, Th.ows Je.in, aA0d T g fluctuated
slightly within 4% of the average values (or £0.8K
at 293 K). As a result, the average error of measured
overall heat transfer cocfficients was less than 7%.
Uexp ranged from 480 to 1240 Wm™2 K~! for laminar
flow and 7100-16,000 Wm~2 K~! for turbulent flow.
The thermal resistances of the foil were approximately
1.1% of the total resistance due to foil thinness and
high thermal conductivity.

Table 9 compares the standard deviations of heat
transfer correlations. The most suitable heat transfer
correlations for cach flow condition were chosen at the
mintmum standard deviation. Thus, Eq. (24) in Table 4

and Eq. (32) in Table 5 were selected for laminar flow .

and turbulent flow conditions, respectively. The aver-
age discrepancies between Ung and Uy calculated

Table 8
Calculations of membrane thermal conductivities

by the chosen correlations were about 6% for laminar
flow and 9% for turbulent flow. Subsequently, the se-
lected correlations were used to calculate the required
operating conditions and to evaluate the correspond-
ing convective heat transfer coefficients for both flow
conditions (Table 6). It should be noted that high stan-
dard deviation was found for Eq. (23), which is the
commonly used Seider-Tate equation for laminar flow.
On the other hand, the commonly used Dittus—Boelt
equation was the most suitable for turbulent condition.

4.3. The influence of mass transfer on heat transfer
rates and heat transfer coefficients, significance

of each heat transfer mechanism, and membrane
distillation coefficients

The importance of each beat transfer mechanism
was determined and interpreted in the forms of per-
centage compared to the total heat transfer rates. The
influence of mass transfer on heat transfer rates was
described by percentage of g7 and percentage of g7
As seen in Figs. 4 and 5, the maximum percentages
at 343K was 7.2% for g7 and 2.8% for g'. Both
qp and gp' increase with the feed temperatures due
to higher mass fluxes. In Fig. 5, the heat transfer co-
efficients slightly affected both g¢* and g3' because
the increase of the heat transfer coefficients raised g7
and g7, and g5 and g, in the same portions. The im-
pact of mass transfer on the heat transfer coefficients

in the feed stream can be assessed by the correc-
tion factor (Y1) calculated by Egs. (18) and (19), and

Fig. 16. For PTFE at 343K, yrr was approximately
1.009 for A = 105429 Wm—2K~! and 1.0015 for

th = 21,4324Wm™2 K1, As a result, the effect of
“mass transfer on the heat transfer coefficients was only

0.9 and 0.15% of the cocfficients calculated by the

No. Membrine km, (Wm™1K™!) Isostrain model

Isostress model Flux law model

572

574
575

kme (Wm™ K" Ermor (%) kme Wm™'K™!') Emor (%) kme (Wm™'K™')  Etror (%)

1 PVDF 0.041 0.0858 109.17 0.0412 0.56 0.046 12.55
2 PVDF 0.040 0.0797 99.20 0.0393 1.81 0.044 925
3 PTFE - 0.0946 - 0.0382 - 0.044 -

4 PTFE 0.031 0.0502 61.94 0.0307 0.88 0.032 4.45
5 PTFE 0.027 0.0524 94.15 0.0310 14.93 0.033 21.69

Note: k, (polymer) = 0.18 and 0.25 Wm™"' K~ for PVDF and PTFE, respectively: kg (air) = 0028 Wm~' K~ for all calculations.
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Table &

Sundard deviations of the heat tansfer comrelations

5D (Wm-iKN)

Laminar flow
Eq. (23) 3
Eq. (24) 53.69
Eq. (25) 252.04
Eg. 126) 57.58
Eg 127N 290.49
Eq (28) 71.87
Eq. (%) 171.96

Turbulent flow
Eq. {30} 219633
Eq. (31} 206597
Eq. 32} 1)34.81"°
Eq OM 1591.62
Eq (M) 1634.49
Eq. (351 140131
Eq. 36} 2157.94

* Minimum S D.

correlations with no or low mass transfer, respectively.
Under the condition of the calculation (PTFE at 343 K
and turbulent condition) the mass fluxes were about
0.014kgm=2s~! (50.41m~2h~"). Therefore, in this
study the mass transfer in DCMD did not affect either
beat transfer rates or heat transfer cocefficients.

Figs. 6 and 7 show that the percentage of heat trans-
fer due to vapor transport inside the membrane (gy)
varied from 40 o 62% for GVHP and also increased
with the feed temperatures because of the higher mass
fluxes. The similar trends were found for HVHP and

10
(3
60 -
55-
50
45
40"
15
10-
25-
10-
15
10

X 113 3 X 313 1w M3

Feed Tempemture (K)

%q rand %q p

Fig. 4. Percentages of g7 and g3 a2 various foed wmperstores for
laminar Bow, h = 1498 87 Wm 3 K~!; (€) GVHP 0.22 um; (R)
HVHP 0.45 pm; (A) PTFE 02 um. :

%q rand %q'p
F

15 -
0 5.000

Heat Trans fer Cocfficicnt (W/mt.K)

10.000 15000 20000 25000

Fig. 5. Percentages of ¢f* and ¢f' &t variow heat tranafer co-
cfhcients (Bow raae, flow condinons), Ty = 34IK, for GYHP
022 wms (#) 47 and (W) g7

llT.

%Qv

O v v
e 3 N X3 W8 I3 1M M3 M4

Feed Temperature (K)

Fig. 6. Peroontages of ¢, &t vanous feed emperstures for HYHP
045 um, b= 149887 Wm-TK7,

L o T|
[ %ﬁ
60 =Ty
& 55
®
50
451
a0 v — v
o S.000 10.000 15000 20.000 25.000

Heat Transfer Cocfficient (W/m2.K)

Fig. 7. Percentages of g, at various heat transfer coefficients (Aow
maic), Te = JIK, for HYHP 0.45 pm.
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i

PTFE with the maximum percentage of g, of 63.4%
(PTFE and turbulent flow). In Fig. 7, the significance
of qv seems independent of the film heat transfer
cocfficients used. Thus, the significance of ¢, was
comparable to heat conduction across the membrane
(9c). Compared to the previous simulation [5], with
polypropylene membranes, the maximum percentage
of g was 92% and g, was the major component of
heat transfer inside the membranes, and the heat con-
duction (g.) could be disregarded. g7, qy and gy in
present work were rather lower than those in the pre-
vious simulation {5] due to difference in the mem-
brane materials and properties. However, the present
results are judged to be more reasonable because of
the use of the membrane properties experimentally de-
termined [4). Fig. 6 also reveals that the heat loss by
heat conduction {g.) was larger than g, when the feed
temperature was lower than 323 K. To minimize the
proportion of the heal loss in the membrane, higher
feed temperature and low thermal conductivity mem-
branes are required.

Figs. 8 and 9 reveal that the temperature polanza-
tion cocflicients (1) for laminar and turbulent flow
decreased with increasing feed temperature due to
higher energy consumption from the vaponzation at
the feed membrane surface st higher temperatures.
Significantly higher t values for turbulent flow can be
seen by comparing Figs. 8 and 9. This is illustrated
maoce clearly in Fig. 10, which shows the efTect of heat
transfer coefficients (a flow regime) on 1. The tem-

0 501

045 1

040

035

0.30 v .
303 M 313 318 323 328 333 1M M43 M8

Feed Teaperatere (K)

Tempenature Polarimtion Cocfficient (1)

Fig. 8. Temperature polarization cocfhicients st various foed Lem-
perstures for laminar flow condition, h = 1498 8T Wm T K-}
(®) GVHP 0.22 pm; (M) HVHP 0.45 um; (A) PTFE 0.2 pm_

i

0.96
095
094
053
092
091
0.50

/)

089

088 M
303 8

Temperaiure Polasization Coefficient (1)

313 318 323 W8 333 338 M3 8
Feed Temperature (K)

Fig. 9. Temperature polarization cocfficients at vanous feed tem-
peratures for turbulent flow condition, A = 21 4234 Wm~1K"!;
(®) GVHP 022 um; (M) HVHP 045 um; (A) PTFE 02 um.

perature polanization was reduced by higher flow rates
due to the decrcase in the thermal resistances of con-
vection in the boundary layers.

The membrane distillation coefficients (C) were
cvaluated by Eq. (2). The analysis results showed
that MD cocflicients were not affected by flow rates
(heat transfer cocfficients) and membrane temper-
atures studied (Fig. 11). The constant slopes of
the straight lines in Fig. 1] mecan the MD coeffi-
cients that arc 3.459 x 10~ "kgm=2s~!Pa~' for
GVHP, 4.169 x 10~ kgm~2 5~! Pa~! for HVHF, and

E o095
£ 0901
H 0Aas
£ 0801
5 075
070 4
060 1
'E 055 1
050
‘ﬁ 0.45 1
ERCLY
E 035
0.30 1
E 025 : ,
= 0 5000 10000 15000 20000 25000

Heat Transfer Cocfhicicnt (me’.l()

Fig. 10. Temperature polarization cocflicients a1 various heat trans-
fer coefficients (Row rates, flow conditons), Ty = 343K; (®)
GVHP 022 um; (ll) HVHP 0.45 um; (A) PTFE 02 um.
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6.245 x 107 7kgm 257! Pa~! for PTFE. The MD
cocflicient for the HVHP is lower than that reported
in the previous work [12]) by 15.1% due o differences
n the calculation methods. The MD cocfficients as
defined in Eq. (2) represent the mass transfer co-
cfficient across the membrane region. As a result,
changes in flow rates in feed and permeate streams
should not affect MD coefhcients. In the range of
the membrane temperatures studied (303-318K), the
temperatures did not influence the MD coefficients.
There arc two possible reasons to explain why MD
cocflicients are not dependent on the temperatures.
First, the change in the average membrane tempera-
tures was less than 5% from 303 to 318 K. Second,
the majonity of mass transfer occurred within the tran-
sition region [6]. Consequently, the MD cocfficients
coasist of two major contributioas: a2 Knudsen diffu-
sion part (C) that decreases with temperature to the
power of —0.5 [12,14])and a molecular diffusion part
(Cn), that increases with temperature to the power
of 1.34 [6]. These components would counterbalance
and therefore, the net values of MD coefficients were
almost constant over the temperature range used in
these experiments.

The temperature distributions inside the membranes
were estimated by Eqgs. (7)«9). Fig. 12 shows the dis-
tributions of each membrane for turbulent flow con-
dition, and the similar trends are obtained for lami-
nar flow condition. Figs. 13 and 14 display the mflu-
ence of the feed temperatures and flow rates on the
temperature profiles, respectively. In Fig. 14, higher

J. Phatraranawik et al /Journc! of Membrane Science 5477 (2002} 1-17
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Fig !2 Temperature dismbutions for each membrane at Ty =
MIK A =21 404Wm K (®)GVHP 0.22 um; (l) HVHP
0.45um; (A) PTFE 02 pm,

trans-membrane temperatures were obtained at higher
flow rates leading to higher mass fluxes. Although the
temperature profile is expressed mn the form of an ex-
poncntial function, the calculated temperature profiles
are ncarly linear for all membranes and expenmen-
tal conditions studied. The possible reason ts that the
membranes are relatively thin (very short distance).
Therefore, the assumption of the linear temperature
profle in the membranes used in previous work [3,27]
were valid |

If heat transfer due to mass transfer in the feed
and permeate streams (g7 and ¢7') are neglected, the
simplified eguations to calculate the membrane surface

Increase of food
dnpetatare

—

* T=33K |
ET=INK
a T=31K
X TiwdMIK

Temperature (K)
ERECETELUEY:

4.0E0S

:

80505
Distance (ny)

12E04 16E04

Fig. 13. Effect of feed on tempenature distributions
for GVHP, A = 21 423 4Wm 2 K-!,
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Fig. 14. Effect of film heat transfer coefficients (flow rates) on tem-
perature distributions for GVHP.

temperatures are given by Egs. (38) and (39). The
arrangement in both expressions helps describe the
phenomenon of polarization. The second terms in such
expressions can be regarded as the polarization terms.

T =Tf_‘1v+9c

> (38)
I=T,+ 2tde (39)
hP

Since the temperature distributions in the mem-
branes appeared to be the straight lines (Figs. 12-14),
the heat conduction can be rewritten in the simple form
below

h—T;
Qc=km( 15 2)

From Fig. 6, gy slightly drops with decreasing tem-
perature across the membrane. As a result, gy can be
assumed constant at the average membrane tempera-
ture: (T} + 72)/2, given by

av = JH (7o) =t | D @1

After substituting Eqs. (40) and (41) into Eqs. (38)
and (39), the expressions for evaluating the membrane
surface temperatures are shown below

THAT + T2)/2) + ka((Th = T2)/3)
he

=T -
(42)

(0 Dpo=Tp+

JH, (T + T2)/2} + ke ({Th — T2)/8}

P

(43)

The temperature polarization coefficient can be ob-
tained by the combination of Eqs. (1), (42) and (43)
for the simple case of the same film heat transfer co-
efficients (ke = hp = h) [8], expressed as
= 1— [NHV[Tm]/h(Tf - Tp)]

h 1 + (2km/8h)

(44)

where
_ i+ 71;
-2

Usually, the heat transfer model is arranged in the
complicated forms [3.27] which cannot provide the
clear picture of tempemture polanization. Therefore,
the alternative method is proposed in order to offer
both simple calculation and better illustration of tem-
perature polarization. Initially (n = 0), the membrane
surface temperatures T} ,—¢ and T3 ,—g are approxi-
mated by Eqs. (45) and (46). The number 2 in Eqs. (45)
and (46) refers to the comparable importance of heat
conduction and heat due to vapor flow. Subsequently,
Tia=1 and T3 ,— are obtained by replacing T a0
and T =0 into Eqs. (47) and (48). The calculations
are repeated until the differences between 7,4 and
T, are smaller than 0.01%.

2JHy (T + Tp)/2
he

ZJHV(TI' + Tp)/2

m

Tipn=0=Tr ~ (45)

” Jh'v((Tl.u + Tz.n)/z}
+km[(rl.n - T2.u)/'5}
h¢

JHH{(Tl nt Tl.n)/zl
+km{(T1.n — T2.4)/8}
hy

Ti.n+l =T —

Cop

a1 =T+

(48)

4.4. The influence of the spacers

When the spacers are put in the flow channels, the
mass fluxes were increased (compared to laminar flow
at the same flow rates). Fig. 15 shows that the mass
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Fig. 15. Mass fluxes at various foed temperatures under laminar
fiow (h == 1498.87 Wm~2 K™), 90° spacer, 45° spacer, and tur-
bulent flow (17,0263 Wm~2K~}) for GVHP 0.22 um.

fluxes enhanced by spacers were between the fluxes
obtained from laminar and turbulent flow conditions.
In addition, the mass fluxes increased by 90° spacers
were higher than those increased by 45° spacers due to
higher generated eddy [26] in 90° spacers. The mass
fluxes enhanced by both spacers are much lower than
those obtained from turbulent flow condition. Conse-
quently, the fiow characteristic of spacer-filled chan-
nels in DCMD was likely to be in the lower transi-
tion regime rather than turbulent regime. Compared to
other membrane processes, the turbulent flow was ob-
tained in RO and UF performed with spacers [9,11],
and upper transition regime was found in UF with
the zigzag spacers [10]. The flow characteristic in
spacer-filled channel of UF was concluded to be the
upper transition regime (closc to turbulent flow) or
turbulent fiow. The difference in conclusions between
DCMD and UF or RO can be explained by theory of
high mass transfer rate convection to be mentioned in
our next work. s
Fig. 15 demonstrates that the values of the heat
transfer cocfficients for spacer-filled channels fell be-
tween those calculated by the correlations for laminar
flow and turbulent flow or 1500-17,000 Wm—2K™!
for the chosen correlations in this work, and can be es-
timated by Fig. 16. The preliminary calculations based
on the assumption of constant MD coefficient gave the
values of the heat transfer cocfficients for spacer-filled
channel in the range of 2000-5500 Wm™2 K}, How-
ever, the heat transfer cocfficients for spacer-filled

Heat Transfer Coefficient (W Imz.K)

Fig. 16. Mass fluxes at various heat transfer coefficients for GVHP
at J43 K.

channels in this work were considerably less than
those calculated by Eq. (20) at the same Reynolds
numbers.

5. Conclusions

The heat transfer model based on the simultaneous
heat and mass transfer was used to identify the signif-
icance of cach heat transfer mechanism and the influ-
ence of mass transfer on heat transfer rates. The the-
ory of high mass transfer rate convection was used to

-assess the effect of mass transfer on heat transfer co-
‘efficients, The maximurn e¢ffects of mass transfer on

heat transfer rates in the feed and permeate streams
were only 7.2 and 3.2%, respectively. The calculation

. _results proved that the effects of mass transfer on heat
" transfer rates and on heat transfer cocfficient can be

neglected, The siguificance of heat conduction in the
membranes and of heat transfer due to vapor flowing
was comparable. The assumption of linear temperature
profile inside the membranes and vapor flowing with
constant enthalpy was valid for all membranes stud-
ied. The MD coefficients remained unchanged with the
operating conditions employed in this work and de-
pended only on the membrane properties. Therefore,
the MD coefficient can be considered as the charac-
teristic values for each membrane. In this work, the
MD cocfficients were 3.459 x 1077, 4.169 x 1077,
and 6.245 x 10~ kgm~2s~! Pa~} for GVHP, HVHP,
and PTFE, respectively.
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For the experiments with the spacers, 26-56% in-
crease in mass fluxes were achieved, compared with
the fluxes performed under laminar flow. Furthermore,
the flow characteristic in the spacer-filled channels was
likely to fall in the lower transition regime rather than
the turbulent regime. The heat transfer coefficients for
spacer-filled channels were estimated in the range of
2000-5500 W m—2 K~!, or were enhanced by approx-
imately 2.5 times of the heat transfer coefficients for
laminar flow.
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Effect of Pore Size Distribution and Air Flux on Mass Transport in Direct Contact
Membrane Distillation
\

J. Phattaranawik ®, R_ Jiraratananon **, and A.G. Fane °

9 Department of Chemical Engineering, King Mongkut’s University of Technology Thonburi, Toongkru,
Bangkok, 10140, Thailand
* UNESCO Centre of Membrane Science & T. echnology, School of Chemical Engineering and Industrial
Chemistry, The University of New South Wales, Sydney, NSW, 2052, Australia

Abstract

The concept of mass transfer regions within the membranes was introduced to study the mass
transport in membrane distillation processes. Mass transfer model for direct contact membrane distillation
(DCMD) was derived to examine the influence of pore size distribution and air fluxes on water vapor fluxes
across the membranes. The pore size distributions of the membranes were determined by field emission
electron microscopy (FESEM) and the image analysis program. DCMD experiments with pure water were
carried out under laminar and turbulent flow conditions so as to compare the experimental results with the
predictions.

The calculation results showed that Knudsen and transition regions were found in the membranes
studied, while the transition region was the major contribution to mass transport. The model including the
effect of pore size distribution and air fluxes predicted water fluxes with the average discrepancy 5% of the
experimental results. The mass transfer analysis indicated that the influence of pore size distribution and air
fluxes on water fluxes was insignificant. Therefore, the mass transfer model with the assumptions of air
trapped in membrane pores and single pore size is adequate to describe mass transport in DCMD. The
concept of mass transfer regions was also applied to analyze the effect of pore size distribution on flux in

vacuum membrane distillation and gas permeation.

* Corresponding author. Tel.: +66-2-470-9222;
Fax: +66-2-428-3534.
E-mail address: ratana.jir@kmutt.ac.th (R.Jiraratananon)



1. Introduction

The transport of vapors or gases inside porous membrane with isothermal condition can be described
by 3 major mechanisms based on the Dusty Gas Model [1]: Knudsen diffusion, viscous flow, and molecular
diffusion. The combinations of these transport modes such as Knudsen-viscous transition [2] and Knudsen-
molecular diffusion transition [3] offered better agreement with the experimental results. The selection of the
most suitable mechanism strongly depends on the comparison of mean free path (L) and pore diameter (d;).
For a single gas system if the mean free path is much smaller than the pore size (A << d;), molecule-molecule
collisions influence mass transport which can be described by viscous flow. On the other hand, when the
mean free path of the gas is much larger than the pore size, molecular-wall collisions become more important
and the gas transport is described by Knudsen diffusion.

For porous membrane, the gradients of total pressure, concentration, and partial pressure result in
viscous flow, molecular diffusion, and Knudsen diffusion, respectively [1]. In DCMD, total pressure is
constant at 1 atm because both feed and permeate solutions are employed under atmospheric pressure.
Consequently, viscous flow is theoretically omitted [3,4,5]. Slip flow (viscous slip) and pressure diffusion
[6] can also be neglected. Only diffusion slip [6] contributed from ordinary and Knudsen diffusion exists for
the combined mode. Surface diffusion (1] can be ignored due to low molecule-membrane interaction.

Due to pore size distribution of the membranes, more than one mechanism of mass transport can
simultaneously occur. Most literatures have employed the average pore size in the gas transport model to
calculate the fluxes. Recently, the effect of shape of pore size distribution was studied with Gaussian
(symmetric) and logarithmic (asymmetric) distribution [4] in which non-symmetrical distribution achieved
better agreement with the experimental results. However, the influence of pore size distribution on mass
transfer has not been completely elucidated. In MD, air possibly moves counter to water flux. As a result,
water flux is probably affected. The effect of air flux has not been assessed and the validity of the air trapped
assumption has not been proved. Therefore, this work aims to propose the mathematical models to examine

the influence of both pore size distribution and air flux in DCMD.



2. Theory

In DCMP, mass transport across the membrane with non-uniform pore sizes occurs in three regions
[6]: Knudsen region, transition region, and continuum region. Location of each region along the pore size
distribution is represented by Fig.1. The Knudsen number (Kn.no) used to indicate the borders of the regions
is defined as the ratio of the mean free path of the gas to the pore diameter, i.e. Kn.no = A /d,.

For the binary mixture of water vapor and air, the mean free path of water in air (A..,) is evaluated at
the average membrane temperature (T) [7,8]:

keT 1
Aw-g = e - (1)

2
Ow + 0, m,,
Sw% | p. 14w

In Eq.(1), kg is Boltzman constant (1.381x10"® J.K™!), Py is total pressure (1.013x10° Pa or 1 atm for

DCMD), o, and g, are collision diameters for water vapor (2.641x10"° m) and air (3.711x107'° m) [9,10].
m. and m, are molecular weights of water and air. At the typical membrane temperature of 60 °C, the mean
free path in DCMD system is 0.11 pm.

In Knudsen region (Kn.no. > 1, or d; < &), the transport mode is Knudsen diffusion. For transition
region (0.01 < Kn.no < 1, or A < d, < 100A) with constant total pressure, mass transport takes place via the
combination of Knudsen and ordinary diffusion in series, whereas ordinary diffusion is used to describe the
mass transport in continuum region (Kn.no < 0.01, or d;> 100A). The mass transport of gases through porous
media based on the concept of mass transfer regions (Fig.1) can be visualized by the electrical analog shown
in Fig.2. In addition, the electrical circuit for Schofield’s model [11] and Dusty-Gas Model for DCMD [1,5]
can be displayed in Fig.3.

For this work, the lognormal distribution is used to represent the shape of pore size distribution:

_ 1{n(d; /dm)
n{d,} = SO, Jz—nap[ SOw ] (2)

where n{d;} is a number of pores at pore diameter d,, d,, is mean pore diameter, and SDh is the standard

deviation of lognormal function.



According to the typical mean free path obtained above, the continuum region occurs when the pore
size is bigger than 11 pum (or 1004). The area under lognormal curve from transition-continuum region
border to infinity () is less than 1%, As a result, importance of the continuum region on mass fluxes can be

ignored. Therefore, the total fluxes contributed from the Knudsen and transition regions are determined by

integrating the fluxes in each region over the pore size distribution:

Itdz dy=2 2 2
I J{dp}—"n{dp}ddp | Kn{d } n{d }dd ] Ju{d } n{d }dd,
_ - 4 d,=0
Iy = - . 3)
mndg mrrdp p
([)Tn{dp}ddp ng{dp}ddp (I,Tn{d"}ddp

To simplify Eq. (3), the average pore sizes for each region ( dg, and dy) are employed and the molar
fluxes for each region are evaluated at the average pore sizes which are determined at the position of 50% of

number of pores in each region, see Fig.1. Consequently, Eq.(3) can be rewritten as:

=A g 2 dp=e g2
JKn{dKn} I n{d }dd, Iy {dy} I " n{d, }dd,
+ 4
gT"n{dp}ddp ngn{dp}ddp

|
-

dy= dyme
I (xdj /4)n{d, }dd, | (nd}/4)n{d;}dd,

In Eq. (4), and d‘: are the fractions of the membrane
I(rrd2/4)n{d Ydd, T(d3 /4)n{d }aa,

area occupied by Knudsen and transition regions. However, Eq. (4) is still complicated and computer
simulation is necessary to achieve the solutions. Thus, in this work the fractions of the membrane area are
approximated by the fractions of number of pores in each region, shown by Eqgs. (5) and (6). As a result, the
fractions of pore numbers are directly determined by the cumulative distribution function of lognormal

distribution {(®).

dy=2 dp=2
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d;=0 _ 40
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Substitution of Egs. (5) and (6) in to Eq. (4) yields the expression of mass transfer derived from the

concept of mass transfer regions in the membranes with pore size distributions:
A

= [in(rsdy) |5 o] In(x/dy)
Iy —(D{—SD.OQ }JK,,+[1 (D{—SD.OQ }FT (7)

The cumulative distribution function in Eq. (7) can be considered as the weight fractions indicating
the importance of each region. Other distribution functions can also be applied.

In the Knudsen region (Kn.no>1), the gas transport occurs due to free-molecule flow [6] and the
mass transfer is described by Knudsen diffusion expressed by Eq.(8). Theoretically, the air fluxes do not

affect water fluxes in Knudsen region since each gas molecule moves independently towards the pore wall.

= D
JICn = R_-?-ng(Pw,l -Pw,z) ®
where Dy, =i% Rl

3 x Y2nm,,

where Ji, is the molar flux in Knudsen region, € is membrane porosity, x is membrane tortuosity, & is
membrane thickness, R is gas constant, m,, is molecular weight of water, Ty, is membrane temperature. P, ,
and P, ; are water vapor pressures evaluated at membrane surface temperatures T, and T,.

In the transition region, the mean free path of gas is comparable to the pore size. Collision between
molecules is as important as the collision between molecules and the pore wall. The mass transfer equation
for the transition region is based on the momentum balance including momentum transferred by gas
molecule to other molecule as well as to the pore wall (see Fig.4). The combination of molecular and
Knudsen diffusion in series is used to describe the mass transfer for this region. The Knudsen diffusion for

the transition region can be written by [6]:

D
O = =27 VPu ey ©)
4 ed RT,
h Dy = 8% | RTm
where =3 ~ V2mm,

The derivation of molecular diffusion including the air flux effect (J,) may be initiated by Fick’s law:

gD,
ALY WA CHMER N (10)
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The air probably moves counter to the water fluxes or from permeate side to feed side due to its

partial pressure gradient. Consequently, the influence of the air flux (J,) should appear in form of the counter
\

molecular diffusion. The relationship between (J,)mot and J, can be determined by Graham’s law:

Jo My _
(Jw)rno! B m, - (”)

After substituting Eq. (11) and v, = P—“’ into Eq. (10), the expression for molecular diffusion with
T

the effect of air flux is obtained:

(e/x)Pw-a

(Jw)mol == P
wfi- -]

The serial connection of two resistances shown in Fig. 4 allows writing the expression below:

VPy| oo (12)

VPw _ i — N Py (13)
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The diffusive flux for water vapor is obtained from the combination of Egs.(9), (12), and (13),

expressed by Eq. (14).

-1
- 1 (Pr-(1-a)P 1
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Integration of Eq. (14) provides the steady state flux of water vapor for transition region given by

Eq. (15).

s _(e/xPDu,s m[om(PT ~(1-a)Pya)+ (s/x)PTDw-a] (15)

1 = L= )sRT, | D (Pr = (L= a)Py 1)+ (e/ X)PrDucs
The value of D... is evaluated by the empirical formulas for the temperature rage 273 — 373 K, given
by [10]:
PtDy_a[Pam? /s]=1.895x10-3 T2 (16)
The factor a reveals the effect of air fluxes in DCMD. In case of diffusion through a stagnant gas
film, a is equal to 0 and Eq. (15) becomes the Knusen-molecular diffusion transition model [3]. However,

Eq. (15) is not valid for equimolar counterdiffusion (o = 1) and is based on the assumption of isothermal

situation in the membranes. The effect of air fluxes in air gap membrane distillation (AGMD) or sweeping



gas membrane distillation (SGMD) that employs air as the sweeping gas may be more significant than
DCMD due to more availability of air source in the permeate.

In short, the mass transfer model consists of Eq. (7) as the core of the model, while an and Jq, are
represented by Eqs. (8) and (15), respectively.

In case that the pore size distribution and air flux effects are ignored, mass transfer is described by

the model for transition region because the typical mean pore size of the membrane falls in transition region,

and the mass transfer model is given by;

= (e/xPrDu_a [ Dka(Pr =Py 2) +(e/x)P1Dy s
I = In a7
SRTm DKH(PT —Pw,l) +(8/X)PTDW_3
where Dy = isd_m RTm
3 x Y2mm,,

The water vapor pressure P, ; and P, ; are evaluated by Antoine equation at the membrane surface
temperatures T; and T,. The heat transfer model [12] facilitates the determination of the membrane surface
temperatures, shown by Egs. (18) and (19).

ol BT L ST+ )2
T, =T - = (18)

km[T‘—;TZ—]JT H (T, +T3)/2)

T,=T,-
=T, . (19)

3. Experimental
3.1 Determinations of pore size distributions

The field emission scanning electron microscopy (FESEM) (Hitachi model S-900) was used to
image the membranes. The magnifications ranging from 7,000 to 10,000 were employed. The electron beam
was accelerated under a 3.0 kV in the vacuum chamber. The images obtained from the FESEM were
analyzed by the software ‘AnalySIS’ provided by Soft Imaging System. The pore area was measured by
encircling the membrane pores. The equivalent pore diameter, defined as the diameter that a pore of area A,

should have if it had a circular section on the surface, is evaluated by Eq. (20).



A
dp =2, fal (20)
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The pore size distributions, required for mass transfer calculations, are fitted to lognormal

distributions given by frequencies:

2
1 d,
f = _ Inl —_ 21
, = aex SDlzog[n{dm]] {

where f; is frequency obtained by the experiments, SD,,, is the standard deviation or width of the distribution.

SDy, and a are determined by the slope and the interception of the fitted curve, and the average pore

diameter of membrane( dr, ) is determined by:

dp =L (22)

3.2 DCMD experiments

The experiments were performed under laminar and turbulent flow conditions with three types of the
membranes: GVHP, HVHP and PTFE. The properties of the membranes are shown in Table 1. Pure water
was used for feed and permeate solutions. The flat sheet membrane modules characteristics and experimental

procedures for both flow conditions were described in our previous work [12].

Table 1. Membrane properties [12,13]

No. Membrane Nominal  Thickness  Porosity kn Manufacturer
material ore size (pm) (g) {(W/m.K)
(um)
I GVHP (PVDF) 0.22 126 0.62 0.041 Millipore
2  HVHP (PVDF) 0.45 116 0.66 0.040 Millipore
3 PTFE 0.2 70* 0.7% 0.0382** Sartorious

* Manufacturer’s data

* *calculated by: k, = ki+ (lk_ c) [12,14].
g p



The flow rates of feed and permeate solutions were adjusted to obtain the same heat transfer

coefficients for both feed and permeate channels. The heat transfer correlations used to calculate the heat
\

transfer coefficients and operating conditions in this work were:

0.036Re Pr(dh /L)
- for laminar flow [12,15]: Nu = 4.36 + 08 (23
1+0.0011(RePr{(dy, /L))™
08 p /3[4 . 6dn
- for turbulent flow [12,16]: Nu=0.023Re™ Pr'/-| 1+ - 24

The correlation of turbulent flow was corrected to account for the entrance effect by the term of

6dy,
1+—2 |[17] for 20 < L/d, < 60.

4. Flux calculation procedure

The proportions of Knudsen and the transition regions can be evaluated by the accumulative function
of lognormal function distribution, Eqs.(5) and (6), respectively.

Fluxes and membrane distillation coefficients were used to assess the performance of mass transfer

model and the influences of pore size distribution and air fluxes. The MD coefficient (C) is defined by:

ST, S
(pw,l - pw,z )

(25)

The calculations were preformed by using the mass transfer model; Egs. (7), (8), and (15) if the
effects of pore size distribution and air fluxes are included or ;Eq.(17) if both effects are ignored. Initially,
molar flux is assumed and used to calculate the membrane surface temperatures (T, and T;) by Eqs.(18) and
(19). Subsequently, T, and T, are used to evaluate molar flux by the mass transfer model (Eq.(7) or Eq.(17)).
The procedures are repeated until the difference between assumed molar flux and calculated one is less than

0.1%. The experimental fluxes (J;) and MD coefficients (C.) are compared to the calculated values. In the

calculations the tortuosity factor () for all membranes was presumably equal to z [18].



5. Results and discussions
5.1 Pore size distributions

Vaﬁous\pore shapes were observed from the images such as elliptical, circular, and slit. The images
of the membrane surface from FESEM facilitate the determination of the pore sizes. 900 — 1300 pores from
total images for each membrane were observed, and their cross-section areas were measured by the image

analysis program. The pore size distributions obtained for GVHP, HVHP, and PTFE are reported as bar

graphs in Fig. (5). The statistical parameters in Eq.{21) are summarized in Table 4.

Table 4. Mean pore sizes and standard deviation of the membranes calculated from the FESEM

images
Membrane SDhog da (um)
GVHP 1.037 0.251
HVHP 0.636 0.414
PTFE 0.9383 0.253

As depicted in Fig. (5) and Table 4, the pore size distribution of GVHP is widest. The mean pore
size of GVHP is bigge: than the nominal pore size of 0.22 pum, reported by the manufacturer. Similar results
were found for PTFE membrane. On the other hand, the mean pore size for HVHP is smaller thar the
nominal pore size, 0.45 um, and its pore size distribution is narrowest among the membranes tested. In

comparison with other methods, the average pore size of HVHP from FESEM was comparable to the results

achieved by light transmission, 0.48 um [19] and fluid displacement, 0.39 um [20].

5.2 Mass transfer prediction

From Eq.(1), the mean free path of water vapor slightly changed from 0.101 pm at 30 °C to 0.106
pum at 45 °C. The fractions of Knudsen region varied from 19.2 to 20.5 % for GVHP, 16.5 to 17.8 % for
PTFE, and 1.4 to 1.6 % for GVHP. This means that the influence of K'nudsen region was less important for

larger pore size membrane. The majority of membrane area was occupied by transition region. The average



pore diameters of Knudsen and transition region were found to be 0.0646 um and 0.322 pum for GVHP,
0.086 um and O.‘\ﬂ 8 um for HVHP, and 0.0591 um and 0.31 um for PTFE, respectively.

The importance of membrane thickness and pore size on fluxes can be identified by Figs. (6)-(8).
PTFE provided remarkably higher fluxes than HVHP although the mean pore size of HVHP is larger than
PTFE by 1.7 times. However, the membrane thickness of HVHP is greater than PTFE by 1.6 times. Hence,
the mass transfer resistance of the membranes is predominated by the membrane thickness.

Figs. (6) — (8) also compare measured fluxes with calculated fluxes by the mass transfer model
including both effects for laminar and turbulent flow conditions. For GVHP, the average discrepancies were
7.1 % for laminar flow and 8.1 % for turbulent flow. The smaller discrepancies were found for PTFE
membrane, which were 3.5 % for laminar flow and 4.1 % for turbulent flow. The flux predictions of HVHP
provided the smallest disagreement of 2.9 % for laminar flow and 1.4 % for turbulent flow. The success in
predicting the fluxes was possibly attributed to using more accurate membrane properties determined
experimentally by [13] and to the heat transfer model.

The effects of pore size distribution and air fluxes on mass transport were examined by the
comparison of the mass transfer model including and excluding such effects, shown in Figs. (9) — (11). For
laminar flow, molar fluxes calculated by the both models were comparable, and for turbulent flow the model
excluding such effects gave slightly higher fluxes at high feed temperature.

The MD coefficients calculated by the model excluding the effects evidently increased with
increasing feed temperatures (see Fig.12). On the other hand, the measured MD coefficients and the
coefficients evaluated by the model including the effects were likely to be independent with the feed
temperatures. However, the calculated MD coefficients from both models were very close to the measured

ones for all membranes and operating conditions.

5.3 Mass transfer regions in vacuum membrane distillation and gas permeation

The concept of mass transfer regions can also be applied for vacuum membrane distillation (VMD)
and gas permeation (GP) in which the continuum region is negligible due to longer mean free path resulting
from lower total pressure. As a result, the total flux is contributed by the Knudsen and transition regions, and

Eq. (7) can be used to express the average total flux including the effect of pore size distribution. The mass



transport in the Knudsen region is also described by Knudsen diffusion (Eq.(8)). For single gas transport, the

parallel connection between Knudsen diffusion and viscous flow is regarded for the transition region:

\
— 0.5 -
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Substitute Eqs.(26) and (8) into Eq.(7) and then rearrange to the well-know form [1,2]:

0.5
- 1 8RT Pavg
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where p is fluid viscosity, and Ko and By are the parameters, as shown below,

Ko = %[q){ai}am + [1 - Q{EL}FTFJ (28)

a2
and B, = [1 - o{aiﬂ% (29)

From Eqs.(28) and (29), K, and B, from the concept of mass transfer regions depend on gas property

(collision diameter), membrane properties, and experimental conditions, while K, and B, from the Dusty-Gas

] 942
Edm and BO = ﬂ ).
3x 32y

Model are a function of membrane properties only (Kq =
6. Conclusion

The mass transfer model based on the concept of mass transfer regions has been proposed to
determine the influences of pore size distribution and air fluxes on the mass transport in DCMD. The pore
size distributions of the membranes determined by FESEM with the contribution of the image analysis
program were comparable to those determined by other methods and to nominal values reported by the
manufacturers. The predictions of the fluxes and MD coefficients showed good agreement with the
experimental results for GVHP and excellent agreement for HVHP and PTFE. Additionally, the models
predicted fluxes with less than 8% discrepancy. The utilization of more accurate membrane properties such
as porosity, thickness, and pore size can offer better agreement with experimental results. The results also
showed that the influences of pore size distribution and air fluxes were negligible for DCMD due to using of

large pore membranes. The mass transfer model including the effects provided better predictions of MD



coefficients than the mode! excluding the effects. The approximation of the membrane area fractions by
membrane pore number fraction was satisfactory. Moreover, the concept of mass transfer regions in
membranes can be applied for other membrane processes such as gas permeation and is also suitable for the

situation which only mass transfer in transition region is inadequate to describe overall mass transport.
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Nomenclatures

a _parameter in Eq.(24)

A fraction of pore areas for each mass transfer region
C membrane distillation coefficient (mol.m?.s"'.Pa™)
d, pore diameter (m)

d, hydraulic diameter of channel (m)

Do Diffusivity of water vapor-air mixture (m’s™h)
Dxa Knudsen diffusion coefficient (m’.s™)

f frequency

F fraction of pore numbers

h heat transfer coefficient (W.m2.K™")

H,{T} vapor enthalpy evaluated at temperature T

ka membrane thermal! conductivity (W.m™ .K™)
k, thermal conductivity of air (W.m™".K™)

k, thermal conductivity of polymer (W.m™ K™)
J Flux (mol.m?2.s™)

L channel length (m)

m molecular weight (kg.mol")

n pore numbers

Nu Nusselt number

P vapor pressure (Pa)

Pr Prandlt number

T temperature (K)

R gas constant ( 8.314 J/mol.K)

Re Reynolds number

Greek letters

€ porosity

6 membrane thickness



membrane tortuosity

P .cumulative function of lognormal distribution

o] molecule collision diameter (m)

A mean free path of gas (m)

a ratio of air flux to water flux in Eq.(11)

Subscripts

1 membrane surface on feed side

2 membrane surface on permeate side

a air

f feed

Kn Knudsen region

p permeate

T Total

Tr Transition region

w water
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Figure 11. Predictions of molar fluxes by the models with and without the effect of pore size
distribution and air flux for PTFE at. h = 1,054.29 W/m”K for laminar flow and h =

17,026.3 W/m? K for turbulent flow.
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Figure 12. Experimental and predicted membrane distillation coefficients for GVHP, HVHP,

and PTFE at h = 1,498.87 W/m?.K.
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Abstract

The study of heat and mass transfer enhancement in direct contact membrane distillation
(DCMD) by the net-type spacers was intended to develop the heat transfer correlation for the spacer-
filled channels. DCMD experiments performed with 20 spacers different in voidages and hydrodynamic
angles were used to determine the spacer performance in heat and mass transfer enhancement. The
effect of high mass transfer rates on heat and mass transfer coefficients was also investigated to explain
the experimental results compared with ultrafiltration (UF) with the spacers.

The results showed that spacers enhanced mass fluxes up to 60% and increased heat transfer
coefficients by approximately 2 times over the empty channels. The optimum spacer geometry was
found at the voidage and hydrodynamic angle of 0.6 and 90°, respectively. The heat transfer correlation
for spacer-filled channel was obtained. The analysis of high mass transfer rate convection showed that
the effect of high mass transfer rates on mass transfer coefficients was remarkable for ultrafiltration but

was insignificant for membrane distillation.
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1. Introduction

Direct\ contact membrane distillation (DCMD) is the potential process for many applications
such as desalination and fruit juice concentration. In DCMD, vapor-liquid equilibrium exists at the hot
feed-membrane surface where the vapor is produced, driven by trans-membrane vapor pressure through
porous hydrophobic membrane, and then condense into the cold permeate. The existence of
temperature gradient in DCMD means that the membrane surface temperatures always contrast with
bulk temperatures. This phenomenon, called temperature polarization, occurs in both feed and permeate
channels and may cause a considerable loss of the thermal driving force leading to lower rates of mass
transfer. The influence of this phenomenon is determined by temperature polarization coefficient (1) [1]
defined in Eq.(1).

_Nhi-T

Tf "'Tp

T

(1)

where T and T, are membrane surface temperatures on feed and permeate sides, and T and T}, are bulk
temperatures of feed and permeate, respectively. Attempts to reduce the effect of temperature
polarization have been made by improving the flow characteristic. Higher flow rates or turbulent flow
conditions are usually used to decrease this effect. However, larger energy consumption by pumps is
not appealing in economic viewpoint.

Recently, an alternative method to reduce the temperature polarization without increase of flow
rates, but by using the spacers was proposed [2]. Similar to ultrafiltration (UF) and reverse osmosis
(RO), spacers or turbulence promoter put into flow channels can promote wakes and eddy in laminar
flow regime. Hence, heat and mass transfers are enhanced.

There are several types of spacers used in the membrane processes, for example net-type
spacers [3] and zigzag spacers [4]. For DCMD spacers raised mass fluxes 30 - 60% [2,5], meanwhile 2-
5 times of mass flux enhancement was reported in UF with spacers [4,6]. Furthermore, the mass
transport in RO [7] and the pressure drop in UF [3,4] with the spacer-filled channels were best
described by the turbulent flow correlation, although the Reynolds numbers were in the laminar flow
region (Re <2,000). Hence, the flow characteristic in spacer-filled channels was claimed to be turbulent

[6,7] or upper transition regimes [4].
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Phattaranawik et al [5] proposed the method to predict the mass flux enhancement by the
spacers and reiported large disagreement between experimental and calculated results. In addition, the
heat transfer coefficients acquired by using analogy between mass transfer in UF and heat transfer in
DCMD were relatively higher than those obtained from conventional heat transfer correlation.
Likewise, the mass transfer coefficients determined experimentally from ultrafiltration process [4] seem
to be much higher than those obtained from conventional mass transfer correlations. The reason for the
unusually high transfer coefficients in UF has not been discussed in details.

From above discussions, it is evident that the flow condition in DCMD performed with spacers
has not been clearly identified. The values of heat transfer coefficients for spacer-filled channels in
DCMD have not been evaluated, and the validity of the analogy between mass transfer in UF and heat
transfer in DCMD has not been proven. Therefore, it is the objective of this work to investigate the heat
and mass transfer enhancement by net-type spacers in DCMD to propose the heat transfer correlation
for spacer-filled channel. In addition, the experimental results will be compared to those from the UF
performed with spacers so as to demonstrate the influence of high mass transfer rates in DCMD and in

UF.

2. Theory
2.1 Heat and mass transfer for DCMD with and without spacers
The general relation of mass flux (J) and the driving force for DCMD is written by Eq. (2).
J=C(P)~F)) (2)
The difference in vapor pressures at membrane surfaces (P, — P,) between feed and permeate
sides is evaluated at the membrane surface temperatures (T, and T, as shown in Fig.1). The linear
relation between mass flux and vapor pressure difference with constant slope was reported [8]. As a
result, membrane distillation coefficients (C), determined from the slope, are dependent upon
membrane properties, i.e. pore size, porosity, membrane thickness, and membrane material but are
independent on temperatures and flow rates. Hence, MD coefficient remains unchanged when the

spacers are put into flow channels.



Better flow characteristic arises from the presence of turbulence or eddy current induced by the
spacers. As a result, the thickness of thermal boundary layer in spacer-filled channel (A%) is less than
that in empty channel (A7) which allows the membrane surface temperatures to be closer to bulk
temperatures, shown in Fig.]. Temperature polarization is thus reduced, and mass fluxes are enhanced
due to larger difference of vapor pressures.

The expressions for the membrane surface temperatures was previously reported [8] as;

T, +T. T, -T
1 2 1 2
Hy<«——= > +kp| —=
T =Tf_

3)
1 (
he

T, +T. T, -T.
T, =Tp+ » (4)

The second terms of right hand sides of Eqs.(3) and (4) are the temperature polarization terms.
H, is vapor enthalpy evaluated at average membrane temperature ((T,+7T,)/2), kg is membrane thermal
conductivity, & is the membrane thickness, and hy and h, are heat transfer coefficients for feed and
permeate sides, respectively. For the spacer-filled channels, T, increases and T, decreases, but MD
coefficient remains unchanged for the same membrane. Therefore, flux equations and membrane

surface temperatures for spacer-filled channel are similar to those of empty channels, as the followings.

» = (P -3) 5)
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Egs.(5) — (7) can be used to calculate the heat transfer coefficients for spacer-filled channels

with the procedure shown in section 4.
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2.2 Heat transfer correlation for spacer-filled channel
Da Co§ta et al [3] obtained mass transfer coefficient for spacer-filled channels which can be

transformed to the heat transfer correlation by assuming an analogy between heat and mass transfer [5],

expressed as;

s 0.5
NUS = 0.664k o Re® ° pr°-33{ﬂJ (8)

Im

d -0.039 9 0.086
where k. =1.654(FfJ s°'75[sin[5D

The definition of Reynolds numbers for spacer-filled channel (Re®) is expressed by Eq.(9).

S A4S
Re® = u_dh_ (9)
v

The velocity of fluid passing through the spacers (u®) is increased since spacers provide lower

cross-section area, which is calculated by Eq.(10).

(10)

where spacer voidge (€) is the void volume available in spacer-filled channels, calculated by Eq.(11).

(31

o 11
2l _h_ sind (an
where hg, is spacer thickness, and d; is filament diameter.

Hydraulic diameter for spacer-filled (d%) [7] is defined in Eq.(12),.

s _ 4c
%= @ihy s - eX4/dr) (12)

A simple relationship between Nu® (the Nusselt number for spacer-filled channel) and Nujamina

(the Nusselt number for laminar flow in empty channel) from Eq.(8) is
Nu® = C"-ssll\lularninar (13)

where o is the spacer factor depending on spacer geometry and describes the spacer efficiency.




= = » S

[ W =

Eq.(13) can be used to correlate the heat transfer correlation for spacer-filled channels from

experimental results.

2.3 High mass transfer rate convection [9,10]

The heat and mass transfer analysis by boundary layer theory is generally based on the
assumption that the rates of mass transfer across the boundary layers are so small that they do not affect
the velocity, temperature, and concentration profiles. The result achieved from that assumption shows
that Nusselt or Sherwood number is a function of Reynolds and Prandlt or Schmidt number. However,
when the rates of mass transfer are high enough that they can distort the velocity, temperature, and
concentration profiles, friction factors, convective heat transfer coefficients and mass transfer
coefficients become dependent upon the rates of mass transfer [9,10]. Theoretically, high mass transfer
rates can either increase or decrease the transfer coefficients. Only heat and mass transfer coefficients
are focused in this work.

The basic equations for the heat and mass transfer coefficients are expressed by Egs.(14) and

{15).
Tb _Ts
(dc/dy)|

Here, T and C are temperature and concentration at various positions along the distant from the
surface; b and s refer to bulk and surface positions. K and h are mass and heat transfer coefficients, and
k and D are thermal conductivity and diffusivity, respectively. The above expressions state that heat and
mass transfer coefficients increase with the slopes of temperature and concentration profiles at the
surface. For low mass transfer rates, the temperature and concentration profiles from the laminar
boundary layer theory are in algebraic equations below [11].

T-T, _, 3y l[yT

-1_=2 7 —I

= 16
T.-T, 24, 2 (16)
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Ar and A- are thermal and concentration boundary laver thicknesses. and v 1s the distance from
the surface. Stince both Ar and A are the inverse function of Revnolds number, the boundan laver
thickness decreases with increasing flow rate. As a result. heat and mass transter coetlicients increase
due to the steeper slopes of the profiles. but the profile expressions do not change. The heat and mass
transfer coetficients for low mass transfer rate condition (hy and K;) are obtained by substituting
Eqs.{16) and (17) into Egs.(14) and (13). respectively.

The analysis of high mass transfer rates is based on the energy and mass balances in the

boundary lavers that are represented by Eq. (18) for heat transfer and Eq.(19) for mass transter [9.10].

d dT
Gl Tt-k% oo 18
dy[ ° dy} (19
d dc
9 3,c-pE -0 19
dy( v dv} ()

By integration twice with the boundary conditions y = 0 (at surface), T=T;orC=C;and y =
Aror Ac, T =T, or C = C,. the temperature and concentration profiles under the influence of high mass

transfer rates are:

T-T, exp(Cy/k)-1
T, -T

- il 20
o —T,  exp(dC,a, /K)-1 9
C-G _ exp{lyy /D) -1 20
C,-C, exp(yac/D)-1 -

Comparison of Eqs.(16) and (17) with Eqs.(20) and (21) shows that the profiles for low mass
transfer rates are in algebraic forms, whereas the profiles under high mass transfer rate condition, Eqs.
(20) and (21). are expressed in the exponential forms. By Eqs.(14) and (15). heat and mass transfer
coefticients for high mass ransfer rates (hy and Ky) are:

JC
hy, = E 22)

exp(JC,A; /K) -1

]
exp(Jyac /D) -1

KH=



The limits of Eqs.(22) and (23) as flux approaches zero (low mass transfer rates), are [9,10];

: k

_!'L[Eth:—AT:hL (24)
D

li =—=K 25

e =R )

Combination of Eq.(22) and Eq.(24), and of Eq.(23) and Eq.(25) yield the ratio of the transfer
coefficients under high mass transfer rates to those under low mass transfer rates (w1 and wc),

expressed by Eqs.(26) and (27).

h 1C, /h

yr=—t= P’ L (26)
hy exp(JC,/h )-1
K Iy /K

ve =8 v /Ky @7

Ki " ep(dy /KL )-1

wt and ¢ are correction factors which rectify the heat and mass transfer coefficients calculated
from the conventional Nusselt and Sherwood correlations when the effect of high mass transfer rates on
heat and mass transfer coefficients are regarded.

As mentioned previously, high mass transfer rates can increase or reduce the transfer
coefficients due to change of the slopes of the profiles (see Eqs.(14) and (15)). In the case that high
mass transfer rates increase the transfer coefficients (y+ and w¢ >1), there is the increase of the slopes
(of the profiles) and of the differences in temperatures or concentrations between bulk and surface.
Mathematically, the sign of mass flux in Eqs.(26) and (27) is minus for this situation. Based on theory
of high mass transfer rate convection described in [9,10], if there is removal of mass from the system
[9] or suction effect [10], the negative sign of flux is employed. On the other hand, the positive sign of
mass flux is used in in Eqs.(26) and (27) when the mass transfer lowers the transfer coefficients. For the
later case, there is the addition of mass into the system [9] or blowing effect [10]. Mass transfer
reduces the slopes of the profiles and also the temperature (or concentration) differences between the
membrane surface and bulk.

For MD, the influence of high mass transfer rates on heat transfer coefficient in hot feed
channel is demonstrated in Fig.2. The removal of energy due to mass fluxes lessens the membrane

surface temperature, and the slope of the temperature profile becomes steeper. Thus, the minus sign of



the mass fluxes is used to evaluate the effect of high mass transfer rates. From Eq. (26), the minimum
mass flux (Jmi, 1) that begins to affect the heat transfer coefficient can be estimated. yr approaches unity
when the ratio of JC, to hy is equal to 0.15. Hence, Ja1 can be expressed by;

0.15h,
CD

(28)

Jt‘nin,T =

The typical value of C, for water is 4,000 J/kg.K. By Eq.(28), Juua 1 1s 0.0375 kg/mz.s at hy =
1000 W/m” K (laminar flow) and is 0.375 kg/mz.s at hy = 10,000 W/m* K {(turbulent flow). From the
calculations, Jnnt 1s much higher than the maximum mass flux reported in [12 — 15]. Therefore, the
effect of high mass transfer rates on heat transfer coefficient is theoretically negligible.

High mass transfer rates in pressure-driven membrane processes such as reverse osmosis (RO)
and ultrafiltration (UF) can result in the large difference in concentration between bulk and surface and
steepen the slope of the concentration profile (see Fig.3). There is the removal of mass from the feed
side. Therefore, the high mass transfer rates enhance mass transfer coefficients (Ky > K.} for UF and
RO. As a result, the mass transfer coefficients evaluated from the convectional mass transfer correlation
are always lower than those obtained from the UF experiments due to the effect of high rates of mass
transfer. Similar to Eq.(28), the minimum mass flux that begin to affect mass transfer coefficient (Jpn )
is expressed below.

Jmine = 0.15K, 29)

The typical value of mass transfer coefficients for UF is 1.5x10° m/s (at Re = 1,000) [4,6], and
by Eq. (29) the Jync 1s equal to 2.25%107 m*/m’.s which is much lower than the typical fluxes reported
in UF [4,6], i.e. 1.4x107 m’/m*.s. Therefore, the mass transfer coefficient can be affected by the high

mass transfer rates.

3. Experimental

The DCMD experiments were carried out with empty channels under laminar flow conditions
and with 20 spacers different in hydrodynamic angles (0) and voidages (g) as summarized in Table 1.
All spacers were fabricated from cylindrical polypropylene rods with a diameter of 3 mm. The

fabrication procedure was mentioned in our previous work [8]. The average error of the fabrication was



less than 8 % (see Table 1). In all experiments the spacers exactly fitted in the flow channels in order to

minimize the leak or by-pass flow that can diminish the spacer performance.

Table 1. Spacer characteristics

Spacer Hydrodynamic Voidage Mesh size di:::g:::l(lécm)
Number angle (0) (e} () (mm) (mm)

] 0.39+8% 7.0+8% 1.3:8%
2 0.525+7% 9.0£8% 2.1x6%
3 45£7% 0.612+8%  11.0+8% 2.7+5%
4 0.695+7% 14.0+7% 3.5£5%
5 0.797+6% 21.0+£7% 4.8+4%
6 0.363+8% 5.018% 1.228%
7 0.468+7% 6.0x8% 1.7£6%
8 70+7% 0.5961£6% 8.0+7% 2.6x7%
9 0.709+6% 11.0+8% 3.715%
10 0.799+6% 16.0+7% 4.815%
11 0.41£8% 5.0+8% 1.418%
12 0.5£7% 6.0+8% 1.9+7%
13 90+5% 0.623+8%  8.0+7% 2.8+5%
14 0.697+7% 10.0£7% 3.5+4%
15 0.79915% 15.0%6% 4.8+4%
I6 0.42+8% 6.0+8% 1.5+7%
17 0.5+7% 7.0+8% 1.9+7%
18 12016% 0.613+5% 9.0+7% 2.717%
19 0.709+6% 12.0£8% 3.7t7%
20 0.80614% 18.0+6% 5.0+£7%

Note: Spacer thickness (H) = 5 +8% mm.

Pure water was used as feed and permeate solutions. The bulk feed temperatures ranging from
50 to 70 °C were employed with constant permeate temperature at 20 °C. The feed and permeate
streams arranged in parallel flow were driven by the peristaltic pumps into the top of the module. The
hot water bath and the cooler with digital temperature controllers were used to maintain the feed and

permeate solutions at the required temperatures.
The PVDF membranes used are namely, GVHP and HVHP provided by Millipore. Their

properties are reported in Table 2 [16,8]. The membrane module with square channels machined from



polymethyimethacrylate (PMMA) was held in vertical position. The channel dimensions are 50 mm for
width, 100 mm for length (L), and 5 mm for height with the effective membrane area of 5%107 m’. The

hydraulic diameter of the channel {dy) is 9.09x10” m.

Table 2. Membrane properties [16,8]

No. Membrane Pore size Thickness Porosity Km MD coefficient
(um) (pm) (¢)  (WmK) (kg/m’s.Pa)
| GVHP 0.22 126 0.62 0.041 3.459x107
2 HVHP 0.45 116 0.66 0.040 4.169x107

In this work, the heat transfer coefficients for spacer-filled channels for each side were kept
equal (h’r = h%)) by adjusting the flow rates of each flow channel. It is valid to assume that if the heat
transfer coefficients of empty channels of both sides are the same (h¢= h,), the heat transfer coefficients
for spacer-filled channels of both flow channels at same flow rates should be equal.(This assumption
was used for the calculation in section 4.) The required flow rates were then calculated from the
laminar flow heat transfer correlation previously shown [8], Eq.(30).

0.036RePr{(dy, /L)

amin ar 1+0.0011(RePr{d}, /L))O'B

(30)

The experimental conditions for empty and the spacer-filled channels were shown in Table 3.
The experimental conditions for spacer-filled channels were similar to those for empty channels except
that the spacers were filled into the flow channeis. Furthermore, the mass fluxes for both channel

conditions were measured so as to assess the spacer performance.



Table 3. Experimental conditions

Temperature (°C)

Flow rate (m'.s™)

Reynolds number
of empty channel

Heat transfer
coefficient for empry

Feed Permeate Feed Permeate Feed Permeate  channel (W.m':.}\'")
50 20 1.58x107  1.58x10° 1,039.2 5711

60 20 1.58x10° 1.58x10° 1.1482  571.1 1.054.3

70 20 1.50x10°  1.58x10° 13206  571.1

50 20 2.08x107  2.1x10° 13673 7615

60 20 2.08x10°  2.1x10°  1,594.7  761.5 1,281.9

70 20 2.08x10°  2.1x10°  1,834.1 7615

50 20 2.50x10°  2.63x10° 1,640.8 9519

60 20 2.50x107  2.63x10° 1,913.7 9519 1,498.9

70 20 2.42x10°  2.63x10° 2,127.6 9519

4. The procedure for evaluating heat transfer coefficients of spacer-filled channels.

Heat transfer coefficients for spacer-filled channels were evaluated from heat and mass transfer
expressions for spacer-filled channel, Eqs.(5)7). The data required for the calculations are the mass
fluxes for spacer-filled channels (J%), the membrane properties, thermodynamic properties for liquid and
vapor, and the bulk temperatures. The procedure of calculating the heat transfer coefficients is
comprised of two loops, i.e. inner and outer loops, displayed in Fig.4. The inner loop is used for
calculating the membrane surface temperatures from the assumed heat transfer coefficients of spacer-
filled channels. The outer loop is used to examine the assumed heat transfer coefficients by comparison
between the calculated and the experimental MD coefficients.

In the inner loop, the membrane surface temperatures (T, and T,) are first evaluated by Eqs.(31)

and (32).
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h3

(32)

The membrane temperature is approximated by average bulk temperature. N refers to the
number of reiteration and N = 0 for the first trial. The presence of number 2 in Eqs.(31) and (32) refer to
the equal significance of heat conduction (g.) and the heat transfer due to vapor flow (q.) [8]. T, and T,
from the first step are used in Eqs.(33) and (34) where the terms q. and g, are included.

JSHV{TIS,N + Tin }+ km[Tls'" - Tin J
2

S 5

(33)

Tzer+1 -_-Tp +

(34)

Tyn.y 1s determined from Ty by the expressions Eqs.(33) and (34). The calculations were
repeated until the difference between Ty and Ty, is less than 0.1%. The trans-membrane vapor pressure
(Pi — P;) was evaluated at T, and T, and was then used to evaluate the MD coefficient by Eq.(5).

In the outer loop, the MD coefficient is compared with experimental MD coefficient (C.). The
heat transfer coefficient will be assumed again if the calculated MD coefficient differs from the
measured MD coefficient over 0.1%. The measured MD coefficient for each membrane are available in
Table 2.

The calculated heat transfer coefficients for spacer-filled channels were correlated by multiple
linear regressions to obtain the heat transfer correlation for spacer-filled channels. Da Costa et al. [3]

suggested the following form of spacer factor {a°).

d -0.039
a5=a{ﬁf] f(6).f(c) (35)

f(0) and f(e) are the relationship between spacer factor and hydrodynamic angle and spacer

voidage, determined from the experiments. When spacer-filled channels are employed, Nujmna needs
minor adjustment. Re and dy in Eq.(30) were replaced by Re’and d; , respectively. In addition, channel

fength (L) was employed in the correlation instead of the mesh size (ln) [3] because the channel flow
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was found in spacer-filled channels and the bulk fluid flow did not follow a zigzag path as claimed in

{17]. The effect of all spacer geometries is included in spacer factor (a*).

5. Results and discussions
3.1 The enhancement of mass and hear transfer.

Mass fluxes are shown in Figs.5. At spacer voidage of approximately 0.6, the mass flux
enhancements were 30 — 62 % for the angle of 90°, 29 — 58 % for the angle of 70°, 23 — 48 % for the
angle of 120° and 11 — 36 % for the angle of 45°. Similar results were reported for UF [3]. The
optimum hydrodynamic angle obtained was therefore at 90°. Fig. 6 depicts the effect of spacer voidage
on the enhancement. The voidage of approximately 0.6 provided highest increase in mass fluxes for all
hydrodynamic angles. The effect of flow rates on flux enhancement (spacer efficiency) is displayed in
Fig.7. Lower flux enhancements were obtained with higher flow rates because the better heat transfer in
empty channels was obtained at higher flow rates. Thus, the role of spacers on heat and mass transfer
improvement fades away at higher flow rate where turbulent flow is approached. Similarly, the
influence of spacers on flux improvement becomes more evident at higher temperatures (Fig.8) where
temperature polarization coefficients were low. Therefore, spacers play the important role under the
operating conditions that provide poor heat transfer or high temperature polarization (low temperature
polarization coefficient). Similar situation was also found in UF process [18]. Flux enhancement in UF
process was observed more evidently in the high concentration polarization situation.

The heat transfer in feed and permeate streams control and also limits mass fluxes in MD. On
the other hand, most of UF processes are controlled by the mass transfer resistance due to concentration

polarization and fouling that are reduced by better fluid management or by spacers.

5.2 The heat transfer correlation

The heat transfer coefficients for each spacer and experimental condition were obtained from
the procedures described in section 3.1. Figs. 9 and 10 display the calculated heat transfer coefficients
of spacer-filled channels at maximum and minimum flow rates, respectively. Similar results were found

for medium flow rate. As shown in Fig.10, the maximum heat transfer coefficient obtained by this



study was 3,577.4 W/m’.K or 2.4 fold over empty channels for the equivalent condition. The heat
transfer coefﬁc\ients obtained were correlated with spacer characteristics by the multiple linear

regressions. The best-fitted curve (Eq.(36)) was achieved with the squared correction coefficient 0.985.

(36)

0.036Re® Pr{d® /L
Nus =a5[4.36+ r(dy /L) }

1+0.0011(Re* Pr(d} /L))"8

4. )00 2
where as =1_83(_Hf.J (sin(6))™* ex _4_0;[[|n[_5_ﬂ ]

{€x = 0.6 for this work)

The advantage of Eq.(36) over Eq.(8) is that the optimum spacer geometry can be dirsctly
observed from the expression of a’. Fig. 11 shows that temperature polarization coefficients (t°) for
spacer-filled channels (obtained from the calculation in Fig. 4). were increased by 30-40%. For
turbulent flow (Re >10,000) and laminar flow (Re < 2,100), the typical heat transfer coefficients are
approximately 10,000 and 1,500 W/m®K, respectively. Therefore, the flow characteristic in spacer-
filled channels for MD is likely to be the lower transition regime because the calculated heat transfer

coefficient for spacer-filled channels is only 3,577.4 W/m”.K (maximum).

5.3 The effect of high mass transfer rates in UF processes.

The reason for unusually high mass transfer coefficients in UF may be illustrated by theory of
high mass transfer rate convection. The effect of high mass transfer rates on mass transfer coefficients
in UF processes can be illustrated by the comparison between mass transfer coefficients calculated from
the conventional Sherwood correlation for laminar flow, Eq.(37), and the correlation obtained from UF
experiments, Eq.(38), summarized in Table 4 and shown in Fig. 12. The mass transfer coefficients for
the UF process included the effect of high mass transfer rates and were higher than those calculated by
the conventional mass transfer correlation for laminar flow by approximately 5 folds. Thus, the effect of
high mass transfer rates can be regarded as the possible reasons for unusually high mass transfer
coefficient in UF process.

The influence of high mass transfer rates in UF was also assessed by Eq. (27), displayed in

Fig.13. The comparison in Fig.13 reveals that the presence of high mass transfer rates increases the




mass transfer coefficients (upper line) by 12 times. However, the high mass transfer rate theory over
predicted the increase of mass transfer coefficients because only 4 times increase was found from the

experiment (lower line).

Table 4. Mass transfer correlations for empty channels and laminar flow condition.

Type Correlation Equation  References
d 0.5
Laminar flow Sh = 0.664Re %% 5¢0-33 [Th] 37) [19]
d 0.33
UF with empty channel Sh = 2.69Re%* 5032 (-LLJ (38) (4]

(at ¢ = 10 g/L for dextran)

Likewise, the friction factors which are used to calculate the pressure drop in UF can be
increased by the effect of high mass transfer rates for several folds. The relationship between pressure
drop and (flow rate)'” ' [4,6] was found and led to the conclusion of the presence of turbulent flow in
spacer-filled channels, although Reynolds numbers were lower than 2,100 [4,6].

Because of the high mass transfer effect in UF process, the heat transfer correlation for spacer-
filled channels achieved by the analogy (Eq.(9)) was also expected to provide very high heat transfer
coefficients. The comparisons between Eq.(9) and the heat transfer correlation from this work is shown
in Fig.14. The heat transfer coefficients from the analogy were approximately 2 times higher than those
obtained by this work.

Therefore, the effect of high mass transfer rates can be a possible reason for high values of
mass transfer coefficients and friction factors and for why the pressure drop and mass transfer in UF
with spacers was best described by the turbulent flow correlation [3] at low Reynolds numbers (Re <

2,100).

6. Conclusions



The performance of the spacers on the mass flux enhancement in DCMD was determined. The
maximum flux \enhancement was at 60% with optimum geometry at hydrodynamic angle of 90° and
voidage of 0.6. The heat transfer coefficients were evaluated and correlated with the spacer geometries
the angle and voidage. The correlation obtained can be used to evaluate heat transfer coefficients for
any spacer geometry. The increase of temperature polarization coefficients after the spacers are filled
into the channels meant that there was the improvement of heat transfer in the flow channels. In
addition, the effect of the spacers on mass flux enhancement became more important for the higher
polarization situation (poor heat transfer). In this work the net-type spacers possibly operated in the
lower transition regime.

The comparison of the mass transfer correlations showed that the influence of high mass
transfer rates on mass transfer coefficients in UF process was considerable. On the other hand, such
effect on heat transfer coefficients in DCMD was negligible, The analogy between heat transfer in MD
and mass transfer in UF may be invalid because of the presence of high mass transfer rates in UF
processes. Moreover, the difference of fluid flow in ultrafiltration and membrane distillation can be
explained by the theory of high mass transfer rate convection.

However, this work provided only the preliminary results in the effect of high mass transfer
rates on the transfer coefficients in UF and DCMD. Such effect may considerably raise the mass
transfer coefficient and friction factor due to a change of the velocity and concentration profiles. More
accurate simulation results from CFD [17,20] to visualize the fluid flow in UF with spacer-filled
channels can be achieved if theory of high mass transfer rate convection is included. The effect of high

mass transfer rates can be a new topic for membrane research.
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Nomenclature

a constant in Eq.(35)



C membrane distillation coefficient (kg.m?.s".Pa')

d¢  filament diameter (m)

d hydraulic diameter (m)

D diffusivity (m2.s™)

h heat transfer coefficient (W.m2.K™")

H spacer thickness (m)

H.{T} vapor enthalpy evaluated at temperature T
K mass transfer coefficient (m.s™)

J mass flux (kg.m?.s™)

J, volumetric flux (m3.m'2.s")

L channel length (m)

Nu Nusselt number

P vapor pressure (Pa)

Pr Prandlt number

Re Reynolds number

Sc Schmidt number

Sh Sherwood number

T temperature (K)

Greek letters

T temperature polarization coefficient

£ voidage

b membrane thickness

o’ spacer factor

Wyc correction factor for mass transfer coefficient
yr correction factor for heat transfer coefficient
6 hydrodynamic angle

Ac thickness of concentration boundary layer




Ar thickness of thermal boundary layer

Subscripts

1 membrane surface on feed side
2 membrane surface on permeate side
f feed

P permeate

v vapor

H high mass transfer rates

L low mass transfer rates
Superscript

3 spacer-filled channel
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