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Abstract

Expressions for the mass transfer resistances of all the physical domains composing the air-gap membrane distillation (AGMD) and direct contact
membrane distillation (DCMD) processes are developed and their absolute and relative effects are evaluated to improve the process understanding
and identify promising ways for its improvement. The resistances are computed based on the authors’ two-dimensional conjugate model in which
a simultaneous numerical solution of the momentum, energy and diffusion equations of the feed and cold solutions have been carried out, and
the results of which were validated in comparison with available experimental results. Some of the main conclusions are that: (1) the use and
examination of process domain mass transfer resistances is indeed an effective method for understanding the process and identifying ways to
improve it, (2) the air/vapor gap dominates the mass transfer resistances of the AGMD domains, and while increasing the air/vapor gap width
reduces the parasitic heat transfer by conduction, increasing the width beyond 2 mm has thus not improved the process thermal efficiency, (3) the
hot solution inlet temperature and the air gap width have by far the strongest effect on the domain mass transfer resistance, mainly as a consequence
of their effect on the air/vapor gap mass transfer resistance, (4) the inlet velocities of the hot and cold solutions have a small effect in AGMD,
where the effect of the hot solution velocity is the higher one, (5) the concentration of the solution has a slight effect on the process, (6) the material
used for the membrane should have a small thermal conductivity for a more efficient MD process and (7) efforts to minimize the mass transfer

resistance of the cold solution will have a relatively small effect on the permeate flux.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Membrane distillation (MD) for water desalination is a tech-
nique for separating water vapor from a liquid saline aqueous
solution by transport through the pores of hydrophobic mem-
branes, where the driving force is the vapor pressure difference
created by temperature difference across the membrane (cf. [1]).
A recent state of the art review of MD and assessment of the pro-
cess potential can be found in ref. [2].

The most common approach to modeling MD, as found in
the literature, was by assuming the process as one-dimensional
and applying empirical heat and mass transfer coefficients. In
this approach (cf. [3-8]), a semi-empirical model is developed,
in which the permeate flux is expressed in term of the bulk tem-
peratures of the hot and the cold fluids, and the thermal and
concentration effects are expressed in terms of simplified tem-
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perature and concentration “polarization” terms, determined,
alongside with the heat and mass transfer coefficients, empir-
ically.

A previous paper by the authors [9] presented a more
advanced transport analysis based on a two-dimensional con-
jugate model, in which a simultaneous numerical solution of
the momentum, energy and diffusion equations of the feed and
cold solutions have been carried out. The results were validated
in comparison with available experimental results. A sensitivity
analysis to the major process parameters was conducted and pro-
vided useful basic detailed information about the nature of the
process, and is helpful for process improvement and optimiza-
tion. The model, its method of solution, validation and major
results of both the velocity, temperature and concentration fields,
and of the performance parameters, are shown and described in
detail in ref. [9].

The analysis is extended here to a systematic evaluation of
the individual mass transfer resistances in the different process
domains, and their relative contributions to the total resistances,
as well as their sensitivity to the major process parameters. This
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Fig. 1. The AGMD model with the mass transfer resistances and interface labels.

method improves the understanding of the process, and is of
great help in identifying ways to improve it, as shown below.

For AGMD, the distillation process takes place in the domains
shown in Fig. 1, that are the hot solution (h), membrane (m),
air/vapor gap (g), condensate film (f), cooling plate (p) and the
cold fluid (c), and for DCMD the domains of g, f and p are
eliminated, so that the cold fluid is in direct contact with the
cold side of the membrane.

The major operating parameters include the inlet temperature
of the hot solution, T}, in the range 40—-80 °C, the inlet tempera-
ture of the cold solution, T¢;, in the range 5—45 °C, the concentra-
tion of the feed solution, wg;, in the range 20,000-50,000 ppm,
the inlet velocity of the hot (up;) and cold (i) solutions in the
range 0.1-0.3 m/s, the air gap width, &g, in the range 1-5 mm,
and the thermal conductivity of the membrane, kpy,, in the range
0.05-0.3Wm~! K~

2. Definition and evaluation of the mass transfer
resistances

Analogous to the heat flux resistances, we define here the
mass transfer resistances for each domain i of the AGMD pro-
cess. A mass transfer resistance, Rf\,h-, can be defined for a
domain i via a relationship of the type

AP;

T ey

/
Ry =
where J; is the vapor flux and AP; is the vapor pressure differ-
ence, across the ith domain, respectively.

Such a resistance for a domain i, R{W, is seen thus to be pro-
portional to the vapor pressure difference, across the ith domain,
AP;

Ry < AP, 2)

The value of AP; depends on the hot and cold liquid inlet
conditions, and to make the mass transfer resistance in the
analysis independent of these conditions, we scaled each mass

transfer resistance by the vapor pressure difference between the
flow-direction centerlines of the hot and cold solution chan-
nels, AP, = (Pch — Pcc), defining thereby a normalized (but not
dimensionless) mass transfer resistance of domain i as

AP Ry,
AP, AP’

3

RM,' X

To find the coefficient of proportionality in Eq. (3), Stefan’s
law is employed to model the permeate flux diffusion in the
membrane at any location x along the membrane,

Ji = Jm = KAPy, @)

where APy = Py — Prg 18 the water vapor pressure difference
across the membrane (the vapor transfer driving force) and K is
the permeability of the membrane, defined as (cf. [4])

eDy/aMy Pr

= (5)
X6m Py ayg RuTave,m

and where ¢ (porosity) and y (tortuosity), are membrane geom-
etry parameters, and

Thm + T;
Tavg,m = mfmg (6)

The driving force, alongside with Eq. (4) thus defines the
mass transfer resistance of the membrane, Ry, as

APy 1

=== ™
IJnA P, KAP.

RwMm
leading to the following general definition of the mass transfer
resistance for each of the domains:

1 AP

Ry = — —— 1
M= K AP, AP,

®)
The vapor pressures (P) needed in these AP; expressions
were calculated using the Antoine equation (cf. [10])

As
Thm + A3 '

where A =16.2620, A =3799.89 and A3 =226.85, Ty isin °C.
The validity of this equation was checked by comparison to the
steam tables, and was found to be accurate to better than 0.4%
within the 40-80 °C range studied in this paper. The effect of the
presence of the salt in the solution on the vapor pressure at the
hot surface of the membrane side was accounted for by using an
empirical correlation for the boiling point elevation in ref. [11].

The definitions of the mass transfer resistance for each
domain in light of Eq. (8), thus are:

The hot solution (domain 4, Fig. 1)

InP=A — 9

Rvh= ————r 10)

The membrane (m)

1 Phm — Prg

= — an
K APLAP,

Rvm
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The air/vapor gap (g)

I Pmg — Pyt
Rve = ————= 12
Me = K APLAP. (12)
The condensate film (f)
1 Py — P
Rpe = ~ et (13)
K APyAP,
The cooling plate (p)
1 pr — Ppc
Rvp=———— 14
Mp = K APLAP. (14)
The cold solution (c)
1 Py — P,
Rye = — 2= (15)
K APLAP,

The total mass transfer resistance between the hot and cold
solution centerlines is the sum of all the domain resistances, viz.

RmT = Rvh + Rvim + Rmg + Rmr + Rvp + Rme (16)

It is more instructive to evaluate the relative magnitudes (and
thus the importance) of each of the domain mass transfer resis-
tances, when normalized by the total mass transfer resistance.
We note, however, that in our sensitivity analysis, where we hold
all of the parameters at the base-case value, and vary one param-
eter at a time around its base-case value, the total mass transfer
resistances changes with the value of the variable parameter.
To make the results and comparisons clearer, we keep the nor-
malizing parameter constant during the variation of parameter
i at the maximal value of the total resistance for that parame-
ter, RMT,max, Within the range that we vary it. A domain mass
transfer resistance ratio is thus defined as

Rwvi

=M (17)
RMT,max

'™Mi
and provides not only an easy way to compare the different
mass transfer resistances for a given set of conditions, but also
a comparison for different conditions within the investigated
range.

A comparison of the physical domains common to DCMD
and AGMD is also made to quantify the importance of these
domains in each process, by using the ratio of the domain mass
transfer resistance to the total mass transfer resistance for that
process (Ruyi/Rvt). Since in Tables 1-4 below, we only display
the values of the three resistance ratios Ryn/Rmt, RMm/RMmT
and Rymc/Rmt that are common to both processes, the sum
> iRmi/Rwvr adds up to 1 for DCMD, but not for AGMD, as
the domain of AGMD includes also the vapor/air gap, film con-
densate and cooling plate that are additional to the displayed
domains.

3. Results and discussion
3.1. Range and conditions

The analysis is made for the inlet temperature of the feed
solution (7};) in the range 40-80°C computed at 5 °C incre-

Table 1

Comparison of the mass transfer resistances ratio of the hot, cold and membrane
domains of the AGMD and DCMD for different values of the hot solution inlet
temperature (7h;)

Ty (°O) 40 80

AGMD DCMD AGMD DCMD
Ryin/Rvr 0.08 0.39 0.31 0.64
Ryim/Rvr 0.08 0.41 0.08 0.21
Rve/Rmt 0.04 0.20 0.04 0.15
Ti=20°C, ws=0025 d,=0.002m, [,=02m, &,=4(10)"*m,

x=15 kn=02Wm™ 'K, £=078, 8;=2mm, k,=60Wm~!' K,
8p=(1.5)1073 m, uc; = 0.1 m/s (Re = 193), d; = 0.002 m.

Table 2

Comparison of the mass transfer resistances ratio (Ry;/Rvr) of the hot, cold and
membrane domains of the AGMD and DCMD for different values of the inlet
temperature of the cold solution (7¢;)

T (°C) 5 45

AGMD DCMD AGMD DCMD
Ryin/Rvr 0.28 0.62 0.21 0.52
Rmm/Rmt 0.06 0.28 0.10 0.18
Rve/Rmt 0.02 0.10 0.9 0.30

Thi =70°C, upi=0.1m/s (Rep =464), wgi=0.025, dy=0.002m, Iy =0.2m,
Sm=@®107*m, x=15, kn=02Wm 'K, £=078, §,=2mm,
ky=60Wm~! K=, §,=(1.5)1073 m, ui = 0.1 m/s (Re. = 193), d,. = 0.002 m.

Table 3
The ratio of the mass transfer resistance (Ry;) to the total mass transfer resistance
(Ry) for the domains common to AGMD and DCMD for up; = 0.1 and 0.3 m/s

up;i (m/s) 0.1 0.3

AGMD DCMD AGMD DCMD
Ryin/Rmt 0.25 0.59 0.18 0.47
Ryim/Rmrt 0.9 0.25 0.95 0.31
Ryvic/Rvt 0.04 0.16 0.04 0.22

Thi =70°C, Tei=20°C, uei=0.1m/s (Rec = 193), wg =0.025, dn=0.002m,
In=02m, 8m=@H10"*m, x=1.5, kn=02Wm~'K~!, £=0.78, §; =2mm,
ky=60Wm™' K1, 8, =(1.5)107% m, d = 0.002 m.

ments, hot solution inlet sodium chloride concentrations of
20,000-50,000 ppm at 5000 ppm increments, feed and cold solu-
tions inlet velocities (upj, uci) of 0.1-0.3 m/s (Rep =464-1393,
Re.=193-583), at 0.04 m/s increments, cooling solution inlet
temperatures (7¢;) of 545 °C at 5 °C increments, air/vapor gap

Table 4
The ratio of the mass transfer resistance (Ryy;) to the total mass transfer resistance
(Rym) for the domains common to AGMD and DCMD for u¢; = 0.1 and 0.3 m/s

Uci (m/s) 0.1 0.3

AGMD DCMD AGMD DCMD
Ryvin/Rmt 0.25 0.59 0.25 0.63
Rym/Rmt 0.9 0.25 0.9 0.275
Rvc/Rmt 0.06 0.16 0.025 0.095

Thi =70°C, Tei =20°C, up =0.1m/s (Rec = 193), wg =0.025, dy =0.002m,
In=02m, 8 =@10"4m, x=1.5, kn=02Wm ' K~!, £=0.78, §; =2 mm,
ky=60Wm~™! K=, §,=(1.5)10"3m, d. =0.002 m.
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Fig. 2. The influence of the hot inlet temperature (7};) on the mass transfer resistance ratios (ry;) of (a) the AGMD domains and (b) DCMD domains; up; =0.1 m/s
(Ren =464), w5 =0.025, dp=(2)1073m, [y =02m, §m =(H10™*m, x=1.5, kn =02Wm~' K1, £=0.78, 8; =(2)10 > m, k, =60 Wm~' K~!, §,=(1.5)10"3 m,

Tei =20°C, ue =0.1m/s (Ree = 193), de =(2)1073 m.

widths (8¢) of 1-5 mm at 1 mm increments, membrane thermal
conductivities (k) of 0.05-0.3Wm—' K~ ! at 0.05Wm~! K~!
increments, and membrane porosities (¢r,) of 0.74, 0.78 and
0.84.

3.2. The influence of the hot solution inlet temperature on
the individual mass transfer resistances

Fig. 2a shows the influence of T}; on the mass transfer resis-
tance ratios ryy; of the different AGMD domains defined in Fig. 1.
As Ty; is increased, the resistances of each domain decreases,
but because the air gap constitutes 78% of the total resistance
at Ty; =40 °C, the reduction of Ryjg dominates the reduction of
the total resistance. With T; held at 20 °C, as Ty,; was increased
from 40 to 80 °C: all ryj; have dropped, with the 1\ ¢ dropping
by 73%, rmm by 8.5%, rmn by 4.9%, rvic by 2.9% and the
film and plate resistances had no tangible contribution to the
total resistance. So at Tp; =80 °C, Ryg constitutes 50% of the
total resistance and Ry, constitutes 31% of the total resistance,
with the other resistances constitute 5% or less each. So at high
temperature the hot solution resistance becomes also important.

Fig. 2b shows the mass transfer resistance ratio (ryg;) of
DCMD as a function of the inlet temperature of the hot solu-
tion (Th;). Increasing the inlet temperature of the hot solution
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from Ty; =40 °C, to Ty =80 °C, reduces ryp by 24%, rvim by
36% and ryic by 16%. Thus, increasing the inlet temperature of
the hot solution reduces Ry, significantly.

Table 1 shows quantitative comparison of the resistances of
the common domains of AGMD and DCMD process. At low
Thi, for AGMD, Rmn, Rvm and Ry are relatively small and
the dominant resistance is that of the air gap (Rmg) as shown in
Fig. 2a, but in DCMD, Ry, is important even at low Tj;, and
becomes even more important for high Ty,;. Ry is roughly equal
to Rvn at low Ty, but as Ty,; becomes high, Ry, becomes the
largest mass transfer resistance. Ry is the least affected by Ty;.

One of the conclusions is that efforts to reduce Ry, in AGMD
at low Ty have a very small effect on the process, but they
are worthwhile at the higher values of T}; in both DCMD and
AGMD, with more room for improvement in DCMD.

3.3. The influence of the cold solution inlet temperature on
the individual mass transfer resistances

Fig. 3a shows the effect of T on the mass transfer resis-
tance ratios (ryg;) of the different AGMD domains. With Ty
held at 70°C, as T is decreased from 45 to 5°C: the rv
dropped by 30%; the mass transfer resistances of the hot and cold
solution (ryh and rvic, respectively) have a lower contribution
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Fig. 3. The influence of the cold inlet temperature (7;) on the mass transfer resistance ratios (ry;) of (a) the AGMD domains and (b) DCMD domains, T =70°C,
upi =0.1m/s (Ren=464), wyi =0.025, dh=(2)107°m, In=02m, Su=AH10"*m, x=15, kn=02Wm™'K™!, £=0.78, §,=(2)10°m , k=60 Wm ' K1,

8p=(1.5)1073m, ugi =0.1 m/s (Rec =193), dc =(2)10~> m.
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Fig. 4. The effect of the inlet concentration of the solution (w;s;) on the mass transfer resistance ratios (ry;) of the (a) AGMD and (b) DCMD domains, T4 =70°C,
upi =0.1m/s (Ren =464), dn =(2)1073m, In =0.2m, §n =(H)107* m, x=1.5, kn=02Wm K1, £=0.78, 8, =(2)103 m, k, =60 Wm~' K~!, §,=(1.5)10> m,

Tei =20°C, ue; =0.1m/s (Rec = 193), d. = (2)1073 m.

to RmT, and they drop by about 6.5% and 7.9%, respectively;
rvf drops by 3%, Rym by about 2% and rpp remains nearly
unaffected.

While the effect of T,; on the mass transfer resistance of the
cold solution is very slight in AGMD, it is much more signifi-
cant for DCMD. Fig. 3b shows the same effect but for DCMD
domains. Reducing the inlet temperature of the cold solution
(T¢i) from 45 to 5°C, reduces rye by 24%, rvn by 17% and
Mm by only 2%. Table 2 shows the ratio of the mass transfer
resistance (Ry;) to the total mass transfer resistance (RyT) for
AGMD and DCMD configuration at T; =5 and 45 °C. It can be
seen that Ry, is important at low T for both configurations.
But Ry becomes unimportant at low T¢;, so for both processes
it would be insensible to improve the process by minimizing
Ry, by say increasing the cold fluid velocity, when T¢; is low.

3.4. The influence of inlet concentration of the hot solution
on the domain mass transfer resistance ratios

Fig. 4a shows the effect of the hot solution inlet concentration
(wsj) on the mass transfer resistance ratios (ry;) of the differ-
ent AGMD domains. Increasing wg; from 20,000 to 50,000 ppm
causes only a 12% increases in 1y ¢, and 1.9% in ryy y, with the
other domain resistances practically unaffected.

Fig. 4b shows the same, for DCMD. The mass transfer resis-
tances of the hot, cold and membrane domains are practically
unaffected by the concentration of the hot solution (ws;) and their
share of the total resistance remain almost constant at about 57%,
28% and 15%. Therefore, it has no impact on J.

3.5. The influence of air/vapor gap width on the domain
mass transfer resistance ratios

The influence of 6 on the mass transfer resistance ratios of
the different AGMD domains is shown in Fig. 5. Consistent
with other results shown above, Ry is the major resistance and
practically the only one affected, where reduction of 6, from 5 to
I mmreduces ryg, by 62%. When the air gap is made smaller, the
thermal resistance and consequently the temperature difference
across the air gap decrease, thus lowering the partial pressure

across the air gap and consequently reducing the mass transfer
resistance of the air gap.

3.6. The influence of the hot solutions inlet velocity on the
domain mass transfer resistance ratios

The influence of the hot solution inlet velocity (upi) on the
mass transfer resistance ratios of the different AGMD domains
and DCMD is shown in Fig. 6a and b, respectively. Increasing
upi has more impact on Ry, of DCMD than on that of AGMD.
Increasing up; from 0.1 to 0.3 m/s reduces ry p by 9% for AGMD
and by 20% for DCMD. That is because in DCMD the Ry
fraction of Ryt is larger than that in AGMD, and as a result J
in DCMD indeed increased more than that in AGMD.

The other mass transfer resistances are almost unaffected; the
inlet velocity of the hot solution thus has an effect only on the
feedwater channel domain.
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Fig. 5. The domain mass transfer resistance ratios (ry;) as a function of the
air gap width. T =70°C, up; =0.1m/s (Rey =464), wg; =0.025, T; =20°C,
di=2)103m, [n=02m, Spn=H10"*m, x=1.5, kp=02Wm 'K,
e=0.78, 8,=(2)103m, kp=60Wm~'K~!, §,=(1.510"3m, uc;=0.1m/s
(Rec=193), d. =(2)103 m.
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The mass transfer resistance ratio of the domains common 3.7. The influence of the cold solutions inlet velocity on the
to AGMD and DCMD (i.e. hot solution, membrane and cold domain mass transfer resistance ratios
solution) at up; =0.1 and 0.3 m/s is shown in Table 3. It can be
seen that Ry, constitutes the largest mass transfer resistance at Fig. 7a shows the effect of the cold solution inlet veloc-
both velocities for DCMD, but for AGMD it constitutes only ity (u¢;) on the mass transfer resistance ratios of the different
18% of Ryt and its fraction grows as up; decreases (25% at AGMD domains: increasing u; from 0.1 to 0.3 m/s reduces the
upi =0.1). total resistance Rty by 3.4%, stemming mainly from the reduc-

1
— Iwn
0.8t — 7 mm
= g '
R
0.6 o _
. - - /o] LT s
E """ "Me ‘ =
0.4 0.2
o2p - S
_"-’i:')'_]E"’5A—A‘—A—777‘77ﬁ‘—‘7 ————— OO
0.05 0.1 0.15 0.2 0.25 0.3 0.05 0.1 0.15 0.2 0.25 0.3
(a) K, WM 1K1 (b) K, Wm 1K1

Fig. 8. The total mass transfer resistance ratio (ryr) as a function of the membrane material conductivity (km). Thi =70°C, upi=0.1m/s (Rep =464),
W =0.025,T;=20°C,dy = ()10 m, [ =0.2m, x=1.5,8m =410 m, £=0.78,8, = (2)10 > m, k, =60 Wm ™! K~1,§, =(1.5)107> m, uc; = 0.08 m/s (Re. = 193),
de=(2)1073 m.
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tion of Rme and Rwie, where ryg and v are reduced by 1.7%
and 1.5%, respectively. The other resistances are not practically
influenced by ug;. It is important to note that up; and u.; affect
mostly the resistance of their domains by reducing the boundary
layer thickness of their domains as shown in the fluid mechan-
ics and heat and mass transfer analysis in ref. [8]. The effect of
up; is larger than u; because the hot transfer resistance has a
larger share of Ryt than that of the cold solution, for example,
at upi =uci =0.1 m/s, Ry, is about 25% of Ryt and Ry is only
4%.

Fig. 7b shows the mass transfer resistance ratio (ryy;) of the
DCMD domains as a function of the inlet velocity of the cold
solution (ucj). Increasing the inlet velocity of the cold solution
from 0.1 to 0.3 m/s, reduces ryic by 7%, with the other resistances
being hardly affected for DCMD. Because the ratio of the cold
solution mass transfer resistance (Ryc) to the total mass transfer
resistance (Ryvt) is small, the increase of the fraction of Ry
and Ry of the total is also minimal as shown in Tables 3 and 4,
thus explaining the small impact of u¢; on J.

3.8. The influence of the membrane thermal conductivity
and porosity on the mass transfer resistance ratios

Almost the entire increases of ry is due to the increase of rvg
as shown in Fig. 8a. Increasing ky, from 0.05 to 0.3Wm~! K~!
causes vy to increase by about 48%, and rvp only by 1%. This
is because an increase in ky, causes the effective thermal conduc-
tivity of the membrane (solid + pores) to increase, thus reducing
the thermal resistance of the membrane, and consequently also
the temperature drop across it, and consequently raising the tem-
perature at the cold side of the membrane. This raises in turn the
mass transfer resistance of the air gap (Rw) because, by defini-
tion, Ry increases with the partial pressure at the cold side of
the membrane.

Fig. 8b shows the mass transfer resistance ratio (ryy;) of the
DCMD domains as a function of the thermal conductivity of
the membrane material (ky,). Lowering the thermal conductivity
of the membrane material (k) from 0.3 to 0.05Wm~ ! K~!,
causes ry to increase from 57% to 65%, and the cold and
membrane mass transfer resistances changes little with ky,. The
thermal conductivity of the membrane material (ky,) has more
significant affect on the total mass transfer resistance of AGMD
than on that of DCMD. For example, as stated earlier, for
£=0.74, as ky, is increased from 0.05 to 0.3Wm—' KL, ryr
increases by 49% for AGMD. The respective increase in ryt
for DCMD is only about 10%. This is reflected in the higher
impact of ky on J for AGMD than for DCMD as shown in
ref. [9].

Table 5 shows a comparison of the ryj; for the domains com-
mon to AGMD and DCMD for k;, =0.3 and k;, =0.05. It can
be seen that the hot solution and membrane domains have the
highest effect in AGMD.

4. Conclusions

The absolute and relative effects of all the physical domains
composing the air-gap membrane distillation (AGMD) and the

Table 5

The ratio of the mass transfer resistance (Ryy;) to the total mass transfer resis-
tance (Ryt) for the domains common to AGMD and DCMD for &, = 0.05 and
03Wm~ I K™!

ke (Wm™ 1K) 0.05 0.3

AGMD DCMD AGMD DCMD
Rvin/Rmr 0.33 0.56 0.19 0.60
Ryvim/Rvr 0.165 0.28 0.065 0.25
Ryve/Ryvt 0.055 0.16 0.027 0.15

Thi =70°C, Tei =20°C, upi =0.1m/s (Ren =464), wgi =0.025, dy=0.002m,
In=02m, 8n=#H10"*m, x=15, £=0.78, 8y =2mm, k, =60Wm~' K1,
8p=(1.5)1073m, uci = 0.1 m/s (Rec = 193), d. = 0.002 m.

direct contact membrane distillation processes, and of its dom-
inant variables, are analyzed by constructing expressions of the
domain mass transfer resistances and their evaluation. The resis-
tances are computed based on the authors’ two-dimensional
conjugate model in which a simultaneous numerical solution
of the momentum, energy and diffusion equations of the feed
and cold solutions have been carried out, and the results of
which were validated in comparison with available experimental
results. The following can be concluded:

e The use and examination of process domain mass transfer
resistances is an effective method for understanding the pro-
cess and identifying ways to improve it.

e The air/vapor gap dominates the mass transfer resistances of
the AGMD domains. The film condensate has nearly minimal
relative contribution to the total mass transfer resistance, and
the cooling plate mass transfer resistance is so small that it
can typically be ignored.

e The hot solution inlet temperature and the air gap width have
by far the strongest effect on the domain mass transfer resis-
tance, mainly as a consequence of their effect on the air/vapor
gap mass transfer resistance. Next in its effect is the cold solu-
tion inlet temperature.

e The inlet velocities of the hot and cold solutions have a “local”
effect; they affect the mass transfer resistance of their domain,
but because the mass transfer resistance of the hot solution in
the AGMD process constitutes a smaller fraction of the total
mass transfer resistance than in DCMD, increasing the inlet
velocity of the hot solution (up;) has more positive impact on
improving the DCMD process (i.e. increasing the permeate
flux and the process thermal efficiency).

e Efforts to reduce Ry in AGMD at low Ty have a very small
effect on the process, but they are worthwhile at the higher
values of T; in both DCMD and AGMD, with more room
for improvement in DCMD. For example, reducing Ry to
zero at Th =80 °C, increases the flux 2.77-fold for DCMD
and 1.45-fold for AGMD, whereas it increases the flux by
only 1.08-fold for AGMD at Tt,; =40 °C.

e In general, efforts to minimizing the mass transfer resistance
of the cold solution will have relatively small effect on the
permeate flux, because the mass transfer resistance of the
cold stream is small compared with the resistances of the
other domains. For example, at Ty; = 80 °C, the mass transfer
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resistance of the cold solution constitutes only 15% of the
total mass transfer resistance for DCMD, and just 4% for
AGMD.

While increasing the air/vapor gap width reduces the parasitic
heat transfer by conduction, it also increases the mass transfer
resistance of its domain and thus reduces the permeate flux.
As shown in ref. [8], increasing the width beyond 2 mm has
thus not improved the process thermal efficiency.

The concentration of the solution has a slight effect on the
process.

The material used for the membrane should have low thermal
conductivity for a more efficient MD process. Moreover, the
membrane thermal conductivity affects the AGMD mainly
by affecting its permeate flux, and affects DCMD mainly by
affecting its thermal efficiency.

Nomenclature

A1-Asz  see Eq. (9)

Dy/a diffusion coefficient of the vapor in the vapor/air
mixture (m?s~1)

dy half-width of the flow channel (m)

d, cooling plate thickness (m)

J membrane-length-averaged permeate flux at the
hot side of the membrane (kg m~'h)

K permeability of the membrane (s m™!)

k thermal conductivity (Wm~! K~1)

Im membrane length (m)

M molar mass (kg kmol~1)

m membrane

P vapor pressure (Pa)

R{W mass transfer resistance of the ith domain, Eq. (2)
(Nhy/kg)

Ry mass transfer resistance of the ith domain, Eq. (2)
(Nhy/kg)

RwmT total mass transfer resistance ((N h)/kg)
RMT,max Mmaximal total mass transfer resistance for param-

eter i (N h)/kg)

™i mass transfer resistance ratio of component i, Eq.
(17)

Ry universal gas constant (J/kmol/K)

T temperature (°C)

Uci the velocity at the inlet of the cold channel (m/s)

Ui the velocity at the inlet of the hot channel (m/s)

Wi mass fraction of NaCl at the inlet of the hot solu-
tion

Greek letters

AP water vapor pressure difference across a domain
(Pa)
thickness or width (m)
membrane porosity

Subscripts

a air

avg average

C cold solution

cc center of the cold channel

ch center of the hot channel

ci inlet of the cold channel

co outlet of the cold channel

f condensate film

fp condensate film/cooling plate interface
g vapor/air gap

of air gap/condensate film interface
h hot channel

hi inlet of the hot channel

hm hot channel/membrane interface
ho outlet of the hot channel

i ith domain

L latent

1 liquid water

M molar mass (kg kmol~1)

m membrane

mg membrane/air gap interface

P cooling plate

pc cooling plate/cold channel interface
S solution

T total

v vapor
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