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Abstract

In this paper the experimental results of counter current flow air gap membrane distillation experiments are presented and compared with
predictive model calculations. Measurements were carried out with acylindrical test module containing asingle hollow fibre membranein the
centre and awell-defined air gap situated around the fibre. The experimental results show that the previous developed predictive model, with
membrane parameters determined from gas permeation experiments, describes correctly the dependence of water vapour flux on temperature
level, temperature difference, air gap total pressure, hot water flow and membranetype. At atmospheric air gap pressure, the measured fluxes per
saturated water vapour pressure difference between the bulk flows (0.08-0.10 kg/m?h mbar) are comparable with those presented in literature.
A reduction of thetotal air gap pressure to the saturated water vapour pressure of the hot water feed flow temperature of 65°C, raises the flux
by afactor of three. Next to the water vapour flux, the energy efficiency of the processis very important. The measured energy efficiencies
(typically 85-90% for a3mm air gap and a hot water feed temperature of 65°C) are dightly below the theoretical values (95-98%), which
could be explained by a small heat loss to the surroundings. For air gaps of 1.5mm or smaller, the energy efficiency is reduced to less than
70%, due to thermal conduction across product water bridges between the membrane fibre and the condenser surface. An optimal air gap is
about 3mm wide and has atotal pressure that is equal to or slightly below the saturated water vapour pressure of the hot water entering the
hollow fibre membrane.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

For desalination of water three different membrane distil-
lation configurationsare used. In al casessalinefeed water is
brought into contact with ahydrophaobic micro-porous mem-
brane through which water vapour can diffuse and by which
liquid water is retained. In direct contact membrane distilla-
tion (DCMD) fresh water with alower temperature than the
salinefeed water isin direct contact with the membrane at the
permeateside[1-4]. Desalination takesplace aswater vapour
diffuses across the membrane as aresult of the water vapour
pressure difference. A drawback of this configuration is the

* Corresponding author. Tel.: +31 570 695 946; fax: +31 570 695 918.
E-mail addresscm.guijt@fcdf.nl (C.M. Guijt).

1383-5866/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.seppur.2004.09.016

heat loss due to heat conduction across the membrane. Air
gap membrane distillation (AGMD) uses a cold condenser
wall placed at a short distance from the membrane at the
permeate side [1,5-7]. The air gap functions as athermal in-
sulation between membrane and condenser wall. However,
it is also an extra resistance towards mass transfer, so that
AGMD generally results in lower fluxes than DCMD. Fi-
nally, in vacuum membrane distillation (VMD) the permeate
spaceisevacuated and the water vapour is condensed outside
the membrane module[8,9]. Thisresultsin higher fluxes, but
higher value energy is needed to keep the permeate space
evacuated.

The technique that is the subject of this study is based
on AGMD (see Fig. 1). Cold seawater feed flows through a
condenser tube with non-permeable hydrophilic walls via a
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Nomenclature

Amodule  outer module surface between cold water en-
trance and exit (m?)

Cpwm  heat capacity of liquid water (JkgK)

dog air gap thickness (m)

E energy efficiency as defined by Eq. (2) (%)

Eevap  latent heat of evaporation of product flow (J)

AE:  energy change of the cold water flow during a
membrane distillation experiment (W)

AEccor energy changeof the cold water flow corrected
for heat loss to the surroundings (W)

AE¢no aT energy change of the cold water flow in case
of no temperature difference between hot and
cold water flow, energy loss (W)

AHygp average heat of evaporation (Jkg)

J water vapour flux with respect to outer mem-
brane radius (kg/m?s)

L effective fibre length (m)

m mass flow rate (kg/s)

pO(T)  saturated water vapour pressure of temperature
T (Pa)

Pag air gap total pressure (Pa)
Apyw  Saturated water vapour pressure difference be-
tween hot and cold water bulk temperatures

(Pa)

ra outer membrane radius at membrane—air gap
interface (m)

rs outer air gap radius at air gap—product water
interface (m)

rq condenser radius at product water—condenser
interface (m)

R relative resistance towards water vapour trans-
port

Re Reynolds number

T temperature (°C)

AT temperature difference between hot and cold
water flow (°C)

Subscripts

av averaged over module length

bottom at module bottom

c cold water flow

h hot water flow

in at flow entrance

top at module top

heater into a micro-porous hydrophobic hollow fibre mem-
branein counter current mode. In thisway the heat of evapo-
ration from the vapour leaving the membrane is recovered
like in multi stage flash evaporation. The tubes are sepa-
rated by a gap from which non-condensable gases can be
(partly) removed. This results in the advantageous energetic

i
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Fig. 1. Schematic presentation of AGMD in counter current flow
configuration.

efficiency of AGMD while minimising the drawback of the
extra resistance to mass transfer of the air gap. Although
amost all AGMD studies have been carried out with flat
sheet membranes [1,6,10-16], hollow fibres were preferred
in this study. Hollow fibre modules have a simpler construc-
tion, while the heat transfer coefficient inside hollow fibre
membranes is comparable to that of flat sheet membranes
with well-designed spacers[17,18].

Theobjectiveof thisstudy isto formulate criteriafor max-
imum water vapour flux and energy efficiency of a process
according to Fig. 1, since these are the two most important
indicators for module performance in desalination by mem-
brane distillation. Depending on air gap width, membrane
type, and operating temperature, calculations claim theoret-
ical energy efficiencies between 70% and 99% for AGMD
[6,12,20]. This means that 70 to 99% of the energy drop of
the hot water flow is used for evaporation of water and that
1-30% is lost by heat conduction across the membrane and
theair gap. Comparedto DCMD, AGM D should be consider-
ably more energy efficient, especialy at lower temperatures.
For constant temperature difference between the hot and cold
water flow, reducing the temperature level resultsin alower
saturated water vapour pressure difference between the hot
and the cold water flow Apy. Since this water vapour pres-
sure difference is the driving force for vapour transport, the
vapour flux decreases at decreasing temperature. For con-
stant temperature difference the heat conduction remainsthe
same, resulting in lower energy efficiency at lower tempera-
tures. Thisnegative effect isstronger for DCMD, becausethe
conductive heat flow is relatively larger. Although the high
potential energy efficiency of AGMD is often mentioned, lit-
tle attention has been paid to measuring energy efficienciesin
experiments so far. The only study known to usis of Kubota
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Fig. 2. Fluxes per water vapour pressure difference of bulk flows as afunc-
tion of air gap width at atmospheric pressure for flat sheet membranes ob-
tained from literature.

et al. who measured energy efficiencies of below 50% [5],
which is much lower than expected.

As mentioned earlier, the major drawback of the air gap
isthat it gives an extraresistance to mass transfer, which can
for example result in eight times lower fluxes for a 5mm
air gap compared to DCMD under similar circumstances[1].
Fig. 2 provides a literature overview of fluxes obtained so
far in flat sheet AGMD. The vertical axis shows the flux in
(kg/m2h) divided by the driving force Apy in (mbar). Glob-
aly two lines, for different modules, can be distinguished
between which the flux per driving force differs by a factor
of 4 for large air gaps, which decreases to a difference of
afactor of 2 for small air gaps. The results clearly demon-
strate that the fluxes increase considerably by decreasing the
air gap width. Jonsson et a. calculated that the optimal air
gap widthis 0.2 mm, resulting in large water vapour flux and
low energy loss[20]. However, the practical value of thisair
gap width has never been tested and one can imagine that the
condensed water vapour has not enough spaceina0.2mmair
gap.

Next to reduction of the air gap width, reducing the air
gap pressureis another method to increase vapour flux. Fane
et a. suggested remova of air from the membrane pores
in DCMD in order to increase the water vapour flux [21].
Gostoli and Sarti showed that decreasing the air gap pressure
from 1000 to 400 mbar increased the flux with a factor 2.4
[16]. However, sincethey carried out their measurementswith
a 10mm air gap (see Fig. 2) the flux remained relatively
low.

The process and module parameters influencing water
vapour flux and energy efficiency are the temperature dif-
ference between hot and cold water flow, water temperature
level, water flow velocities, air gap pressure, air gap width,
and membrane type. In a previous paper [19] we have pre-
sented apredictive model that has been devel oped to evaluate
theinfluence of those parameters on the modul e performance
for the process shown in Fig. 1. In the present study that
model is validated with experiments. The obtained experi-
mental results, supported by interpretation according to the
model, are used as the basis for the formulation of module

optimisation criteria with respect to water vapour flux and
energy efficiency.

2. Experimental methods
2.1. Experimental set-up

In order to obtain a well defined air gap, modules were
used containing only one single hollow fibre membrane po-
sitioned in the centre of the concentric annulus for the cold
water flow. Asaconsequencethe membrane areasusedinthe
present study arerelatively small: 3.5-8.3cm? for fibreswith
alength of 29.5 cm, whilein similar studiesreportedinlitera-
turefor flat sheet membranes, areas of 19-520 cm? [6,10-16]
and even 1.9-2.9m? [5] were used. This small membrane
area results in low mass and energy flows, which make ad-
ditional demands on the accuracy of measuring instruments
and controls in the experimental set-up.

The experimental set-up is schematically depicted in
Fig. 3. The demineralised water in the hot and cold feed
tanks was thermostated with a Julabo F32 thermostat bath,
which maintained a constant temperature within 0.04°C in
the feed tanks. The circulation pumps for both water flows
wereVerdergear 1000 digit gear-wheel pumpswith amicrop-
ump model 186-000 pump head, which was able to generate
low mass flows, down to 0.3kg/h, with negligible pulsation.

The hot water flow, ranging from 0.3 to 1.4kg/h, was
pumped from the feed tank to the module top where it en-
tered the hollow fibre membrane. The hot water mass flow
was measured after the bottom exit of the module by an Elite
CMFO10M coriolisflow meter with an error between 0.4 and
1% and returned to the hot water feed tank. The cold water
flow, ranging from 1 to 20kg/h, was pumped from the feed
tank to the bottom of the module where it entered the con-
centric annulus around the membrane fibre. The cold water
mass flow was measured after the top exit of the module by
a Brooks flowmate L SN40 with an error of around 2% and
returned to the cold water feed tank.

Insulation of the feed channel s proved insufficient for con-
trolling thetemperatures of theflowsat the modul e entrances.
Therefore, two heating wires were mounted along the flow
channelsfrom feed tank to modul e, enabling regul ation of the
entrance temperature of the water flows within 0.3°C. The
temperaturesat all module entrancesand exitswere measured
with 4-wire pt100's. After calibration their mutual deviation
was lessthan 0.03 °C. The flow temperatures were measured
as close to the module as possible, as shown in Fig. 4. The
measurement signal s of all temperature sensorsand both flow
meters were collected with a Keithley 2700 multimeter and
stored by apc at 1 minintervals.

The product water, which condensed on the inner wall
of the concentric annulus around the membrane fibre, was
collected in a measurement cylinder below the membrane
module of which the level was read every 10-15min. By
conducting steady state experiments at least for one hour,
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Fig. 3. Counter current flow AGMD setup.

the average value of the product flow, ranging from 2.5 to
12 ml/h, could be measured with an error of 1-4%.
Themoduleair gap and the hot water feed tank were evac-
uated with a Vacuubrand MZ C2 membrane vacuum pump.
Because the modul e was not completely air tight, the vacuum
pump had to remain turned on during operation to maintain a
constant pressure. Theaeration valve onthe pump wasusedto
regulatethe vacuum pressure. The vacuum pressurewas mea-
sured with an Ebro vacumeter VM 1500 that has an error of
0.4% at atmospheric pressureincreasing to 1.3% at 100 mbar.
By evacuatingtheair gap viathe product water outlet, thevac-
uum pump helped the product water flowing down thus pre-
venting product water accumulation in the module. Although
not strictly necessary, the hot feed water tank was also evac-
uated in order to reduce the possibility of membrane wetting
induced by pressure differences across the membrane.

2.2. Modules and membranes

Fig. 4 shows some details of the membrane distillation
module. The module body was made of stainless steel, which
isaconvenient construction material because of itshigh ther-
mal conductivity, hydrophilic behaviour and resistance to

corrosion in demineralised water. Polyoxymethylene (POM)
connection parts holding the membrane were screwed in the
module body. These plastic parts formed a heat conduction
barrier between the hot and the cold water flow. The hollow
fibre membrane was fixed precisaly in the middle of the air
gap by gluing it in the connection parts with polyurethane
resin (PUR). To prevent evaporation in the module top and
bottom, the first and last two centimetre of the fibre were
covered with PUR. The effective fibre length for evapora-
tion was, therefore, 29.5cm. At the module bottom, the free
space between the connection part and the product water out-
let was filled with PUR so that the product water could not
accumulate there. A cotton thread was placed with one end
in the bottom of the module and the other end in the top of
the product water measurement cylinder in order to facilitate
the product water flow across several connections on its way
down.

For the measurements four modul eswere used, which dif-
fer only in diameter. By using modules with different diame-
terstheair gap width, whichistheinner condenser surfacera-
dius minus the outer membranefibreradius, isvaried. Values
for theinner condenser surface radius (r4) of al modules are
listed in Table 1. The membranefibres used aretwo polyethy-
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Fig. 4. Details of configuration for top and bottom of the module with condenser radius (r4) of 3mm.

Table 1
Air gap widthsin (mm) for studied combinations of module and membrane
fibre

Moduler4/10-23 (m) 3.00 2.00 1.00 0.75
Membrane fibre

PE VA12 2.73 1.73 0.73 0.48
PE FA16 2.81 - - —
UPE test 2.55 - - -

lenefibresof Mitsubishi: EHF540VA-12 and EHF270FA- 16,
abbreviated to PE VA12 and PE FA16 in this paper, and one
ultra high density polyethylenetest fibre of Millipore, called
UPE test. The most important properties of these fibres are
listed in Table 2 , while more detailed mass transport proper-
ties have been presented in a previous paper [19]. The result-
ing air gaps for the studied combinations of membrane type
and module are listed in Table 1. Pieces of membrane fibre
could only be used once in amodule, because removal of the
fibre from the module led to the destruction of the fibre. The
piece of fibre used in aparticular experiment isindicated by
the number behind the fibre name.

Table 2
Membrane properties

Membrane Outer radius/

Wall thickness/  Porosity Average pore

fibre (108 (m))  (10°8 (m)) size/(10-6 (m))
PEVAI2 270 % 077 018
PEFA16 190 55 070 021
UPEtest 450 250 057 026

2.3. Measurement conditions

Table 3 shows an overview of the experiments carried out.
The temperature difference between hot and cold water flow
at the module top (ATiop) was varied between 3 and 15°C,
with 10°C as reference value when temperatures were not
varied. The entrance temperature ranges of the hot and cold
water flow (Th,in and T¢,in) were 40-70°C and 30-60°C, re-
spectively, with 65 and 55°C as reference values. The mass
flow rate of the hot water flow (my) was varied between 0.6
and 1.3kg/h. The air gap pressure (Pyg) ranged from the sat-
urated water vapour pressure of the hot water flow (250 mbar
for Th,in equals 65 °C) to atmospheric pressure, with 50 mbar
above the saturated water vapour pressure of the hot water
flow at the membrane fibre entrance as reference pressure.
The membrane types and air gap widths (dag) used are listed
in Table 1, the largest module (r4 =3.00 mm) and fibre type
PE VA 12 were chosen as references.

No measurements were carried out at different cold wa-
ter flow rates, because the modules used are unsuitable for
measuring its influence. Since the condenser surfaceisrela
tively large, the cold water has a relatively small resistance
to heat transfer. Changing the cold water flow over the max-
imal range, could give a water vapour flux variation of at
most 7% [22]. The reference cold water mass flow rate (mg)
was 20kg/h, which is relatively high. As a conseguence of
that the cold water flow changed only dlightly in tempera-
ture, about 0.2 °C, and functioned as additional module heat
insulation.
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Table3
Overview of measurement conditions
Series Module (r4 (mm)) Membrane Thin (°C) Tein (°C) my (kg/h) Renay me (kag/h) Pag (mbar)
No. Variable
A ATiop 3.00 PE VA12-6 65 50-62 1.3(T) 2900 20 300
B Th, Tc 3.00 PE VA12-11 40-70 30-60 1.0(L) 14002000 20 120-370
C n% 3.00 PE VA12-6 65 55 0.6-1.3 12002900 20 300
D1 Payg 3.00 PE VA12-6 65 55 1.3(T) 2900 20 250-1000
D2 Py 3.00 PE VA12-11 65 55 0.9(L) 2000 20 250-1000
E Membr. 3.00 PE VA12-6,-11 65 55 0.9(L) 2000 20 300

UPE test 65 55 1.0(L) 2000 20 300

PE FA16 55 45 0.4 (L) 1000 20 210
F Oag 0.75-3.00 PE VA 125x 65 55 1.0(L) 2000 0.9 300

L: laminar flow; T: turbulent flow.
3. Results and discussion

All calculation results presented in this section were ob-
tained by simulationswith themodel presentedin[19] carried
out with gPROM S, a software product from Process Systems
EnterpriseLtd. Withinthistool all model equationsaresolved
simultaneousdly, so thereis no need for manual iteration pro-
cedures. For each calculation, values at themoduletop for the
hot water mass flow and temperature, the cold water temper-
ature, and the product water mass flow (=0) and temperature
(just an estimated value to get the program running) were
entered. Furthermore, total air gap pressure, and membrane
and module properties had to be defined in each case.

3.1. Temperature influence on module performance

Theresultsfor the variable temperature difference and the
variabletemperaturelevel seriesaregiveninFigs. 5-7. Fig. 5
showsthe measured and cal cul ated average water vapour flux
asafunction of theaveragedriving force Apw av, thelogarith-
mic mean of the differencein saturated water vapour pressure
p\(,]v of the bulk temperatures of the hot and cold water flow
T and T at the module top and the modul e bottom:

_ [P%(Th,top) - P\%(Tc,top)] - [P%(Th,bottom) - P%(Tc,bottom)]

Because the temperature of the hot water flow decreases
with 2—6°C, and the cold water flow remains almost at the
same temperature, the driving force changes along the mod-
ule. Calculations show that the | ogarithmic mean of the mod-
ule top and module bottom driving force equals the overall
mean driving force along the module. The average driving
force Apw,as increases with increasing temperature differ-
ence (series A), and also with increasing temperature level
and constant temperature difference (series B), because the
saturated water vapour pressure increases exponentially with
temperature. Thetrends of flux increasewith increasing driv-
ing force are predicted well by the model in both cases. The
reason why for series A the flux increases much steeper at
high driving force compared to series B is that series A was
carried out with turbulent flow and series B with laminar flow,
asis further explained in the next sub-section. Furthermore,
inseriesA themodel predictsal3% lower flux than measured
throughout the entire range, while in series B the predicted
flux is 8% higher than measured, the cause of which will be
discussed in Section 3.4.

The energy efficiency E is (%), shown in Figs. 6 and 7,
is defined as the percentage of the decrease in energy con-
tent of the hot water flow that is used for evaporation,

Apwav = 1)
v m(P\%(Th,top) - P\%(Tc,top)/ I’\%(Th,bottom) - I’\%(Tc,bottom))
25 R
20 ¢ _~ | ¢ Experiments A see Eq. (2).
/ tFl‘eréJEI)%r(l)t flow
= e
‘€ 15 o —Model prediction A E = Ja\/ZﬂrzLAHvap 100% 2
ks %_.-—"’K X mu(Th,in — Th,out) Cpwi
= 10 i
5 / K e B In this equation Ja is the average flux with respect to
5 V4 Re 1400-2000 the outer membrane surface in (kg/m?s), ro the outer mem-
"=~ Model prediction B brane radiusin (m), L the effective membrane length in (m),
O T T T T I -
0 20 20 o0 8 100 AHygp the heat of evaporation for the average hot water tem

APw.av (mbar)

Fig. 5. Measured and predicted fluxes at variable driving force, series A
(Thin=65°C, ATigp =3-15°C, Py =300 mbar), series B (Th,in =30-70°C,
ATiop=10°C, Pog = pO(Th,in) + 50 mbar).

perature in (Jkg), my the hot water mass flow in (kg/s),
Thiin @and Thout are the hot water temperatures at the mem-
brane entrance and exit in (K), and Cpy the liquid water
heat capacity in (J/kg K). Fig. 6 shows the measured and cal-
culated energy efficiency at various temperature differences
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Fig. 6. Measured and predicted energy efficiency at variable temperature
difference, series A (Thin =65°C, ATiop =3-15°C, Pag =300 mbar).

and constant hot water temperature of 65°C (series A). The
measured energy efficiencies are below the theoretical ones,
which can be explained by heat losses to the surroundings
[22]. Because the current module design leads to low mass
and energy flows, the heat loss to the surroundings is rela
tively large, despite of thorough thermal insulation. It is ex-
pected that higher efficiencies, approaching the theoretical
ones, can be reached with larger modules. The lower mea-
sured energy efficiency for temperature differences below
5°C can be explained by the lower resulting water vapour
flux, so that the heat loss to the surroundings is relatively
more important. For higher fluxes the energy efficiency is
around 84%, which is much higher than the 50% measured
by Kubota et a. [5]. Fig. 7 shows that the energy efficien-
cies obtained at various temperature levels (series B) are
around 89%, which is high. The predicted energy efficiency
decreases with decreasing temperature level as explained in
the introduction. This trend cannot be observed for the mea-
surements, which can be largely explained by the fact that
heat loss to the surroundings at 40°C is far less than at
70°C. The reduced heat loss to the surroundings at lower
temperature has a positive effect on the measured energy ef-
ficiency.

100

90
4
1>

0.4
=
<
E
£ 03 ) & Experiments C
g * ® - 3?' .="
[ ——Model prediction C
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Fig. 8. Measured and calculated flux per driving force with variable hot
water flow, series C (Th =65°C, ATigp =10°C, Pag =300 mbar).

3.2. Influence of hot water mass flow rate on module
performance

Fig. 8 showsthe average flux per average driving force as
function of the hot water flow Reynolds number (series C).
LikeinseriesA the predicted valuesare about 15% | ower than
measured, which will be discussed in Section 3.4. Around
Reynolds equals 2750, a change from laminar to turbulent
flow can be observed. Model calculations show that the en-
hanced heat transport in the hot water flow channel due to
turbulent flow, results in a 20% larger effective temperature
difference (the temperature difference across membrane and
air gap). The sameincreaseis measured for the water vapour
flux per driving force. This flux increaseisin line with mea-
surements of Banat and Simandl [6,15] who observed flux
increases of 10-20% between Re 2500 and Re 3000. Theen-
ergy efficiencies of our measurement series C range from 85
to 95%.

3.3. Influence of air gap pressure on module
performance

In Fig. 9 the observed fluxes per driving force for vari-
able air gap pressure are presented. The flux (with respect to

0.4

& Experiments D1
turbulent flow
. Re 2900

— Model prediction

0.3

E(%)
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¢ Experiments B
— Model prediction B
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Fig. 7. Measured and predicted energy efficiency at variable tempera-
ture level, series B (Thin=30-70°C, ATip=10°C, Pag= pQ(Thin) +
50 mbar).

Fig. 9. Measured and calculated flux per driving force at variable
air gap total pressure, series D1 and D2 (Thjn=65°C, ATip=10°C,
Pag = 250-1000 mbar).
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air gap total pressure, for measurement series D1.

the outer membrane surface) per driving force at atmospheric
pressure is around 0.1 kg/m2h mbar. For a comparison with
the fluxes presented in Fig. 2, the cylindrical shape of the
air gap must be taken into account. Although the cylindrica
air gapisrather largein thisexperiment (r3—>=2.73mm), a
flat air gap with the same resistance to mass transfer is only
0.7mm (r2In(r3/r2)). This means that the obtained fluxes at
atmospheric pressure are in line with the fluxes earlier pre-
sented in literature [10,14]. Reducing the air gap pressure
from 1000 to 370 mbar givesaflux increase by afactor of 2.1
for laminar flow and afactor of 2.5 for turbulent flow, which
iscomparable with theincreased fluxes found by Gostoli and
Sarti [16]. Reduction of the air gap pressure to the saturated
water vapour pressure of the hot water flow entering the mod-
ule (250mbar in Fig. 9) gives a flux increase by a factor of
2.5-3 compared to atmospheric pressure. It is concluded that
theflux dependency onair gap pressureis predicted correctly
by the model.

An important conclusion that can be made on basis of
model predictions is that the air gap total pressure can be
lowered beneath the saturated water vapour pressure of the
hot water flow without boiling of the hot water flow. Calcu-
lations show that for a (turbulent) hot water flow of 65°C,
which has a water vapour saturation pressure of 250 mbar,
thereisstill someair present at the hot water surfaceif theair
gap total pressureis 200 mbar. Thisis dueto atotal pressure
difference across the membrane at lower pressures. When
the air gap pressure is reduced by 50 mbar, an additional in-
crease in flux per driving force of almost 20% is calculated.
However, the experimental set-up did not allow experimental
confirmation of this flux increase, because the feed tank and
the module were evacuated by the same vacuum pump.

Furthermore, the model can calculate the dependence of
the resistance to water vapour transport on the total air gap
pressure for the membrane ((pw,1 — Pw,2)av/Jav) and the air
gap ((Pw2 — Pw,3)av/Jav) Separately, see Fig. 10. At pressures
bel ow 200 mbar almost no air is present in the membrane and
the air gap, and the membrane matrix is the most important
resistance to mass transfer. With increasing pressure both
air gap and membrane resistance increases linearly, as ex-
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Fig. 11. Measured and predicted energy efficiency at variable air gap pres-
sure, series D1 and D2 (Thin =65°C, ATiop =10°C, Py = 250-1000 mbear).

pected. Theair gap resistanceincreaseis steeper, because the
air gap is thicker than the membrane. Theratio of the effec-
tivethicknessof air gap and membrane, In(ra/r2):K1In(ra/r1),
with K1 the molecular diffusion membrane morphology pa-
rameter [19], is 2.4, which equals the ratio of the slopes of
thelinesin Fig. 10.

Fig. 11 shows the obtained energy efficiencies at vari-
ous air gap pressures. The theoretical efficiency is reduced
with increasing air gap pressure, because of a reduction in
water vapour flux and an increase in conductive heat loss,
since air is a better heat conductor than water vapour. The
measured efficiencies, although quite scattered, show a ten-
dency to decrease with increasing pressure even more than
expected. This is the result of heat losses to the surround-
ings, which become relatively moreimportant at lower water
vapour fluxes.

3.4. Membrane influence on module performance

For membranes PE VA 12 and UPE test the standard en-
trance temperatures of 65 °C for the hot water flow and 55°C
for the cold water flow were used. However, for the PE FA16
fibre 10°C lower temperature levels were used, because in
thisfibre hot water mass flow ratestendsto decrease for tem-
peratures above 55 °C, probably due to swelling of the PUR
resin. Since the PE FA16 fibre is very thin it generates a
relatively large pressure drop. In order to measure with an
acceptable hot water flow, it was decided to measure at |ower
temperature levels.

The comparison between experimental and model results
for different membranesisshowninFig. 12. Themodel shows
avery good agreement with PE VA12-11, UPE test and PE
FA 16, with deviations between —7.5 and +4.3%. This proves
that the model parameters obtained with N2 and CO» per-
meation experiments are suitable for predictive modelling
of membrane distillation, and that the interaction of water
vapour with the membraneis not much different from that of
N> and CO,. Of course the first conclusion only holds pro-
vided that the membrane fibres are sufficiently homogeneous
(inlength direction), which wasdemonstrated for thefibres of
this study with the gas permeation experimental results[19].
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Fig. 12. Measured and calculated flux per driving force for different mem-
brane fibres, series E (Thjin=55-65°C, ATiop=10°C, Pog = p&(Thin) +
50 mbar). PE VA12-6 and PE VA12-11 are different pieces of the same PE
VA12 fibre.

The reason for the relatively large deviation of PE VA12-6
(the piece of PE VA 12 fibrethat was also used in experiments
A, C,DlandF)isnot very clear, but could be caused by oper-
ation at unacceptably hightemperatures (above 70 °C) during
start-up experiments.

From Fig. 12 it isclear that the PE FA 16 fibre gives by far
the largest water vapour flux and that UPE test generates the
smallest flux per driving force. Thisislargely due to the fact
that PE FA 16 is avery thin membrane (55 um, see Table 2),
while UPE test, although it has a more permeable structure
[19], is relatively thick (200 wm). PE VA12 has a similar
structure as PE FA 16, but a lower flux because of the larger
wall thickness of 90 um. However, the drawback of the PE
FA16 fibre isthe small inner diameter 270 wm, compared to
360 and 400 pm for PE VA12 and UPE test. Thisiswhy PE
FA16isnot necessarily the most suitablefibrefor the process,
because of alarger risk of fibre blockage and higher pumping
costs. The obtained energy efficiencies were in the range of
90-96%.

3.5. Influence of air gap width on module performance

The average fluxes per average driving force for variable
air gap obtained in this study are shown in Fig. 13. The air
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Fig. 13. Measured and calculated flux per driving force as a function of air
gap width, series F (Thin =65°C, ATigp =10°C, Pag =300 mbar).
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Fig. 14. Energy efficiencies obtained with experiments and model calcula-
tions, series F (Thjn =65°C, ATigp =10°C, Py =300 mbar).

gap isdefined astheinner condenser surfaceradius(r4) minus
the outer membraneradius(r»). For the set-up with aconcen-
tric, almost deaerated air gap as used in our study, both the
experimental and the predicted fluxes do not increase with
decreasing air gap. Because calculations show that the air
gap resistance to mass transfer is about 30% of the total re-
sistance at 300 mbar, see Fig. 10, one might expect that the
flux increases with decreasing air gap. That this is not the
case is caused by the fact that not only the air gap becomes
smaller with decreasing condenser radius, but also the con-
denser surface. Model calculations for series F show that the
temperature difference between condenser surface and cold
water bulk changesfrom 0.4 to 1.6 °C with decreasing air gap
from 2.7 to 0.06 mm. If the condenser surface had remained
constant the flux would have increased by 20%.

Thus, reduction of a deaerated air gap can give some in-
crease of theflux per driving force. However, reduction of the
air gap has a considerable negative influence on the energy
efficiency of the process, see Fig. 14. The modd predicts a
clear decrease in energy efficiency if the air gap becomes
smaller than 0.2 mm. At this point the air gap loses much of
itsthermal insulation capacity. Although the experimental en-
ergy data points are quite scattered, they demonstrate amuch
larger decrease in energy efficiency with decreasing air gap.
The most likely cause for this larger decrease in energy effi-
ciency are product water droplets forming a bridge between
the membrane fibre and the condenser surface. Calculations
for the most extreme situation of acompletely water filled air
gap, which resembles direct contact MD, show that a water
filled air gap reduces the theoretical energy efficiency from
above 95%to about 76% (at 65 °C), seeFig. 14. Fig. 13 shows
that acompletely water filled air gap leads towards consider-
ably lower water vapour fluxes than actually measured. This
means that the air gap is not completely filled with product
water. However, water bridgesthat are morelikely to formin
asmaller air gap, can explain the surprisingly high decrease
in energy efficiency observed for smaller air gaps.

To support thistheory most variable air gap measurements
have been carried out with a cold water mass flow rate equal
to that of the hot water so that its energy uptake can be mea-
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Table 4

Energy loss and uptake of the cold water flow during measurement series F

g (Mm) AEcno aT (W) AEcno aT/Amodule (W/ m?) AE; (W) AEc corr (W) Eevap (W) AEc corr/Eevap
2.7 -16 -132 3.0 46 4.9 0.95

17 -14 —134 24 38 4.0 0.95

17 -14 —139 2.7 42 37 111

0.7 -11 —138 33 45 38 1.19

0.7 -12 —147 3.2 44 37 1.19

0.45 -09 —137 31 4.1 33 121

0.45 -09 —130 3.0 39 32 121

sured. During these measurements the temperature of the hot
water flow was first set at 55.0°C, equal to that of the cold
water flow. Under these conditions temperature decrease of
the cold water flow was measured for some time to deter-
mine heat losses of the cold water flow to the surroundings
(AEcno aT), See Table 4. The decrease in heat loss with de-
creasing air gap can be explained by the fact that the outer
modul e radius al so decreases with decreasing air gap, result-
ing inasmaller outer module surface. Theratio between heat
loss and module surface is about constant. Next, the hot wa-
ter flow temperature was set to 65.0°C to start a ‘normal’
experiment. The energy change of the cold water flow in this
experiment (AE.) is aso listed in Table 4. However, since
the heat loss to the surroundings also takes place during this
experiment, the energy transfer from the hot water flow to
the cold water flow (AEccorr) €quals the measured energy
change (AEc) plusthe heat 10ss (AE¢no AT)-

Theintention of this membrane distillation processisthat
the cold water flow is heated by the latent heat of the product
water (Egygp), Which is therefore also listed in Table 4. This
table showsthat Eeqp decreaseswith decreasing air gap. This
is due to the decreasing energy efficiency, see Fig. 14, that
resultsin alower average driving force Apw,av. Fig. 15 shows
clearly that AEc corr increases with respect to Eeyqp With de-
creasing air gap. At very small air gap AE¢ corr iSeven larger
than Egyzp, Which meansthat the cold water flow is heated by
other means than latent heat alone. The only way additional
heat can be transferred from hot to cold flow, is by heat con-
duction. Calculations indicate that this amount of heat con-

* Experiments F
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Fig. 15. Ratio between the corrected energy increase of the cold water flow
(AEccorr) and the latent heat of evaporation contained by the product water
flow (Eevep) for variable air gap widths.

duction is too large to take place through the vapour phase
alone, but requires 10-15vol.% of product water bridges be-
tween membrane fibre and condenser surface. Therefore, it
must be concluded that a reasonably wide air gap of about
3mm is preferred so that its heat insulating function cannot
be destroyed by water bridges between membrane and con-
denser surface. Of course it is very important to remove all
non-condensable gases from the air gap when awide air gap
isused, in order to minimise its resistance to mass transfer.

4, Conclusions

Counter current flow AGMD experimental results prove
that the devel oped predictive model using membrane param-
eters determined from gas permeation experiments correctly
describes the dependence of water vapour flux on all pro-
cessvariables. The thinnest hollow fibre membrane PE FA 16
generated the highest fluxes, although it had aless permeable
structure than the UPE test hollow fibre membrane. How-
ever, pressure drop and operability considerations make the
PE VA12 hollow fibre membrane, with a diameter and wall
thickness between those of the two above membranes, the
preferred membrane. Reduction of the air gap total pressure
from atmospheric to the saturated water vapour pressure of
the hot water flow entering the membrane fibre raises the
flux by a factor of 2.5-3. The measured energy efficiencies
in this study (typicaly 85-90%) approach the theoretical
values (95-98%) for AGMD, provided that the air gap is
large enough, about 3mm, to prevent product water forming
bridges between membrane and condenser.
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