MISR JOURNAL OF AGRICULTURAL ENGINEERING ISSN-Print: 1687-384X
https://mjae.journals.ekb.eg/ ISSN-Online: 2636-3062

Misr J. Ag. Eng., 40 (2): 139 - 160 DOI: 10.21608/mjae.2023.188580.1095

SIMULATION OF DESALINATION OF SALT WATER COMPRISING
POLYPROPYLENE HOLLOW FIBRE MEMBRANES

Mahmoud M. Elewa®, Omar Ramadan?, Mahmoud A. EI-Emam?®, Abdelaziz I. Omara**

! Assoc. Prof. of Environ. Eng., Arab Academy for Science and Technology and Maritime Transport,
Alexandria, Egypt.

2 Assist. Prof. of Environ. Eng., Dept. of Architecture and Built Environ., U. of Nottingham, UK

3 Assist. Prof of Ag. Power and Mach. Eng., Ag. and Biosystems Eng. Dept., Fac. of Ag., Alexandria
U., Egypt.

* Assoc. Prof. of Ag. Irrigation and Drainage Eng., Ag. and Biosystems Eng. Dept., Fac. of Ag.,
Alexandria U., Egypt.

* E-mail: abdelaziz.omara@alexu.edu.eg
Misr Journal of w

&= ' | The problem of desalination systems using advanced hollow
fiore (HF) membranes were thoroughly investigated.
Humidification air is cooled by heat transfer in the
dehumidification chamber, which condenses the water vapour
and produces high-quality, fresh drinking water. A
mathematical approach was conducted, and a simulation
programme (model) was developed for the system. The
performance of the HF membranes was assessed using different
mass flows of salt water and air to optimise the system's
operating performance. An experimental setup was prepared to
test the effect of changing the operating parameters on the
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1687-384X (Print) 2636-3062 (oniine) I AETES T2
April 2023

Keywords: 2.36-10.6 kg h™* m™ at 40-70°C, respectively. The comparisons
Water desalination; between the simulation results and the experimental setup were
Humidification- in good agreement, and the water quality analysis showed that
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the obtained values were within the World Health
Organization's drinking water guidelines.

1. INTRODUCTION

apid global population growth typically increases the demand for freshwater and

reduces the capacity of many local supplies to provide freshwater (Arnot and Mattia,

2011). People struggle to balance decreasing per capita water supplies with rising
population demands (Shatat et al., 2013). Water spans over 71.0% of the earth's surface, and
97.5% is sea or brackish water, which is salty (Zhang and Li, 2017). Due to ongoing regional
drought and migration of cities to coastal cities, water demand is expected to exceed supply
by 56% by 2025. According to the United Nations, water scarcity could affect two to seven
billion people could be affected by water scarcity over the next 50 years (Teow and
Mohammad, 2019). The desalination system purifies brackish to produce freshwater with a
total dissolved solids content of 500 ppm or less.

Conventional desalting systems such as electrodialysis (ED), reverse osmosis (RO), and
distillation have several drawbacks, which consume substantial amounts of capital and energy
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besides regular maintenance (Yang et al., 2005; Welgemoed, 2006; Wang et al., 2012).
Different desalination plants include thermal processes with phase changes such as Multi-
Stage Flash (MSF) (El-Dessouky et al., 1996) and Multi-Effect Distillation (MED) (Sayyaadi
and Saffari, 2010), membrane processes including RO (Gabelich et al., 2007), hybrid methods
with phase changes and membranes (Zhang and Li, 2017) have been developed to meet the
demand for freshwater. However, such systems have economic limitations in remote areas,
which require a considerable amount of energy as thermal steam (for MSF and MED) or
electric power to maintain high mechanical pressure (for RO). Also, those desalination
methods are suitable for large or medium-scale freshwater production (Li et al., 2019).
Residents in these remote areas need effective and alternative compacted or small-scale
desalination plants with low energy costs to relieve the shortage of freshwater, which has been
desirable in recent years by many countries.

In addition, using desalination technology integrated with renewable energy in freshwater
production solves overcoming water shortages characterized by shortages of drinking water
and traditional energy sources. Numerous studies on water desalination using the HDD
process have recently been integrated with renewable energy. Sachdev et al. (2020) designed
controlled simulations to predict the performance of HDD systems combined with wind
towers and analysed the performance of the proposed system in terms of water production and
thermal comfort. The results included a significant effect of inlet temperature on water
productivity and an additional 10 to 12% water productivity in the closed-loop compared to
the open-loop cycle. Elbassoussi et al. (2020) investigated the integration of an adsorption
cooling/desalination cycle coupled with a water-heated HDD unit for freshwater production
and cooling powered by natural gas with the addition of Photovoltaics (PV) to run the pumps
and fans. The proposed system was modelled numerically. The obtained data concludes that
the hybrid system provides a significant increase of 350% in the Gained Output Ratio (GOR)
with a 30% to 40% reduction in water cost. Jabari et al. (2020) investigated the usage of a
Stirling engine with a solar antenna with an HDD system to provide cooling, freshwater, and
energy. The optimal operating point of the suggested system was determined using a
generalized algebraic-mathematical modelling system (GAMS) and programs for engineering
equation solving (EES).

Moreover, Chen et al. (2020) conducted an experimental study that combined an evaporative
cooler with an HDD system. The system was found to have a GOR ranging from 1.6 to 2.4.
The study also discovered that the proposed system's overall coefficient of performance
(COP) outperforms the adsorption (AD) cooling/desalination systems (Qasem and Zubair,
2019), the absorption (AB) integrated chiller and the HDD cycle. Wang et al. (2020) carried
out a mathematical model of a solar-powered air conditioning system combined with an HDD
desalination unit. The solar component preheated regeneration air, and Phase Change Material
(PCM) was also incorporated for heat storage. A typical day in August was used in the current
study, and the main findings were that the optimum conditions achieved the COP of 0.411,
the water production rate of 4.9 L h™%, and the maximum thermal energy provided by the PCM
component was 0.89 kWh.

On the other hand, He et al. (2019a) applied an open-air open-water (OAOW) HDD system
for industrial waste heat recovery using mathematical modelling. The performance was
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analysed in terms of energetic, entropic, and economic aspects. The optimum performance
was calculated at a 96.45 kg h™ water production rate and a GOR of 1.7. It was concluded that
the increase in effectiveness would enhance the cost of water production and thermodynamic
performance. He et al. (2019b) used thermodynamic modelling to investigate the integration
of a heat pump with an OAOW HDD desalination system. The main findings concerned the
GOR of the proposed system at various flow rate ratios, humidification effectiveness, and
ambient humidity. The optimum water production rate was 150.75 kg h™ and GOR was about
8.12 for the proposed integrated system. He et al. (2018) also carried out thermo-economic
mathematical modelling with waste heat recovery. The unit cost of water production (UCWP)
is decreased from $40.35 kg h to $35.31 kg’ h, with an increase in humidification
effectiveness from 0.8 to 0.9. At the same time, the GOR increased from 1.28 to 1.85 with the
rise of dehumidification effectiveness from 0.8 to 0.9 at the expense of higher cost.

Sharshir et al. (2016) assessed the performance of an HDD system integrated with four solar
panels, reusing the HDD system's drain water to feed the stills through theoretical modelling.
The GOR was found to increase by 50%, while the efficiency of solar still increased by 90%.
The cost was $0.034 per litre of produced water instead of $0.049 in a conventional system.
Elzayed et al. (2020) evaluated the performance of HDD using zero, single, and double
extraction systems. Thermodynamic modelling was used to conduct this study, where the
GOR of the system was found to be increased from 3.61 using zero extractions to 7.63 with
double extractions and with 91% and 112% improvement in performance for single and
double extractions compared to zero extraction system.

Several investigations have been conducted on integrating humidification systems with heat
pumps. Ayati et al. (2019) performed a study on performing the integration of three different
approaches, namely Variable pressure HDD (VPHDD), humidification compression (HC),
and conventional HDD, with a heat pump (HP). According to this research, the VPHDD
system provided superior performance to the other two methods, providing a water production
cost of $4.6/m°. Furthermore, VPDHD performance was investigated by varying the
dehumidifier to humidifier pressure ratio, humidifier pressure, and inlet water to air-mass
flowrate ratio. Lawal et al. (2020)experimentally assessed the performance of an integrated
HDD system powered by a heat pump. The system achieves a maximum GOR of 4.07, COP
of 4.85, and capacity of 287.8 L/day while providing a cooling load of 3.07 kW.

Besides, Faegh and Shafii (2020) evaluated the performance of an HDD system combined
with a heat pump employing an evaporative condenser. The performance was measured in
terms of water production rate and GOR while operating parameters such as inlet air flow
rate, compressor speed, and ambient wet-bulb temperature were varied. The best results were
obtained with a water production rate of 1.08 kg h™, a GOR of 2, and a unit water production
cost of $0.019/L. Pourafshar et al. (2020) studied an HDD system combined with a heat pump
and used a PVT sensor as the humidifier. The proposed design results in a unit water cost of
$0.018/kg.

Shehata et al. (2019) conducted an experimental study to determine the water production rate
of an HDD desalination system. The impact of three major factors was analysed, including
solar radiation, airflow rate, and water spray rates. In addition, Ultrasonic humidifiers were
integrated to measure their impact on the water production rates. The maximum production
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rate for water was 45 L Day™ at an airflow rate of 0.46 kg s and a spray rate of 0.3 for the
tested system. Furthermore, the addition of an ultrasonic humidifier resulted in performance
enhancement both in water production rate (9.3-14.6% at two different flow rates) and
economically (decrease in costs per litre of produced water).

On the other hand, Al-Otoom and Al-Khalaileh (2020) experimentally investigated the impact
of adding hygroscopic solutions containing Kaolin and CaCl, on the performance of the water
desalination unit using a rotating belt. The study indicated that adding Kaolin to tap water
improved the system’s efficiency from 8.7% to 61% in the tests conducted in Jordan. Rahimi-
Ahar et al. (2020) evaluated experimentally and theoretically the performance of vacuum
HDD systems. The maximum desalination rate of 1200 mL/h is achieved under the following
conditions: the open area of the solar water heater is 50 kPa, the humidifier pressure is 50 kPa,
the solar intensity is 1123 W/ m?, and the volume of water flow is 18 L h™.

Nada et al. (2015) investigated air conditioning and HDD systems using a vapour-
compression refrigeration cycle. The system's performance was assessed using the
refrigeration capacity, water rate of production, and compressor work /kg of produced water
while varying the air mass flow rate, inlet air temperature, and specific humidity. According
to this study, the airflow rate and specific humidity were increased, resulting in improved
performance in terms of the performance indices. Mohamed et al. (2020) created a
mathematical model of an HDD system using cellulose paper as a packaging material for
humidifiers in combination with solar panels, validated by experimental studies. The study
concluded that the system provided water productivity of 2.45 kg h™ at a unit cost of $ 0.047.

The current investigation will focus on developing a simulation programme (model) to
simulate a desalination process using a polypropylene hollow-fibre membrane. Some
important operating parameters, such as air flow velocity, temperature, flowrate, and salinities
of feed water, were considered. The simulation programme will yield the temperature profiles
and fluxes. An experimental setup was proposed with its components to allow varying
operating parameters and finally to compare the setup results with the simulated predicted
ones.

2. System Description and Experimental Setup

2.1. System Description.

To imitate the properties of seawater, the proposed system makes use of a synthetic solution
of sodium chloride that has a concentration from 35000 mg L™ to 150 g L™. This solution is
monitored using a Kern Salt Refractometer. The humidification chamber makes use of
polypropylene HF membrane bundles, each of which has pores measuring 0.1 x 0.5
micrometres. Under carefully monitored and regulated circumstances, the environmental
chamber has a fan that expels air (temperature and humidity). There is a transfer of both heat
and mass between the air on the shell-side of the HF membrane humidifier and the hot salty
water that is moving through the fibre packs of the humidifier. In the presence of
transmembrane vapour partial pressure differences, water vapour from the salty water
contained inside the fibres can permeate through the pores of the membrane. Because the
water vapour is transported out of the fibre by the airflow, the exit air gets warm and humid,
whilst the salty water output becomes colder and somewhat more salinized as a result. The
warm, muggy air forms condensation on the walls of the shell and tube heat exchanger
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dehumidification unit and the freshwater that forms as a result is collected in the freshwater
tank. The new hot salty water that has been produced by the heat exchanger is then merged
with the hot, humid air that has been produced by the dehumidification unit, pumped into a
stainless-steel tank, and heated even further by an immersion heater to the desired temperature
(40-70 °C). Only after this process is complete is the mixture allowed to enter the
dehumidification unit. A process flowchart is shown in Figure 1, which represents the
experimental set-up.

Sea water
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Figure 1. Proposed process schematic.

2.2. Experimental Setup

The experimental investigation aims to improve the system's performance by using various
salty water and airflow rates. The humidification chamber comprises 18 bundles of HF
membranes supplied by Zena company, Czech Republic, with 1385 fibres /bundle (Table 1
shows the HF membrane manufacturer specifications), a dehumidification chamber of a shell,
and a tube heat exchanger is used. Subsequent initial heating in the shell tube heat exchanger,
salty water is heated with an immersion heater to the required temperature. Dual Grundfos
pumps circulate the salted water; the first pump circulates the cold salty water storage tank to
the shell and tube heat exchanger, while the second pump circulates the hot salty water from
the storage tank immersion heater to the humidification unit. The humidification chamber
maintains continuous air circulation using an in-line ducted fan with a speed controller
ambient temperature. Liquid flow rates are monitored by Atrato Ultrasonic Flow Meter.

Using the Sensirion EK-H4 assessment kit, it was able to determine the relative humidity and
temperature of the air at several different locations around the system. Using thermocouples,
the temperature of the air and the salty water was measured at several separate places, and the
findings were logged into a data logger (Data Taker DT85). The experimental setup that was
developed is given in Figure 2. The environmental chamber, which serves as the source of air,
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has its temperature and relative humidity originally adjusted to 26 degrees Celsius and 65 per
cent, respectively, for every test. Before commencing the process, the temperature of the
immersion heater in the tank made of stainless steel is brought up to 70 degrees Celsius. After
that, the system was operated for one full hour at the flowrates of both air and salty water. At
the humidification chamber's outflow, temperature and relative humidity levels were
monitored at the rate of one measurement per second. The regulated ambient temperature was
taken from the environmental chamber. The temperature of the salty water was measured and
recorded at the input of the humidification chamber, the outflow of the stainless-steel tank,
and the dehumidification chamber every second. While keeping the flow rate of the salty
water at a constant value of 0.05 metres per second, the ambient airspeed at the intake
changed from 0.4 metres per second to 1.4 metres per second.

Table 1. Hollow-fibre membrane specifications

Property Specification and value
Material PP, Polypropylene
Pore size 0.1 pm average
Typical flux 150 L m?*h*@1bar and 15 °C
OD/ID 310/ 240 pm

Surface treatment Non-hydrophobic
Fibre burst pressure > 5.5 bar

fibre collapse pressure > 3.5 bar

Strength 2 N/fibre

Active surface area/bundle 0.9 m’

pH resistance 2-11

Port connection PVCu pipe 20mm
Standard length 750 £ 5mm
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3. Mathematical Model

3.1. Theoretical Approach

For simulating the performance of the hollow-fibre membrane module, a finite-difference
model was used. This model consisted of linked energy and mass balances. To represent the
process of heat transmission in the bundled membrane fibres, a fractal technique was applied.
Due to the interconnectedness of nearby fibres, single-fibre representations were deemed
unreliable and hence disregarded. The following reductions in complexity were implemented:

(i) The performance of the module was consistent and adiabatic. (ii) There was hardly any
loss of heat or mass in the axial direction. (iii) The module only had a one-dimensional flow
pattern that was laminar for both gases and liquids. (iv) a tiny amount of water was present in
the air stream that entered the module, and the pervaporation rates were low in comparison to
the brine flow rate. This allowed the brine flow to be unaffected by the module’s location. (v)
The amount of water present in the air stream entering the facility was insignificant.

3.2 Modelling Strategy
Using the calibrated model, the following is a summary of the technique for modelling
module performance in terms of (i) temperature profiles and (ii) total water production rate:

I. The simulation's boundary values included the molar flow rates of the brine and dry air
that were being fed into it, the temperatures of the gas and liquid streams that were being
fed into it, and a starting value that was supposed to be the temperature of the brine that

was being discharged (Figure 3).
Hallow fibre
me mbrane module

Mpi-1s o Wap=i, \ Th,out . qb Ta,in ,9a A diagram of a
Tpi-1 My ,i-1 mei—1 i—1 randomly packed hollow
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—--
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1 — ‘ :
mj s Tb,i my, Ta,i’ ,m;t.l' Tii.l'n b Tu,uul .ba
Uw )
Hot Sweeping

Brine Side Gas Side
Figure 3. Magnified section of hollow fibre membrane

Figure 3 illustrates the mass and energy balances by magnifying a membrane fibre and its
surroundings by AZ. Local mass balance control volume is the right-side dashed square.
Am,,; is the membrane's molar water vapour transport rate, Q,,; is the membrane's
energy transfer rate, Q,; is the air side's condensation rate, and Q. ; is the liquid stream'’s
evaporation rate. Section molar water vapour condensation rate is Am, ;. T, is the air
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temperature, T, is the brine temperature, ni. is the molar water condensation rate, m,, is
the molar water rate of vapour at each section, ni,, is the molar brine rate, ni, is the molar
air rate, and g, and g, are the air and brine volumetric flowrates, respectively.

ii. Starting at the top (exiting brine effluent and air inlet), the counterflow module was
analysed section by section using discretized forms of mass and energy balances to
determine local rates of transmembrane water and energy transfer, local gas- and liquid-
phase temperatures, and the partial pressure of water in the gas phase entering the next
section. This was done to calculate the transmembrane water and energy transfer rates at
specific locations. (Figure 4).

T, .experimentally known temperature
and 7, ,initial guess

v
— i=1
X

Calculate P, ; ; from Antoine

Equation and P, ; , from equation (4)

J Calculate Am;. ; from
| Calculate Am;, ;_,from equation (5) | equation (28)
F Y
v
[ Solve equation (22) and (23) for 7;,and T,,, |+

;

Substitute 7;;in (27) and solve for and
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v

Calculate P, ; from equation (4) |

v

Calculate saturation pressure in air side
P, ;from Antoine equation for T, ;

make P, ;= P,

sat,i |

i=i+l —

END , report results |

Ye:
is T}, , actual =
T, , calculated?

No
{ Modify 7,, |

Figure 4. Algorithm of calculations

iii. After calculating the molar rate of water vapour transfer from liquid to gas (w), which
was needed in the subsequent portion of the module to calculate the partial pressure of
water, we moved on to the next step.

iv. Water partial pressure, temperature, and other variables were profiled in a series of
profiles until the water partial pressure was close to its vapour pressure in the gas phase.
Following that point, condensation of water vapour on the gas side of the membrane
occurred to maintain a constant local vapour pressure. Condensation added to the energy
balance of the column at the locations where it occurred, since heat was released during
the process.

v. At the module's last step, the predicted brine temperature was compared to the actual
brine temperature injected into the system. If it was more than 1% of the recorded
temperature of the influent brine in degrees Celsius, the value estimated for the brine
departing the system was adjusted by 0.5 degrees Celsius in the opposite direction of the
mistake, and the stepwise calculations were restarted. The procedure was deemed
finished once the threshold was met
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3.3. Mass balance for hollow fibre membrane

The hollow-fibre membrane module for air humidification is essential in the whole HDD
system. The fibre-to-fibre modelling is not likely, considering that there are numerous fibres.
To ease the problem, simplified mass balances governing equations in the gas-control volume
at each section i can be written as follows:

m,,; +Am,; =m,,; | +4Am,,; (1)
Pt (2)

ma RTa qa

my; =mg;_; +Amg; (3)

where m;,;_;and m,,; (mol min™) are the molar water vapour transport rates exit and
entrance, respectively, Am,,; (mol min™) is the molar water vapour rate of transport across
the membrane, Am;; (mol min™) is the molar water vapour condensation rate in the section,
m;, (mol min™) is the dry air molar transport rate, and q, (m® min™) is the airflow rate of the
sweeping gas. Values for the gas flowrate (q,), temperature (T,) in K and pressure (p, ) in

kPa were measured at the exit of the permeate tank.

The water vapour partial pressure in the gas phase, P,, ; (atm) is obtained from:
m, ;

Py; = $Ptat (4)
where m;, is the constant inlet molar flow of air, computed using the ideal gas law at each
module stage. The movement of water vapour to the gas side was explained in each section i

as follows:

Amw}i = Ai]i (5)
where A; is the inner interfacial surface area section (m?), and J; represents the
transmembrane flux of water vapour through membrane pores (m?) and can be calculated as
follows.

Ji = #(Pb,i — Py (6)
where k,,, is the total water vapour mass transfer coefficient (m s™*), R is the gas law constant
(8.205 x 10”° m® atm K mol™), T is the interfacial brine temperature at the pore (K), P, ; is the
vapour pressure computed using Antoine's equation (atm), and P, ; is the product of the mole

fraction of water vapour in the sweep gas (atm).

From the saline side to the airside, the entire mass transfer resistance R;,; and coefficient K,
can be calculated by Zhang (2011):

1
Riot =—=Rpn+ Ry =Rp +— (7)

where R, is the resistance to water vapour transport across the membrane, R, is the
resistance to mass transport in the air-side boundary layer, and k, is the mass transfer
coefficient on the airside of the membrane. The R,,, can be formulated as:

Ry = Rin + Ripot (8)
which is given by Bennett (1952):
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_ dinner douter (9)
Rm B 2 Deff In /dinner

where d e 1S the outer diameter of the HF membrane (M), d;pner 1S the HF inner diameter
of the membrane (m), and D, is the effective water vapour diffusivity in the membrane (m?
s™1). In a porous membrane, the effective water vapour diffusivity is comparative to membrane
porosity, &, and inversely related to the effective tortuosity of routes through the membrane, ,
as can be formulated as follows:

&

The relative significance of molecular diffusion and Knudsen endurance to R, is determined
by the effective pore size of the membrane. That is to say:

ot .1 (11)
D Dmol DKn
where D,,,; (m?s™) is estimated from Bennett (1952):

0926 = T2 (12)
106 P,y T 248
where the P,,; is the total local pressure (kPa), T is the temperature of the feed side solution
(K), and the Dy, (m?s™) can be calculated using the following equation:

Dot =

. |8RT*/? (13)
Dgn = 31p lr:mWJ

where 7, is the pore radius (m), T is the brine temperature at the module's entrance (K), and
m,, is the molecular water mass (kg mol™).

Herein, there are a few notions that must be established first as follows (Lawson and Lloyd,
1996):
N( douter )Df =1 (14)
dinner,m

where Df is the fractal dimension of the fibre packing, which represents the degree of non-
uniformity in the distribution of the fibres d;,,,;¢rm is the inner diameter of the module, and N
is the number of fibres in the module (m). Furthermore, the packing density (¢) of a 2-
dimensional element or the total cross-sectional area of the fibres to the module ratio can be
given by:

2
”- ( douser > y (15)
dinner,m
The hydrodynamic diameter of the module (shell side) can be formulated as:
d, = (dzinner,m - Ndzouter) (16)
h NdO'U.tET‘
From the Sherwood number, the mass transfer coefficient k, can be determined by:
_ Dot Sh (17)
g =
dp
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The Sherwood number was calculated using empirical equations and tailored correlations
specific to the hollow-fibre module form. The following correlations are based on a fractal
relationship between the Sherwood number and the fractal dimension, with the laminar flow
as the only constraint. The Sherwood number was derived using empirical formulae and fitted
correlations specific to the hollow-fibre module (Zhang and Huang, 2011). With laminar flow

as the only constraint, the following correlations are based on a fractal relationship between
the Sherwood number and the fractal dimension, Dy as follows:

Sh = 14.06¢* — 29.21¢> + 22.59¢2 — 7.71¢ + 1.03Re®335c033y, (18)
¥y, = 0.882 D; — 0.535 (19)

The mass transfer coefficient adjustment factor is y,. The model has been validated under the
following conditions: 1.6 < Dy < 1.9 and 0.1 < ¢ < 0.8. Moreover, The Reynolds number

(Re) and Schmidt's number (Sc) are calculated using the following formulations:

Re — UqdpPp (20)
U
P @)
Pmeol

3.4. Energy balance in a single segment

In order to compute temperatures as a function of location within the brine and air streams,
heat balances in both the brine-side and air-side portions were employed (Figure 3). On the
brine side, up to the surface of the membrane, the energy balance is as follows:

My, Cop(Tpi — Tpiz1) = hwAiN(Tp; — Try) (22)
The rate of energy transfer from the brine to the membrane (brine side) is represented by the
two sides of the following equation: where b (mol s™) is the molar brine flow, Cpp (mol™ K
) is the specific heat of the brine, Ty;and Tp,;—; (K) are the brine outlet and input
temperatures, respectively. The water's heat transfer coefficient, h,, (W K* m™), the inner
area of a fibre section, A; (m?), the number of fibres, N, and the interfacial temperature, T;;
(K), are all inputs in this equation.

The energy transferred from the membrane interface to and through the membrane can be
described by:

hwAiN (T = Tyi) = Qi + Qe (23)
The rate of heat transmission, denoted by @,,,; (W), across the membrane section is given by:
Qm,i = htotAoN(Tl,i - Ta,i) (24)

Here, T;; and T,; are the pore and air temperatures of the brine interfacial membrane,
respectively; hyor (W K™* m?) is the overall transmembrane heat transfer coefficient from the
membrane to the air side (see below); and 4, (m?) is the outer area of fibre in the section.

Qe,i = Am;/v,LAHv,w (25)

where Q.; (W) is the rate at which heat is provided to evaporate liquid water from the brine
stream, Am,, ; (mol s1) is the rate of vapour or permeate production, and AH, ,, is the latent
heat of evaporation of water in J kg™, which is calculated from a correlation (El-Dessouky
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and Ettouney,2002). In this equation, Q. ; (W) is the rate at which heat is provided. Taking T
in Celsius:

AH,,, = (2501.9 — 2.41T + 0.0019T2 + 0.00016T3)1073 (26)

By rearranging equation (22) to solve for T; ;, inserting equations (24) and (25) into (23) and
then solving for the brine temperature at the exit from section i one may determine the
temperature that is entering the subsequent module section.

The equilibrium of thermal energy on the air side is provided by equation (27), and it is
connected to the equilibrium of heat on the brine side by the addition of @, ; which equals the
rate of heat transfer over the membrane (equation (24)).

MiCpa(Tai-1 = Tai) + Mw1Cpy(Taji1 — Tai) + Amyy, Cp oy (Tai—1 — Tai) = Qi + Qi (27)
where Cp, (J mol™ K™) is the gas-phase specific heat, Ty:and T, ;-1 (K) are the inlet and
outlet gas-phase temperatures at section i and Cp,, is the heat capacity of water vapour in J
mol™ K™, T,; is the temperature at the inlet, and T,;_, is the temperature at the exit. The
amount of heat that is released as Q. ; (W) is determined by the condensation of water vapour
in the section.

Qc,i = AHv,wA".lc,l (28)
where Q.; is the rate of vapour condensation in the air stream, which only occurs under
oversaturated circumstances, and AH,,,, (J kg™) is the latent heat of vaporisation, which is
determined by using the equation. where Am,, is the rate of vapour condensation in the air
stream (26).

A system of four equations containing four unknowns is represented by equations (22), (23),
(24) and (27). When equations (22), (24), and (28) are substituted into equation (27), and the
air temperature at the exit from section i-1 is solved, we can get the air temperature at the
beginning of the next section.

The complete membrane thermal transfer coefficient h;,, is given by (Becker, 2014):

1 1 n ) dinner In (douter) (29)

htot B ha Aeff 2
where ha is the heat transfer coefficient on the airside of the membrane (W K™ m?), § is the
membrane thickness (m), and 4. is the effective thermal conductivity of the membrane (W
K™ m™) and can be calculated as (Datta, 2007):

Aepr = A+ (1 —€) (30)
The values of h, and h,, were calculated as follows using the Chilton-Colburn analogy
(Zhang and Huang, 2011):

ANu
h = (31)

dinner

d
The thermal conductivity of air (4,) and the hydrodynamic diameter of the shell side d;, (m)
are used to calculate h,, (W K™* m?). The Nusselt number can be calculated by the following
formula: The thermal conductivity of water (Aw) and the diameter of the lumen side are
utilized to get h,, (W K™* m™).

1
Nu = Sh.Leﬂ/3 (32)
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where the Sherwood number (Sh) for the shell side was calculated using equation (18) and
the lumen side can be determined by the following formulation:

1
dz inner Ul% > /3 (33)
LD, ;

where U, is the brine approach velocity on the lumen side of the module (m s™), L is the fibre
length (m) and D,,, ; is the liquid water diffusivity (m?s™). The Lewis number, Le, is obtained
as follows:

Sh =1.62 (

_Se (34)
Le = Pr
Whereas the Pr can be calculated as:
C
pr = Hte (35)
Ay

4. Experimental and modelling results and discussions

Two separate experiments were conducted to determine the effects of varying the flow rates
of salty water and the variable speed of air flowing from the environmental chamber. These
were done in order to modify the temperature and humidity levels at the location where the
results were analysed. The flux of freshwater that was generated throughout the testing ranged
anywhere from 2.36 kg h™™m™ to 10.6 kg h™™m™ at 40°C and 70°C respectively. The quality of
the water that was generated was evaluated, and the results indicated that it had values of
electrical conductivity of 15 pS m™ and 10 mg L™, which is comparable to the value of
distilled water. Variation in salty water flowrates. Permeate flux rose with brine temperature
and decreased with brine ionic strength, although marginally (Figure 5).

In light of the Causius-Clayperon equation, the effects of both variables can be understood in
terms of the connections they share with the brine vapour pressure. The difference in pressure
between the brine vapour pressure and the bulk partial pressure of water vapour in the same
fibre section is what drives the transmembrane transfer of water (Equation (6)) in module
simulations. This difference is measured in the same fibre section. The water temperatures at
locations between the brine intake and outflows were not measured; rather, a mathematical
model was used to determine the local water temperatures and vapour pressures. In spite of
this, when the membrane pore tortuosity was the only fitted parameter, there was a strong
correlation between predicted and actual permeate flow rates across a wide variety of
experimental situations (Figures 5-7). Figure 5 shows the relationship between the vapour
pressure of brine and the flux. Triangles were made by changing the concentration of NaCl in
the brine (as shown) at 70 °C, U, =0.55ms-1, and U, =0.05m s,

When a model is applied, it makes a solid line. The vapour pressure of the brine was most
affected by the changes in temperature and ionic strength. The modelling work determined
that temperature polarisation was quite small. (The difference between the interface
temperature at the membrane surface and the local brine temperature was less than 0.5%
(°C)). The vapour pressure of NaCl solutions was determined by solving for the activity of
water in NaCl solutions, which is given by

Awater = 1 — 0.5Xyqc1 — 10x1%laCl (36)
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where xy,c, 1S the mole fraction of NaCl. We can then calculate the vapour pressure by using
the (Lawson & Lloyd, 1996) equation:

Pyater = (1 - xNaCl)- Awater- PMD/tllter (37)
14
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Figure 5. Relationship between the vapour pressure of brine and the flux.

Across the analysed operating condition range, both modelling and experiments show that
permeate production is sensitive to brine temperature (Figure 6.). Unsurprisingly, there was
little to no effect of changing the ionic strength of the brine across the range examined. At 140
g L™ of NaCl, the rate of permeate formation was 23% lower than it was during the
distillation of pure water. The concentration polarisation on the pore membrane surface only
increased the local concentration by less than 0.3% estimated from (Martinez-Diez &
Vazquez-Gonzélez, 1999), hence it was disregarded. Concentrations of NaCl in the permeate
were consistently below 5 mg L™ throughout all trials.
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Figure 6. Water production rate (flux) vs sweep air velocity, U, (m s™1).
The accumulation of water vapour in the sweeping gas, as predicted by the saturation model,
reduces the driving force for through-pore transport, which explains why the permeate

collection rate decreases as the sweep air velocity increases. Exiting the module at a partial
pressure of gas-phase water vapour close to the vapour pressure of water at the influent brine
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temperature, the generation of permeate was found to be almost proportional to the gas flow
rate (Figure 6). Nevertheless, at air flow velocities of 1.0 m s, it is anticipated that the water
collection rate would approach a transport-limited rate that is roughly proportionate to the
brine vapour pressure.

The module's highest water purification rate is roughly 10.6 kg m2h™ at 70 °C and a flow
velocity of 50 mm s for the brine. While the highest rate of water purification should be
nearly proportional to vapour pressure for the reasons described, module specifications
prevented experimental measurement of water production rates at T > 80 °C. As the vapour
pressure of water increases with increasing temperature, there is a strong motivation to create
sweeping gas membrane distillation (SGMD) materials that can function at greater
temperatures.

The math for straight lines is done. Brine flow velocities between 0.01 and 0.05 m s™ at
temperatures between 40 and 70 °C had insignificant effect on the observed and anticipated
permeate flux (Figure 7). This indicates that the rate of water production was not drastically
altered by the gradual decrease in brine temperature that occurred as the module progressed.
There was a 23% variation in permeate collection rates between the lowest and highest brine
flow velocities at the highest indicated influent brine temperature of 70 °C. The results of the
simulated processes matched those of the experiments.

Permeate flux and temperature profiles may be used for design improvements since the model
can accurately duplicate them throughout a wide variety of operating situations. Before
anything else, the model elucidates the primary impediments to water vapour transfer through
membranes.

15
A Experimental at ub 0.05 m/s
-==-model at ub 0.05 m/s A
® Experimental at ub 0.01 m/s ,"
10 -
27
E; 2
§ > r'.'
o0 —.—’a’*
&
0 e rrmererer T e T T T T T Ty
20 30 40 50 60 70 80

Feed water temperature (°C)
Figure 7. Relationship between feed water temperatures and a sweep air velocity

Lack of concentration polarisation leads to constant water activity, hence the resistance to
water transport on the brine side of the membrane was disregarded. There are two sources of
water vapour transport resistance across membranes: (i) molecular/Knudsen diffusion, and (ii)
gas-phase transport through a concentration boundary layer on the shell side of the
membranes (Figure 8). With a pore diameter of 0.26 pm and a gas velocity of 0.55 m s, the
resistance of the membrane is equivalent to the resistance in the gas phase boundary layer.
The membrane's nominal pore size was 0.1 um. Hence, over the range of air flow rates
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studied experimentally, resistance to mass transfer across the gas-phase concentration
boundary layer should play a somewhat lower role, but should not be disregarded. With a pore
diameter of 0.15 pm, the Knudsen diffusion resistance is equivalent to the molecular diffusion
resistance.

400

--B-- Molecular —a&— Overall —e— Mol plus Kn

Resistance (s/m)
N
o
o

0 005 01 015 02 025 03 035 04 045
d, (k)

Figure 8. Mass transfer resistance R;,; Versus membrane pore size
at U, =0.55m/s, T, =70°C, and U, =0.05m/s.

The heat transfer resistance of brine was found to be negligible when compared to that of the
gas phase boundary layer and membrane conduction. The computed values for h,, were 3079
W m? K™, h,, was 8.8 Wm? K™ and h, was 6.7 W m? K™ for a brine temperature of T, =
70 °C, U, = 0.55 m s™, and U, = 0.05 s™. Hence, the resistances of the air side and the
membrane are the primary constraints on heat transmission.

The predicted water purification rate was unaffected by an increase in membrane pore size of
about 5 times (from 0.1 um to 0.45 um) at temperatures between 40 and 70 degrees Celsius
(Figure 9).
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Figure 9. Flux versus changes with the temperature of the feed water

Figure 10 shows how the size of the pores in the membrane affects the partial pressure of
water along the normalised length of the module when U, =0.55ms™and U, =0.05ms™,
Lo =75cm, and T =70 °C at the brine inlet. Where x = 0 is the top of the module (where air
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goes in and brine comes out) and x = L, is the bottom of the module (air out and brine in).
The following explains why the SGMD water purification rate is not sensitive to membrane
pore size. The gas stream was practically saturated with water vapour at the module exit in
both instances, therefore the effluent gas-phase water content was just a 10% difference. This
is despite the fact that the barrier to mass transfer is substantially lower for the large pore size
membrane (Figure 10). Even though the Knudsen effects on the total mass transfer resistance
were much reduced in the bigger pores, the module was long enough to bring the effluent air
stream to near-saturation levels of water vapour. But, with substantially greater sweep air
velocities, the larger-pore membrane should appear favourable.
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Figure 10. size of the pores in the membrane affects the partial pressure of water

5. CONCLUSIONS

For the purpose of predicting the amount of flux during SGMD using hollow fibre membrane
modules, coupled heat and mass balances were created. The results of experimental testing
verified the calculations throughout a wide range of sweeping air flow velocities as well as
temperatures, flowrates, and salinities of the feed water. Using the verified model, we looked
at how different values of effective membrane pore size, sweeping gas velocity, brine
velocity, and temperature affected the anticipated water production rate beyond the range of
the experimental equipment employed in this study (up to temperatures of 800C).

The results of the model indicate that the resistance to mass transfer across the membrane is
equivalent to the resistance to mass transfer on the air side of the membrane when the pore
diameters of the membrane are 0.26 microns (U, = 0.55 metres per second). When the pore
diameters are bigger than 0.26 microns, the air side boundary layer is the primary cause of the
constraints that are placed on mass transfer. Limitations in heat transport are typically caused
by boundary layer effects on the air side of the system. The modelling also lends credence to
the following hypotheses and conclusions:

= When sweeping gas velocities are relatively low, gas flow rate and water vapour
pressure are often the limiting parameters for water production. At high air flow rates,
the generation of water is constrained by the rate of mass transfer from brine to sweep
air, which is essentially proportional to the vapour pressure of water, at least for the
tiny pore membranes utilised in this study.
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= An increase in membrane fibre length increases water production until the partial
pressure of water vapour in the sweep gas approaches the vapour pressure of water in
the membrane module.

= The flux is only sensitive to the membrane's pore size. The reasons for this are
elucidated by simulations of modules that depend on the aforementioned variables and
others.

» The temperature polarisation in the hollow fibre module was practically non-existent.

= The resistance to the transfer of mass, rather than the transfer of heat, was a
significantly more crucial factor in determining the permeate flux.

In order to concurrently match the boundary temperatures (inlet and outlet) in the brine and
gas flows, the risk of water recondensation within the module has to be considered. The
incorporation of a recondensation term on the air side of the membrane resulted in
significantly greater temperature variations over the length of the module for both the gas and
brine streams. The insertion of a recondensation term on the air side of the membrane led to
this result.

6. NOMENCLATURE

A; inner interfacial surface area section, (m?) Py; | vapour pressure, (atm)
dinner | HF inner diameter of the membrane, (m) P, ; | product of the mole fraction of water vapour
in the sweep gas, (atm).
dinnern iNNer diameter of the module, (m) P, | total pressure at the exit of the permeate
tank, (kPa)
Df fractal dimension of the fibre packing q, airflow rate of the sweeping gas, (m* min™)
dyuier | Outer diameter of the HF membrane, (m) R,, | resistance to water vapour transport across
the membrane
D s effective water vapour diffusivity in the R, resistance to mass transport in the air-side
membrane, (m?s™) boundary layer
D,; liquid water diffusivity, (m?s™). R | gas law constant, (8.205 x 10° m® atm K
mol™)
ha heat transfer coefficient on the airside of the rp | pore radius, (m)
membrane, (W K™ m?)
I transmembrane flux of water vapour through | Re | Reynolds number
membrane pores, (M%)
kio: total water vapour mass transfer coefficient, Sc | Schmidt's number
(ms™)
k, mass transfer coefficient on the airside of the | Sh | Sherwood number
membrane
Le Lewis number T, air temperature, (K)
m,,; molar water vapour transport rates at the T temperature of the feed side solution, (K)
entrance, (mol min™)
Am,,; | molar water vapour rate of transport across | U, brine approach velocity on the lumen side
the membrane, (mol min™) of the module, (ms™)
Am;,; | molar water vapour condensation rate in the ) membrane thickness, (m)
" | section, (mol min)
m,,;_; | molar water vapour transport rates exit, (mol | A, | effective thermal conductivity of the
min™) membrane, (W K™ m™)
m, the molecular water mass, (kg mol™) P, | mass transfer coefficient adjustment factor
m, dry air molar transport rate, (mol min™) 17 packing density
N number of fibres in the module £ membrane porosity
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