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Abstract

Humidification-dehumidification desalination (HDD) systems offer a feasible approach for the
production of fresh water in inaccessible areas as they can be operational using renewable
energy and require little maintenance. Various studies are being carried out to boost the system
performance. In this paper, an open air open water HDD system is proposed that exploits the
enhanced evaporation and condensation processes by implementing with the Maisotsenko
cycle (M-cycle). The system utilizes solar energy as the energy input to heat the saline water.
A thermodynamic model is formulated under steady-state conditions, considering the first and
second law of thermodynamics. The energetic and exergetic performance of the system is
studied. The model is first validated with the experimental data and a good agreement is found
where the maximum discrepancy is about 6.0 %. Effects of different operating conditions on
key performance parameters such as the Gain Output Ratio (GOR), specific energy
consumption (SEC), exergy destruction, and exergy efficiency are analyzed. An improvement
is observed in the GOR when the inlet air temperature is raised at constant humidity ratio. The
system exhibits better performance in dry air environment when compared with humid air
environment. The analysis shows a maximum mass flow rate of desalinated water of 22.3 kg/h,
recovery ratio (RR) of 0.223, GOR of 3, SEC of 0.23 kWh/kg and an exergy efficiency of 43.21
%.

Keywords: M-cycle; Humidification-dehumidification; Desalination; Exergy destruction;
Exergy efficiency
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Highlights

Humidification-dehumidification desalination using M-cycle for improved
performance

Exploit the sub wet-bulb temperature cooling of M-cycle for condensation
A comprehensive thermodynamic model for M-cycle based HDD is
developed

A detailed exergy analysis of the present system is conducted



1. Introduction

Water covers around 71% of the surface of the Earth, out of which almost 96.5%
exists as saline water and the rest exists as freshwater [1]. Two-thirds of the
freshwater is not readily available as it occurs in the form of snow, ice, glaciers,
and others [2]. There has been a considerable rise in the demand of freshwater
due to the increase in population and it is assessed that approximately five billion
people will suffer from water scarcity by 2050 [3,4]. Hence, desalination, as a
method of obtaining potable water by eliminating salts from saline water, is a

practical answer to tackle the problem of water shortage [5].

Desalination systems are broadly classified into two groups: (a) thermal-driven
like vapor compression (VC), multi-stage flash (MSF), multi-effect distillation
(MED), membrane distillation (MD), humidification-dehumidification
desalination (HDD), solar still, adsorption desalination (AD), and (b)
mechanical-driven like electrodialysis (ED) and reverse osmosis (RO) [6].
Humidification-dehumidification desalination (HDD) works on the principle of a
rain cycle, converting saline water to potable water by using air as the carrier gas
[7]. HDD systems are appropriate for small scale and non-grid applications as
they have a simple construction and in comparison to MSF, MED and RO

systems they are easier to maintain [8].

HDD systems can be divided into two categories. In the first category, based on
the heating fluid, they are divided into water-heated systems [9] and air-heated
systems [10]. In the second category, based on fluid flow arrangements, they are
subdivided into four: closed water open air systems (CWOA) [11,12], closed air
open water systems (CAOW) [13,14], open air open water systems (OAOW)
[15,16], and closed water closed air systems (CWCA) [17,18]. Khalil et al. [11]
performed an experiment which analyzed a water-heated CWOA HDD system
with bubble column humidifier, and the dehumidifier being shell and tube heat

exchanger. They observed better performance with bubble column humidifier as
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compared to direct sprayed humidifier with 21 kg/day of yield and 0.53 as the
Gain Output Ratio (GOR). Abd-ur-Rehman et al. [12] also conducted an
experimental analysis of water-heated CWOA HDD system with multi-stage
bubble column humidifier. They concluded that, for air leaving the humidifier,
the humidity ratio was 7-9% greater for two-stage humidifier and 18-21% greater
for three-stage humidifier in comparison with the single stage humidifier, which
resulted in better performance. Narayan et al. [13] carried out an experiment
which investigated a CAOW HDD system and they reported a GOR of 4 and 700
kg/day rate of fresh water output. Rahimi-Ahar et al. [14] performed an
experiment which studied a CAOW HDD system with sub-atmospheric packed-
bed direct water spray humidifier. The dehumidifier used was double pipe heat
exchanger. The authors noted a GOR of 3.43 and a yield of 1.07 kg/h/m?. Kabeel
et al. [15] conducted an experiment that analyzed an OAOW HDD system with
packed-bed humidifier and a GOR of 1.79 and 42.3 kg/day rate of fresh water
production was observed. They also concluded that higher mass flow rate of air
enhanced the production of freshwater. An experimental work was carried out by
Zubair et al. [16] of OAOW and CWOA HDD system with three stage cellulose
pads as humidifier. They noted a GOR of 1.6 in case of CWOA HDD system,
which performed better than OAOW HDD system due to the heat recovery of
brine. Behnam et al. [17] conducted an experimental analysis of CWCA HDD
system with bubble column humidifier and 6.275 kg/day/m? rate of fresh water
yield and a GOR of 0.65 were reported. An experimental study of CWCA HDD
system was performed by Nafey et al. [18] with a packed-bed humidifier and a
yield of 10.25 kg/day was observed.

Although several experimental and theoretical research works have been carried
out on HDD systems for more than two decades, Narayan et al. [19] were the first
to introduce the thermodynamic model for water-heated CWOA and CAOW

HDD systems. They concluded that both configurations showed similar



performance (GOR = 2.5). Replacing the former systems with the air-heated
design, the performance dropped significantly (GOR = 0.78). They also proposed
several modifications in the HDD systems to increase the performance. Mistry et
al. [20,21] performed the second law analyses of CAOW and OAOW HDD
systems. They concluded that for the water-heated case, OAOW performed better
than CAOW HDD system irrespective of the ambient relative humidity. In case
of the air-heated approach, CAOW performed better than OAOW HDD system.
They further concluded that when the mass flow rate ratio is varied, the
performance could reach its peak as the total entropy generation of the cycle is
minimized. The thermodynamic performance of a water-heated OAOW HDD
system made up of a packed-bed humidifier and dehumidifier was examined by
He et al. [22]. They reported that the best desalination performance was observed
at GOR equal to 1.7 and 96.45 of kg/h water production. Xu et al. [23] performed
a thermodynamic study of water-heated CWCA HDD system with an evaporative
condenser. They showed that the maximum performance was achieved at GOR
equal to 12.24, 0.14 kg/h water production and specific energy consumption
(SEC) equal to 18.35 kg/kWh.

Maisotsenko cycle (M-cycle) is a thermodynamically based technique that
employs energy accessible from the latent heat of water vaporizing into the air.
This psychrometric renewable energy is then exploited to collect energy from the
air. Using the M-cycle, the air temperature can be reduced to the dew-point
temperature while many experimental evidences exhibit that the product air
temperature is lower than the wet-bulb temperature. Hence, it is also an advanced
indirect evaporative cooling (IEC) process. Saturated hot air can also be a by-
product of the M-cycle, making it a process by which heat can be recovered and
consequently, system efficiency can be improved for numerous applications [24].
Several exergy analyses of the M-cycle coolers have been carried out. For
example, Dizaji et al. [25] studied the M-cycle cooler, they concluded that the



exergy efficiency declines when temperature of inlet air is raised and improves
when the humidity ratio of inlet air is raised. Lin et al. [26] conducted an in-depth
investigation of an M-cycle based counter-flow dew point evaporative cooler.
They reported that the exergy efficiency increased when the temperature of inlet
air was raised from 25°C to 30°C and then remained almost constant till 45°C
when the humidity ratio of inlet air was kept constant. When the inlet air
temperature was kept constant, higher inlet air humidity ratio led to a decrease in

exergy efficiency.

While the M-cycle is extensively investigated for cooling, its key water
evaporation process has made it favorable for desalination through combination
with existing desalination systems [27]. Chen et al. [28] presented an
experimental work on the integrated IEC-HDD cycle for cooling as well as
freshwater production using a conventional M-cycle. They concluded that under
the same operating conditions, the observed rate of freshwater production of 25-
125 L/h and GOR of 1.6-2.5 was greater than other HDD configurations. Tariq
et al. [29] analyzed the HDD system with M-cycle based humidifier (air
saturator), they inferred that this system performed better as opposed to the HDD
system with the direct contact humidifier. Recently, a water desalination system
consisting of M-cycle arranged in two and three stages, respectively, was
proposed by Pandelidis et al. [30]. They noted that while the three-stage system
showed better performance than the two-stage system, the two-stage system
showed better SEC under the same operating conditions. Chudnovsky et al. [31]
implemented a water distillation system based on indirect dew point evaporation
system. The arrangement of the system is similar to CWOA HDD system using
M-cycle with three air channels i.e., dry, evaporation and condensation channels
respectively. Table 1 summarizes the comparison between the current study and
previously studied M-cycle based HDD systems.



Thus far, previous studies have included research on integration of M-cycle with
conventional HDD system for cooling and desalination [28], replacement of
direct contact humidifier with M-cycle based humidifier in a standard HDD
system [29], multi-stage M-cycle based desalination system [30]. These systems
have used M-cycle comprising of two distinct air channels i.e., dry and wet
channels respectively. However, there has been very few research on HDD
systems using M-cycle comprising of three different air channels. The existing
work [31] has focused on freshwater production rate, recovery ratio (RR),
desalination rate ratio (DRR) but excluded important performance parameters
like Gain Output Ratio (GOR) and specific energy consumption (SEC). The
understanding of these latter mentioned parameters (GOR, SEC) is necessary to

compete with current HDD systems and other thermal desalination systems.

In this paper, a water-heated open air open water (OAOW) HDD system using
M-cycle is proposed. The M-cycle consists of three different types of air channels
I.e., dry, humidification and dehumidification channels respectively. The use of
three air channels in the system allows both humidification and dehumidification
to take place in one component i.e., the M-cycle. The temperature of the air is
lowered to below the wet-bulb temperature in the dry air channel, and then it
flows into the humidification channel where the preheated saline water
evaporates which increases the humidity of the air. This saturated humid air enters
the dehumidification channel and condenses to give fresh water. The aim of this
work is to implement the first and second law of thermodynamics to study the

energetic and exergetic performance of the HDD system.



Table 1 Comparison between the present study and previous studies on M-cycle based HDD systems.

Study Research technique | M-cycle Features
Chen et al. [28] Experiment, Used with 1. Employed for cooling and freshwater production
simulation rngl[JI;anr HDD 2. Improved performance when compared to other
Syste HDD systems
Tariq et al. [29] Simulation Used as 1. Fresh water production rate, recovery ratio, and
humidifier GOR significantly improved when compared to
direct contact humidifier-based HDD system
2. Works best in dry and hot climatic conditions
Pandelidis et al. [30] | Simulation Used as 1. M-cycle arranged in two and three stages
HDD system respectively
2. Three stage showed better performance
3. Energy consumption was less when compared
with other desalination methods
Chudnovsky et al. [31] | Experiment Used as 1. Experimental setup built by Idalex Inc. (USA)
HDD system 2. Waste water was used for water distillation
Current study Simulation Used as 1. M-cycle comprises of three adjacent air channels
HDD system 2. Extensive thermodynamic analysis is studied
3. Comprehensive exergy analysis is carried out




2. Description of M-cycle based HDD system

Figure 1 shows the proposed M-cycle based water-heated OAOW HDD system.
It consists of an M-cycle, a solar water heater, a saline water pump and a saline
water tank. The M-cycle consists of three types of channels i.e., dry channel,
humidification (evaporating) channel, and dehumidification (condensing)
channel. The state points 1, 2, 3, and 4 represent the air flow from inlet to exhaust
undergoing humidification and dehumidification processes while producing
potable water from the saltwater. Air enters at state point 1, passes through the
dry channel, enters the humidification channel at state point 2, comes into contact
with heated saline water, and humidifies the air at state point 3. Humid air then
enters the dehumidification channel, where its moisture content condenses into
liquid water and the desalinated water leaves at state point 9 while the exhaust air
leaves at state point 4. Saline water from a tank at state point 5 is pumped to a
solar water heater where it enters at state point 6 and is heated to a desired
temperature at state point 7. Preheated saline water at state point 7 enters the
humidification channel so that the air comes in contact with it to stimulate
evaporation or humidification. At state point 8, salinity of the saline water
increases which exits as brine. Eventually, the condensed water at state point 9 is
obtained as the desalinated (fresh) water. Figure 2 presents a comprehensive
illustration of the three different types of air channels used in the M-cycle along

with the air and water flows respectively.

The psychrometric chart for the M-cycle is shown in Figure 3. The chart
illustrates the three different air channel processes. In the dry channel process (1-
2), where state point 1 is the ambient air temperature of 45 °C and relative
humidity of 20 %, the ambient air is nearly cooled to the dew point temperature.
The process of evaporation occurs in the humidification channel (2-3) which
increases the humidity ratio. Finally, the saturated humid air condenses in the

dehumidification channel (3-4).



3. Modeling of M-cycle based HDD system

A thermodynamic model is established for the water-heated OAOW HDD system

(Figure 1), where the mass, energy, entropy and exergy balances are judiciously

considered. The goal of this model is to study the energetic and exergetic

performance of the system. The following assumptions are adopted in the current

model:

VI.

No heat loss from all components of the system [32].
Steady state operation of the system.

Humid air leaving the humidification channel is saturated i.e., relative
humidity at state point 3 is 100% [33].

Exhaust air leaving the dehumidification channel is saturated i.e., relative
humidity at state point 4 is 100% [33].

Desalinated water obtained at state point 9 has zero salinity i.e., pure water.

Exhaust air temperature is equal to desalinated water temperature i.e.,

temperature at state point 4 is equal to temperature at state point 9.

10
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Figure 1 M-cycle based HDD system.
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Figure 2 Schematic representation of the M-cycle used for the system.
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Figure 3 Psychrometric chart for M-cycle in an M-cycle based HDD system.

3.1 Mass, energy, and entropy balances
When taking M-cycle as the control volume, the general mass balance equations

for water and salt can be expressed as:
myw, + Mg, = My + Myw, + My, (1)
Mgy Sley = mySly (2)

Here, m represents the mass flow rate and Sl denotes the salinity. Besides, if the
dehumidification channel is taken as the control volume, an equation of mass

balance for water can be written as:
mdw = ma(wB - w4) (3)

A mass flow rate ratio is introduced and it may be defined as the ratio of saline

water mass flow rate to air mass flow rate.
13



m
MFRR = =¥ (4)

mq

Similarly, the salinity ratio is defined as the ratio of saline water salinity to brine

salinity.
Slsy,
SR = s, (5)
Rearranging equations (1) - (5) yields equation (6):
w3 = w; + MFRR(1 — SR) (6)

Similar to the mass balance, a general equation of energy balance for M-cycle is

formulated as:
mahl + mswh7 = mth + mah4 + mdwh9 (7)

The energy balance for the solar water heater is expressed as:

_ msw(h7 B h6)
The work input of the saline water pump is written as:
_ msw(h6 B hs)
Wowp = 3600 ©)
The fan power consumption of the M-cycle is written as:
Wfan = V12AP12 + V23AP23 + V34AP34 (10)

After the mass and energy balances are defined, the input variables considered
are inlet air temperature, inlet air humidity ratio, preheated inlet saline water
temperature, inlet salinity of saline water, and MFRR. The temperature of humid
air at the end of humidification channel, and brine temperature are also estimated.
Subsequently, the exhaust air temperature, and desalinated water temperature are

computed using the mass, and energy balances.
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Furthermore, the entropy balance for M-cycle is written as:

. mS4+mb58+md Sg_m Sl_m S7
Sgenme = ( ; 3600 — ) (11)
The entropy balance for the solar water heater is written as:
: msw57 - msws6 sth
S = ( ) — 12
gen,swh 3600 Tswh ( )
Hence, the total entropy generation rate is written as:
Sgen,t = Sgen,mc + S‘gen,swh (13)

3.2 Performance parameters

The performance of an HDD system is given by Gain Output Ratio (GOR),

written as:

Mawhrg

GOR = — i i
(sth + Wowp + Wfan) X 3600

(14)

The GOR is an estimate of the amount of desalinated water produced for a

particular heat and/or work input.

The specific energy consumption (SEC) of an HDD system is given as:

_ sth + Vi/swp + Wfan

SEC
1000 X 1714,

(15)
The SEC is a measure of energy used for producing a unit amount of desalinated
water.

The recovery ratio (RR) is defined as the ratio of mass flow rate of desalinated

water to mass flow rate of saline water.

(16)
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The RR is an estimate of the quantity of water recovered for a given amount of

saline water.

The desalination rate ratio (DRR) is defined as the ratio of mass flow rate of
desalinated water to mass flow rate of evaporation.
mdw mdw mdw

DRR = — = — — = — (17)
Meyap Mgy, — My msw(l - SR)

The DRR is a measure of condensate produced for a unit amount of vapor

produced.

3.3 Exergy Analysis

The exergy balance for saline water heater is written as:

Mg, € . T, Mg, € .
b (1_ ° >_ ] +TOSgen,swh (18)

3600 T Sswn Tewn/ 3600

The exergy efficiency of the saline water heater is written as:

Exout,swh

Nex,swh = 7 X 100 (19)

in,swh
The exergy balance for M-cycle is written as:

mge, + mgy,€7  Mmpeg + mye, + mgy,, €9

ToS 20
3600 3600 T Toogenme (20)
The exergy efficiency of the M-cycle is expressed as:
Ex
Nexme = ——2 % 100 (21)

in,mc

The total exergy balance for M-cycle based HDD system is written as:

mgeq + mg,,€ . T myeg + mge, + my,,€ :
a€1 SW*6 (1_ 0): b=8 a4 dW9+TOSgen,t (22)

3600 * Qswn Town 3600

The total exergy efficiency of the M-cycle based HDD system is written as:

16



Exout,total

X 100 (23)

Nex total = J%
xin,total

3.4 Exergy calculation procedure

Once the model has been established and the objective variables have been
determined, the entropy generation rates of saline water heater, and M-cycle are
calculated. Next, the performance parameters are computed and exergy
parameters are evaluated. The calculation procedure flow chart is depicted in

Figure 4.

3.5 Simulation conditions for exergy analysis

Numerical simulations based on the thermodynamic model were conducted to
calculate the energetic and exergetic performance of the desalination system.
Table 2 shows the various parameters and conditions along with their nominal
values and ranges. Table 3 lists the dead state conditions for the exergy analysis.
Gain Output Ratio (GOR), specific energy consumption, exergy destruction and
exergy efficiency are the important objective parameters for this analysis. The

results are presented and discussed in the coming sections.

Table 2 Simulation parameters for exergy analysis.

Parameter Nominal value Varying range
mg, (kg h™1) 100 100 - 200
mg (kg h™1) 1000 500 - 1000

t; (°C) 45 25 - 45
t7 (°C) 60 40 - 60
Sl.,, (gkg™) 35 10 - 50
w0 (k_g> 0.01 0.005 - 0.025
kg

17



Set MFRR., inlet air temperature (T1), inlet air humidity ratio (co1),
inlet pre-heated saline water temperature (T7), inlet salinity (Slew)

|
Dry channel air temperature equation
Dry channel wall temperature equation
Saline water film temperature equation
Humidification channel air temperature and mass equations

Dehumidification channel wall temperature equation
Dehumidification channel air temperature and mass equations

Estimate saturated humid air temperature (T3),
brine temperature (Tg)

'

Calculate exhaust air temperature (Ty),
desalinated water temperature (Tsg) to satisfy the
energy balance

No Yes

h 4

Calculate entropy generation rates of saline
water heater and M-cycle

'

Calculate GOR. SEC. RR. DRR

'

Exergy calculations

End

Figure 4 Exergy model calculation flow chart for M-cycle based HDD system.
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Table 3 Dead state conditions for exergy analysis.

Parameter Value
to (°C) 15
Py (Pa) 101325
RH, (%) 50
Slswo (9 kg™) 35
. (k_g) 0.0053
0 kg

4. Results and discussion

4.1 Model validation

The data taken from the experimental setup built by Idalex Inc. (USA) which is
situated at the Gas Technology Institute Laboratory (USA) [31] is used to validate
the exergy model of M-cycle based OAOW HDD system. The experimental setup
was established to examine the idea of using the indirect dew point cooler for
waste water distillation. This setup was made up of three adjacent air channels

I.e., dry, evaporating, and condensing channels.

The current proposed system works along the same concept as the experimental
setup. Therefore, the current model is validated using data from the experimental
unit. The salinity of the waste water was not mentioned in the paper, so it was
assumed as brackish water with 10 g/kg salinity [34] since water with added food
color was taken as waste water in the experiment. Table 4 compares the present
model with the results of the experiment [31]. The maximum absolute relative

error was found to be 6.1%.
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Table 4 Validation of current model with experimental results [31].

Parameter Current Experimental Absolute relative
model [31] error (%)

mgy (kg h™1) 532.6 532.6 -
t; (°C) 26.11 26.11 -
RH; (%) 69 69 -
me, (kg h™1) 68.04 68.04 -
Slw (g kg™™) 10 - -
MFRR 0.1278 0.1278 -
t; (°C) 60 60 -

t; (°C) 43.794 46.11 5.02
RH; (%) 100 100 -

Mgy (kg h™1) 20.692 19.5 6.1

RR 0.304 0.287 5.9

4.2 Effect of inlet air temperature to the M-cycle based HDD system

The outcome of numerical simulations for various inlet air temperatures to the

M-cycle is discussed in this section. The inlet air temperatures are varied from 25

°C to 45 °C at a constant 10 g/kg of inlet air humidity ratio. The range of mass

flow rate ratio (MFRR) is taken from 0.1 to 0.2 with the constant mass flow rate

of the saline water at 100 kg/h. The inlet preheated saline water temperature to

the M-cycle is taken as 60 °C and the inlet salinity of the saline water is taken as

35 g/kg. The heat supplied to the saline water heater is kept constant.
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Figure 5 Effect of MFRR with various inlet air temperatures for different
parameters; (i) mass flowrate of desalinated water (top left), (ii) Gain Output
Ratio (top right), (iii) recovery ratio (middle left), (iv) desalination rate ratio

(middle right), (v) specific energy consumption (bottom left) and (vi) brine

salinity (bottom right).

Figure 5 illustrates the effect of MFRR on the energetic performance of the
system at various inlet air temperatures. The mass flowrate of the desalinated
water is decreasing with increase in MFRR for a specified temperature. The same

trend is observed for a specific MFRR as air inlet temperature declines. The Gain
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Output Ratio, recovery ratio, and brine salinity also follows the same
characteristics as the mass flowrate of desalinated water with 2.81 and 0.212 as
the maximum GOR, and RR respectively, for 21.2 kg/h of desalinated water at
inlet air temperature of 45 °C and 0.1 MFRR. The specific energy consumption
shows the opposite trend to the other performance parameters with the maximum
being almost 0.85 kWh/kg at 0.2 MFRR and 25 °C inlet air temperature and
minimum of around 0.25 kWh/kg at 0.1 MFRR and 45 °C inlet air temperature.
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Figure 6 Variation of total exergy input, output, destruction, and efficiency with

inlet air temperature at constant inlet air humidity ratio.

Figure 6 shows the total exergy input, output, destruction and efficiency for
different inlet air temperatures at the constant inlet air humidity ratio and 0.1
MFRR. It is observed that there is a steady rise in both total exergy input and
output with increase in the inlet temperature. It is noted that the exergy destruction
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Is almost same from 25 °C to 35 °C with a slight raise at 45 °C. When the
temperature of inlet air is raised from 25 °C to 35 °C, an increasing trend in the
total exergy efficiency, from 52.5 % to 60 %, is noted and then it remains almost

constant with a slight decrease at 45 °C.

4.3 Effect of inlet air humidity ratio to the M-cycle based HDD system

The outcome of numerical simulations for various inlet air humidity ratios to the
M-cycle is discussed in this section. The inlet air humidity ratio is ranged from 5
g/kg to 25 g/kg at a constant inlet air temperature of 45 °C. The MFRR is varied
from 0.1 to 0.2 with the constant mass flow rate of the saline water at 100 kg/h.
The inlet preheated saline water temperature to the M-cycle is taken as 60 °C and
the salinity of the inlet saline water is taken as 35 g/kg. The heat supplied to the
saline water heater is kept constant. Figure 7 presents the effect of MFRR on the
energetic performance of the system at varying inlet air humidity ratios. While a
steady decline is observed in the mass flow rate of the desalinated water, the
GOR, recovery ratio, and the brine salinity with the rise in MFRR for a specific
inlet air humidity ratio, they also decrease as the humidity ratio increases for a
particular MFRR. The peak GOR of approximately 3 and RR of 0.223 are
recorded for 22.3 kg/h desalinated water at 5 g/kg of inlet air humidity ratio and
0.1 MFRR. The specific energy consumption, as expected, follows the opposite
behavior to the other previous parameters, with highest SEC of 0.7 kWh/kg at 0.2
MFRR and 25 g/kg inlet air humidity ratio and lowest SEC of 0.23 kWh/kg being
achieved at 0.1 MFRR and 5 g/kg inlet air humidity ratio.
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Figure 7 Effect of MFRR with various inlet air humidity ratios for different

parameters; (i) mass flowrate of desalinated water (top left), (ii) Gain Output
Ratio (top right), (iii) recovery ratio (middle left), (iv) desalination rate ratio
(middle right), (v) specific energy consumption (bottom left) and (vi) brine

salinity (bottom right).

Figure 8 presents the total exergy input, output, destruction and efficiency for
different inlet air humidity ratios at constant inlet air temperature and 0.1 MFRR.
The rise in the inlet air humidity ratio heightens the total exergy input with only

a minute raise observed from 5 g/kg to 10 g/kg of inlet air humidity ratio. The
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total exergy output increases uniformly when the humidity ratio of inlet air is
increased. A fall in the total exergy destruction improves the total exergy

efficiency from around 43 % to 85 %.
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Figure 8 Variation of total exergy input, output, destruction, and efficiency with

inlet air humidity ratio at constant inlet temperature.

4.4 Effect of inlet preheated saline water temperature to the M-cycle based
HDD system

The outcome of numerical simulations for various temperatures of the inlet saline
water to the M-cycle is discussed in this section. The range of the temperature of
inlet preheated saline water is taken from 40 °C to 60 °C with the constant
temperature of inlet air being 45 °C and the constant humidity ratio of inlet air
being 10 g/kg. The MFRR is varied from 0.1 to 0.2 at 1000 kg/h of constant mass
flow rate of air. The inlet salinity is 35 g/kg.
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Figure 9 depicts the effect of MFRR on the energetic performance of the system
at various inlet pre-heated saline water temperatures. At a specific temperature,
the mass flow rate of desalinated water decreases with MFRR, and as the inlet
pre-heated saline water temperature rises, greater mass flow rate of desalinated
water is noted. At 0.1 MFRR, although the maximum GOR of about 4 is observed
at a temperature of 40 °C, the highest recovery ratio of 0.211 is achieved at a
temperature of 60 °C. The heat input values to the saline water heater and specific
energy consumption follow a similar drift with both increasing as temperature
and MFRR increase. The minimum SEC of 0.171 kWh/kg is observed at 0.1
MFRR and inlet pre-heated saline water temperature of 40 °C. Higher GOR is

attained because of the lower heat supplied at the lower mass flow rate ratio.

Figure 10 illustrates the total exergy input, output, destruction and efficiency for
different inlet pre-heated saline water temperatures at constant inlet salinity and
0.1 MFRR. When the inlet pre-heated saline water temperature increases, the total
exergy input heightens steadily due to the larger heat input supplied to saline
water heater. The total exergy output and destruction almost remain constant,
showing minute increase with inlet pre-heated saline water temperature, as

opposed to total exergy efficiency which falls from 46.8 % to 43.9 %.
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Figure 9 Effect of MFRR with various inlet pre-heated saline water

temperatures for different parameters; (i) mass flowrate of desalinated water
(top left), (i) Gain Output Ratio (top right), (iii) recovery ratio (middle left),
(iv) heat input to saline water heater (middle right), (v) specific energy

consumption (bottom left) and (vi) brine salinity (bottom right).
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Figure 10 Variation of total exergy input, output, destruction, and efficiency

with inlet pre-heated saline water temperatures at constant inlet salinity.

4.5 Effect of inlet salinity to the M-cycle based HDD system

The outcome of numerical simulations for various inlet salinities to the M-cycle
Is discussed in this section. The range of inlet salinity is from 10 g/kg to 50 g/kg
at constant temperature of inlet preheated saline water as 60 °C. The mass flow
rate of saline water is taken as 100 kg/h with MFRR equal to 0.1, temperature of

inlet air being 45 °C and humidity ratio of inlet air being 10 g/kg.

Figure 11 shows the effect of inlet salinity on exergetic performance. With rise
in inlet salinity, the exergy destruction declines and exergy efficiency improves
from 43.2 % to 46%. This trend has been seen in other types of desalination

systems like electrodialysis desalination [35].
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Figure 11 Effect of inlet salinity for different exergy parameters; (a) total
exergy destruction (left), and (b) total exergy efficiency (right) with constant

mass flow rate ratio.

4.6 Exergetic performance of different components

The exergetic performance of different components is discussed in this section.
The MFRR is taken as 0.1, the temperature of inlet air is 45 °C, the humidity ratio
of inlet air is 10 g/kg, inlet preheated saline water temperature to the M-cycle is
taken as 60 °C, and inlet salinity is taken as 35 g/kg. Figure 12 represents the
understanding of exergetic performance for the individual components as well as
the complete system. The saline water heater is found to destroy the least exergy
which intensifies its exergetic efficiency. In comparison, the M-cycle has the

highest exergy destruction which lowers its exergetic efficiency. Since the
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exergetic efficiency of the saline water heater is slightly less than 100 %, the
exergetic efficiency of the whole system is marginally smaller than that of the M-

cycle.
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Figure 12 Variation of the exergy destruction and efficiency in each component

for M-cycle based HDD system.

4.7 Total exergy balances

Figure 13 illustrates the graphical exergy flow diagram for M-cycle based HDD
system. The Sankey diagram is a graphical technique identified as a useful tool
for the exergy analysis [36]. All the exergy inputs, outputs and destruction values
shown in Figure 13 are for the following conditions: 0.1 mass flow rate ratio, 45
°C and 10 g/kg inlet air temperature and humidity ratio respectively, 60 °C inlet
preheated saline water temperature, and 35 g/kg inlet salinity. The heat supplied

to the saline water heater and inlet air flow to the M-cycle are the two significant
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contributors to the exergy input whereas the inlet saline water flow to the saline
water heater has negligible effect on the exergy input. The major exergy output
Is due to exhaust air flow. In contrast, the effect on exergy output due to brine
flow and desalinated water flow is to a lesser degree. The exergy destruction is
40.67 % of the total exergy input which results in an exergetic efficiency of 59.33
%.

Due to brine flo

Due to heat supplied (44.04 %): 355.22 W

Input: 806.64 W

Due to inlet air flow (55.56 %): 448.20 W

Destruction (40.67 %): 328.08 W

Due to inlet saline water flow (0.4 %): 3.22 W

Figure 13 Graphical exergy flow diagram for M-cycle based HDD system.

4.8 Comparison with previous studies

The current study has shown the energetic and exergetic performance of the M-
cycle based HDD system under a broad set of operating conditions. Table 5
outlines the contrast between the current M-cycle based HDD system and other
integrated HDD systems based on different parameters like GOR and yield. Table
6 presents the difference between current open air open water M-cycle based
HDD model and previous OAOW HDD system in terms of MFRR, mass flow
rate of desalinated water, Gain Output Ratio, specific energy consumption and
total entropy generation rate. A thermodynamic study of a water-heated OAOW
HDD system with a packed-bed humidifier and dehumidifier investigated by He
et al. [22] revealed that the maximum yield of 96.45 kg/h occurs at GOR of 1.7,
SEC of 0.38 kWh/kg and with the total entropy generation rate of 85.73 W/K.
The current model has also been studied for the thermodynamic performance and
it has been inferred that 22.3 kg/h is the maximum mass flow rate of desalinated
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water which takes place at a GOR of 3, SEC of 0.23 kwWh/kg and the total entropy
generation rate of 1.51 W/K. The present system performance is better than that

of He et al., although the mass flow rate of freshwater is less due to lower MFRR.

Table 5 Comparison between the current M-cycle based HDD system and other

integrated HDD systems from the literature.

Study Research Integrated GOR Yield
technique system
Chen et al. [28] Experiment, | Indirect 2.5 125 L/h
simulation evaporative
cooler
Faegh et al. [37] Simulation | Vapor 2.47 0.91 kg/h
compression
heat pump
Chiranjeevi et al. | Experiment, | Vapor 1.53 2.2 kg/h
[38] simulation absorption
refrigerator
Lawal et al. [39] Experiment | Vapor 4.07 287.8 L/day
compression
refrigerator
Xu et al. [40] Experiment | Vapor 1.93 17.45 kg/h
compression
heat pump
Present study Simulation | M-cycle 3 22.3 kg/h
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Table 6 Comparison between current OAOW M-cycle based HDD model and
previous OAOW HDD system from the literature.

Parameter Current Model He et al. [22]
MFRR 0.1-0.2 1.0-44
maw (kg A1) 22.3 96.45
GOR 3 1.7
SEC (kWhkg™1) 0.23 0.38
Sgentorar(W K™1) 1.51 85.73

5. Conclusions

This paper focused on the comprehensive investigation of a water-heated open
air open water (OAOW) HDD system that utilizes the vital water evaporation
process of the Maisotsenko cycle (M-cycle). The energetic and exergetic
performance were evaluated for various operating conditions. The employed M-
cycle was composed of three types of air channels i.e., dry, humidification, and
dehumidification channels respectively. A thermodynamic model of the proposed
system was developed on the basis of the first and second law of thermodynamics.
Following this, significant performance parameters, namely, recovery ratio (RR),
Gain Output Ratio (GOR), specific energy consumption (SEC), exergy
destruction, and exergy efficiency were analyzed. The concluding remarks

yielded from the analysis are as follows:

1. Itis observed for a specific inlet air temperature, that higher mass flow rate
of air with constant mass flow rate of saline water enhances the mass flow
rate of desalinated water and recovery ratio. In contrast, increasing mass
flow rate of the saline water with a fixed mass flow rate of air increases the

mass flow rate of the desalinated water but reduces the recovery ratio.
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2. At a constant humidity ratio, an improvement in GOR is obtained with the
rise in temperature of inlet air as well as mass flow rate of air while keeping
the mass flow rate of saline water is kept constant. This is due to the greater
desalinated water mass flow rate and constant heat supplied to the saline
water heater. An air heater can be employed to boost the inlet air
temperature, which in turn, maximizes the mass flow rate of desalinated
water, but the inclusion of another component may lower the system

performance.

3. As humidity ratio is elevated, at a certain inlet air temperature and MFRR,
mass flow rate of desalinated water, GOR, RR, and rate of exergy
destruction decline. This may be caused by addition of water content in the
air entering the dry channel and it also confirms that the system can have
lower performance but higher exergy efficiency. This reveals that the
system works better in dry air ambient conditions than in humid air ambient

conditions.

4. The Gain Output Ratio and specific energy consumption show the opposite

trend for all the cases discussed.

5. For a particular inlet air temperature, it is observed that as the inlet
preheated saline water temperature is heightened, the Gain Output Ratio
drops and the rate of exergy destruction grows which results in reduced

exergy efficiency.

6. An increase in inlet salinity, diminishes the exergy destruction and boosts

the exergy efficiency. This may be due to added salt content in saline water.

7. The M-cycle has the utmost exergy destruction whereas the saline water
heater is the least destroyed component. The maximum mass flow rate of
desalinated water is 22.3 kg/h which occurs at 45 °C inlet air temperature,
5 g/kg humidity ratio, 60 °C pre-heated inlet saline water temperature, and
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35 g/kg inlet salinity having GOR 3, SEC 0.23 kWh/kg, and exergy

efficiency was found to be 43.2 %.

8. Based on the second law analysis, although the efficiency of the M-cycle

based HDD system improves at higher ambient air temperature and

humidity ratio, the system performs best within a temperature range of 35

°C to 45 °C and humidity ratio range of 15 g/kg to 25 g/kg.

Appendix

Thermodynamics properties of humid air have been taken from CoolProp [41]
and ASHRAE fundamentals handbook [42]. But for flow exergy of humid air,

the following equations have been used [43].

xa x'U
eq = (hy — hy) — To(s, — So) + RT, | x,4 lnx— + x, In

0,a xO,v
1
x = ——
T 14w
w
Xy = ——
V' 14w

Thermodynamic properties of saline water taken from literature [44-47].

hSW == hW - WS(bl + bZWS + b3W52 + b4WS3 + b5T + b6T2 +
b,T3 + bgw,T + boWlT + b;ow,T?)

h, = 141.355 + 4202.070T — 0.535T2 + 0.004T3
where,
b, = —0.2348 x 105, b, = 0.3152 x 10°,b; = 0.2803 x 107,
b, = —0.1446 X 108, bs = 0.7826 x 10% by = —0.4417 x 102,
b, = 0.2139, bg = —0.1991 X 10°,by = 0.2778 X 10°,
by, = 0.9728 x 102
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Sew = Sy — Ws(€1 + Cowg + c3wZ + c,wd + csT + ¢ T? +

c;T3 + cgwiT + coW2T + c oW T?) (46)
s, = 0.1543 + 15.383T — 2.996 x 1072T? +
8.193 x 107573 — 1.370 x 10~7T* (47)
where,
c; = —0.4231 x 103,¢, = 0.1463 x 10°,c; = —0.9880 x 10°,
¢y = 0.3095 X 10%,¢c5 = 0.2562 X 102%,¢, = —0.1443,
c; = 0.5879 x 1073,cg = —0.6111 X 10%,cy = 0.8041 x 102,
10 = 0.3035
o = 3 = G = Wy (48)
Hs = %fnw = gow + (1= w) aag;:“ (49)
Gsw = heyy — (T + 273.15)s,,, (A10)
aa‘?;:” = aafizv — (T + 273.15) aavis (A11)
ahsw 2 3 2
~we = b, + 2b,wg + 3bsws + 4b,we + bsT + b T + (412)

b7T3 + 2b8WST + 3b9W52T + 2b10WST2

_ 0S5y

=c; + 2¢c,wg + 3c3wZ + 4cawd + T + cgT? +
Ws (A13)
c;T3 + 2¢cgw,T + 3coW2T + 2¢1 oW T?
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