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Abstract—The humidification—-dehumidification process (HDH) is a thermal technique adapted for
water desalination. This technique has many advantages such as moderate installation, simplicity and
operates at relatively low temperatures when compared with other commercial thermal processes. HDH
process is perfectly suitable for the decentralized areas where a small-scale desalination technology uses
renewable resources of energy. The aim of this paper is to present the experimental analysis of the
process providing the principle of functioning and the characteristics of the process when a different key
variable such as air flow rate and humidifier inlet water temperature is altered. The experiment designed,
installed and operated where air flow rates tested at constant humidifier inlet water temperature. To
study the influence of air flow rate variation on the system, several experimental runs are implemented at
different air flow rates at constant inlet water temperature. The experiments are repeated where
humidifier inlet water temperature is changed. The system evaluated after steady state operation within
one hour, and the production is collected. Finally, the system analyzed to find the effect of air/water flow
ratio on the system productivity, humidifier mass transfer coefficient and dehumidifier overall heat
transfer coefficient. Moreover, the sensible heat from the humidifier inlet water is studied as the analysis
includes the inlet water temperature effect on the process. The system best results obtained at the
maximum tested air flow rate where the GOR was 0.22 and the production cost of 0.043 US%/liter.The
highest productivity of the system found to be 5.424 I/hr at 50 °C humidifier inlet water temperature. The
general outcome of the study provides that HDH desalination process is more favorable towards
increasing the air flow rates and humidifier inlet water temperature where the mass transfer and overall
heat transfer coefficients also increased. The system optimized for best economic and operating
conditions.
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I. INTRODUCTION

Large parts of Saudi Arabia are water-stressed. Large-scale desalination technologies have become widely
available as commercial technology over the last few decades. On the other hand, small-scale desalination
technologies for arid areas have not attracted similar commercial interests. The major challenges for a remote
water production are the need for systems that incur simplicity, inexpensive components,the ability to adapt to
renewables, and ensure relatively maintenance-free operation. Also it is recommended to study simplest
efficient designs in order to be used for arid areas. El-Halwagi [1] provided the shortcut method for the design
of once-through multi-stage flash (MSF) in order to obtain better design analysis of the unit components and
process integration which reveals favorable results compared with the existing plant data. Desalination
processes such as Multi-effect distillation (MED), reverse osmosis (RO) are optimized for better operation,
design and best economic output [2]-[4] to satisfy the fresh water demand.Among the many available
technologies, humidification-dehumidification (HDH) desalination technology is the promising and
decentralized drinking water technology. The process includes simple and separate components for each of the
thermal processes; this allows each component to be independently designed, which require less capital cost. It
can operate over a wide range of raw water quality without the need for complex maintenance and operations.
One of the features of the HDH concept is the ability to operate at low temperature that makes it one of the best
solar energy applications. In order to improve the water productivity of HDH experimental analysis of the
process is needed. The process also known to be sensitive to many variable which affect the productivity such as
air flow, feed water flow, feed water temperature, and the configuration of the major components. The
productivity of the system has shown a certain improvement with increasing the water temperature and air flow
[5], although this increase has optimum value for each parameter [6]. When the energy performance of the
process concerned, the mass of water produced per unit heat can be analyzed by obtaining the gained output
ratio (GOR) [7]-[9]. Both unit productivity and GOR are affected positively by increasing the feed water
temperature [10]. The investigation of pulsed water flow and its effect on the performance of the (HDH) process
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have been analyzed by El-Shazly et al. [8]. It has been found that the unit productivity increased by increasing
the off time of the consequent pulses comparing to the continuous flow. Humidification process can be
performed either by spray humidifier or pad humidifier, and the study of both systems revealed that the pad
humidifier is more appropriate for air humidification [11]. Cemil et al. [12] tested the HDH using humidifier
provided with water storage tank. The productivity increased by increasing of feed water flow rate and the water
inside the storage tank and showed no significantimprovement when air flow increased. Cooling water flow and
its temperature can increase the system productivity [12]. In HDH process the ambient conditions affect the unit
performance especially when coupled with a solar energy source, hence it affects the unit productivity [13]. The
exergy efficiency is higher in the shorter humidifier tower with a large diameter, which is an important factor in
the design of HDH desalination process [14]. The relative humidity is the key factor in HDH desalination; it can
reveal more production of the system if increased as possible. Humidifiers can provide the high relative
humidity, which ranges between 80% to 90% [15]. The relative humidity is considered the driving force of the
process, which can be improved by good design of the humidifier. The configuration of the system has a greater
impact on the productivity. Appling the forced circulation throughout the humidifier can increase the system
productivity [16] especially in the case of a gummy bag cloth. It was also reported that both heat and mass
transfer coefficients of the HDH desalination could be improved by increasing of water temperature and air flow
rate [17].Since the HDH desalination process has different components to integrate the process, hence the key
performance indicators “KPI” could be used to improve the process outcomes. El-Halwagi [18] described the
importance of process economic integration with sustainability. The economic evaluation of the HDH process
can be extended to cover the impacts on the process sustainability. In the design stage of HDH desalination
system, benchmarking and economic analysis can be used for evaluating the sustainability metrics of the process
relative to the capital cost. Applying economic evaluation and the sustainability metrics for the designed unit
would be a powerful tool for project decision making. Also, it is contributing the process improvement in terms
of different arrangments beyond the only economic profitability analysis.Research on HDH desalination
technology was undertaken at King Abdul Aziz University in Jeddah city. The unit is constructed by fabricating
each component of the system locally. The aim of this work is to analyze the system performance standalone
and provide the results of mass transfer coefficients at different air flow rates. This analysis can provide the
expected desalination process outcome in the specified area and layout the data for future work when coupled
with a renewable energy source.

Nomenclature
H Enthalpy Vv Volume of the humidifier
T, Air temperature Oin Heat transfer rate
T, Water temperature P Capital cost
Tc,, Cooling water temperature i Interest rate
Tuu Make water temperature n Number of years
Toil  Oil temperature Cy Annual capital cost
my Air flow rate Cy Maintenance cost
m,, Water flow rate Cop Operating cost
My Cooling water flow rate Crop  Total operating cost
my Product water flow rate Pr Total pressure
myy  Make up water flow rate Greek symbols
M, Oil flow rate W Absolute humidity
Z Fill height o Humidifier efficiency %
S Cross section of humidifier Subscripts
Cq Specific heat of humid air as Saturated air
Cy Specific heat of water ave Average value
hyg Latent heat of evaporation of water m Mean value
a Interface area i Interface
A Surface area DH Dehumidifier
U Overall heat transfer coefficient of dehumidifier n Log mean
P, Vapor pressures a Air
K, Gas phase mass transfer coefficient of humidifier s Saturated
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Il. EXPERIMENTAL SETUP AND PROCEDURE
A. Experimental setup

The objective of this work is to design, build and test the humidification-dehumidification desalination
system. Figure-1 illustrates a schematic diagram of the experimental setup. Humidification occurs in the
humidifier while dehumidification occurs in the condenser.
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[ N H
Instrument signal H wiater H inlet
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Fig. 1. Schematic diagram of the experimental setup.

The humidifier used is spray chamber type where the liquid is sprayed as a mist and the chamber packed with
canvas. The fan is located at the top of the humidifier where the air is pulled from the bottom side opening of air
return line from the dehumidifier. The air is flowing countercurrent to the circulating water direction. The
circulating water through the humidifier is heated by oil/water heat exchanger. The electrical heater maintains
the temperature of the oil. While air is forced to flow trough a packed humidifier, hence air is humidified. At the
wet packing surface, the mass and heat transferred to the flowing air. Makeup line provided in order to
compensate the water being removed from the humidifier by the air. The experiment setup at the site is shown in
figure-2.

Fig. 2. The experimental setup at the site.
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The air is dehumidified in the condenser where the hot air/water vapor mixture contacted the cold surface. In
the condenser, water vapor condenses and air temperature cooled down. Moreover, the sensible heat and latent
heat are transferred to the cooling water. The condenser is one pass and designed to have countercurrent flow
between the air/water vapor and the cooling water. The cooling water supplied from the reservoir by pump
allowing it to enter from the bottom and returns from the top. The air/water vapor mixture enters from the top of
the condenser to the bottom. The water level inside the humidifier is maintained by level float valve and
adjusted to be below the air return line from the condenser. Moreover, the water in the humidifier can be drained
if necessaryby the drain line. The condensed water from air/water vapor mixture is drowned out from the bottom
of the condenser and collected.

1) Humidifier: The humidifier designed to have both spray water nozzles and internal packing to increase the
surface area between the air and water. The packing and humidifier dimensions are illustrated in figure-3. The
spray system consists of two nozzles mounted at the top of the humidifier to spray the water downwards with
0.57 V/hr circulating water.

500 mm | 1000 mm

500 mm

1060 mm

Fig. 3. Schematic diagram of the humidifier.

The nozzles ensured to cover all the packing area for proper distribution of the water across the required
air/water contact area. It was aimed to use a simple available material for building the humidifier; hence the
canvas packing is used. The width of the humidifier is greater than the height; this is selected to have better
humidifying performance rather than using taller humidifier [14].

2) Dehumidifier: The water-cooled heat exchanger is used. The cooling water flows inside 50 copper tubes
with a height of 1300 mm from the bottom upwards to the top. The 50 copper tubes provide a total surface area
of 5.817 m’. Figure-4 illustrates the condenser dimensions. The air/water vapor mixture enters the top of the
dehumidifier and flowing downward through the shell side. The condensed water during the operation is
extracted from the bottom through a tube connected to the collecting tank. Two openings are provided at the
shell side for the entering mixture at the top and the returning air at the bottom.

3) Heater: Humidifier bottom water is heated by using a heat exchanger with a total surface area of 11.074
m?, where hot oil flows through exposed pipes and transfers heat to the water. The heat exchanger used is for the
automobiles, which is made from aluminum due to its relatively high availability and its very high thermal
conductivity. Moreover, fins are used to conduct the heat from the tubes and transfer it to the water. The
complete heating loop is illustrated in figure-1.The heating fluid is 10W-30 synthetic blend motor oil, which has
high temperature oxidation and thickening for long-term use. The oil is heated in the oil storage tank with
electrical heater, which is used to study the performance of the unit and mimics the renewable energy source.
The electric heating loop controls the temperature by using a thermostat, which senses the temperature of the oil
inside the tank and initiates control by switching the heater on or off. Oil set point temperature controlled by an
operator in order to maintain the desired humidifier inlet water temperature. The oil circulation loop is driven by
gear pump with a maximum flow capacity of 75 1/min.
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4) Drives and Control system: There are four primary AC 220 drives in the desalination unit which are the
cooling water pump, circulating water pump, oil pump and the air fan. The circulating water pump runs at full
capacity during the experiment. The cooling water pump supplies the makeup and cooling water to the
dehumidifier based on the desired flow capacity. The air fan and oil pumps flow capacities are varied based on
the experiment plan. The flow capacities of the cooling water pump, oil pump and the air fan are controlled by
adjusting their drives frequency. AC frequency inverter is used to alter the speed of the motor while maintaining
the torque. Figure-5 illustrates the drives control loop.The frequency inverters are able to work with a variety of
control systems and sensors. It allows controlling the motor’s output in response to a control signal in order to
achieve the required operating condition.

_— ...
oS
=i b H i

15mm ) S00mm

Fig. 4. Schematic diagram of the dehumidifier.

5) Measuring devices: The temperatures of the water, air and oil at different points are measured by
usingtype K thermocouple (Nickel-Chromium/Nickel-Alumel) due to its accuracy, reliability, and has a wide
temperature range. The layout of the sensors is illustrated in figure-1. The sensors wired to the local panel and
connected to the field point thermocouple input module having eight different inputs with 16-bit resolution. The
field point signals measured and linearized in the module then the scaled values return to the monitoring
software through a direct connection to PC serial port. Air relative humidity (RH) measured by a scientific grade
humidity sensors fitted in the air ducts with +/- 3% accuracy between 10% - 90% RH. The produced water is
collected hourly from the condenser and measured by a scaled container. A calibration process performed to
measure air, water and oil flow rates. The data are tabulated in order to scale the drive frequency value with the
drive output; hence the flow capacity is identified for each drive frequency set value.
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Fig. 5. Experiment graphical interface in labVIEW monitoring screen.

DOI: 10.21817/ijet/2018/v10i2/181002083 Vol 10 No 2 Apr-May 2018 515



ISSN (Print) :2319-8613
ISSN (Online) : 0975-4024 Faissal Abdel-Hady et al. / International Journal of Engineering and Technology (IJET)

In order to test, measure and control the process during the experiment, Laboratory Virtual Instrument
Engineering Workbench (labVIEW) software is used. The data arranged with the graphical interface by visual
programming language for easily visualizing and monitor the process as shown in figure-5.

B. Experiment procedure

In order to prepare the unit for the experiment, all drives started and set to the required flow rates. Circulation
of the water around the humidifier is checked to make sure that the packing is completely wet. The oil heater
unit to be started and set to control the oil temperature to reach the desired humidifier inlet water temperature.
After the heating period, the unit is eligible for testing. When the experiment run started the data are collected
from the monitoring screen. For a steady unit operation, all the data collected for a one-hour run. The produced
water is collected, and the quantity is measured. When one experiment run is completed the drives frequency
changed and set for different flow rates. Between each experiment runs the system adjusted, so it reaches the
steady condition before start recording the data.

C. Experiment analysis

From the previous experiment procedure, the measured data are collected and tabulated. The humidity ratio
and enthalpy for the circulating air between the humidifier and dehumidifier are calculated, from which the
humidifier efficiency is obtained as follows:

My = 100 x ( (1)

Where w,), @, are the humidifier inlet and outlet air humidity ratios and w;is the absolute air humidity at
saturation.For obtaining the GOR, the heat rate to the humidifier is calculated from the mass and energy balance
across the humidifier bottom, figure-6.

Wq — wal)
W — Wqq

Mass balance

My + Myy = My (2)
Energy balance
Qin = Myi1Coit (AToil) = My20wTwz + MyyCw Ty — My1Cw Ty 3)
Where
Myy = Mg (Waz — Wq1) 4)
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Fig. 6. Schematic of humidification and dehumidification desalination unit.

The GOR is the ratio of the latent heat of evaporation of the produced water at the ambient conditions to the
net heat rate to the humidifier and can be calculated as:
mgy hfg

Qin (5)

The mass transfer coefficient of the humidifier can be calculated by using Merkel Equation [19], [20]. The
equation can be solved either graphically by Mickley [19] method or by the numerical integration.

GOR =

Tw>
dT,
7= j M@ ©6)
SKya(HL-—H)
Tw1
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The mathematician Chebyshev [20] used numerical integration method for solving the equation. This
method compared to Jaber et al. [21] calculation using effectiveness- number of transfer units (e-NTU) method
and showed no significant error [20], [21]. It was also shown that the log mean enthalpy difference (LMED)
method is totally consistent with e-NTU method [21], hence the flowing relation is used.

mq(H, — Hy) = K, aVAH,, @)

The log mean enthalpy difference is calculated as:

(Hasz B Hz) - (Hasl B Hl)

AH,, = 8
In ((Hasz—Hz)—f) )
(Hgs1—H1)-f

Where f'is the developed analytical based correction factor and calculated as:

f _ Hasl+Has: - 2Havg (9)

In order to calculate the overall heat transfer coefficient in the condenser an LMTED method [22] is used
and applied across the condenser as shown in equation 10.

Mey Cow (Tewz — Tewr) = UApy ATy (10)

Where AT,,is calculated as:

(Taz B Tcwz) - (Tal — Tcwl)
ATy = (Taz—T, an
ln( a2 CWZ))
(Ta1—Tew1)
Thermodynamic relations are used to calculate the required streams properties. The absolute humidity is
obtained by using the partial pressure of the water vapor in air [23].

— 062 12
w=0625" (12)

Where Pris the total pressureandP,is the partial pressure of water vapor, which can be obtained by Antoine
equation [24].

3816.44
In Pv = 18.3036 — m (13)
The humid air enthalpy calculated by using the following relation [23].
H, = [c,T, +597.2w] X 4186.8 (14)
Where ¢, is the specific heat of humid air [24] and can be calculated as:
¢, = [0.24 + 0.46w] (15)

From the previous equations and the data collected from the experiment, it was able to compute the absolute
humidity and the enthalpy of the air at the inlet and outlet of the humidifier.

I11. RESULTS AND DISCUSSION

The desalination unit operated at different mode of operation. Air flow rate increased gradually at constant
humidifier inlet water temperature. This operation method repeated to study the effect of increasing air flow rate
at different humidifier inlet water temperature. The humidifier inlet water temperature remained constant for
each time air flow increased and studied.

A. Effect of air flow rate

The study exhibited the results of three humidifier inlet water temperatures, starting from 40 up to 50 °C with
an increment of 5 °C. Air mass flow rate increased to study the effect of that increase on the system productivity.
Figure-7 illustrates the change of system productivity with air flow increase. The system shows an increase in
the productivity by increasing air flow rate.This increase shows a good agreement with basic principal of having
the increased amount of air carrying more water vapor to the dehumidifier. Based on that, the absolute humidity
of the air leaving the humidifier was higher as air flow rate increased. The productivity of the system at
humidifier inlet water temperature at 40 and 45 °C shows a decline as air flow rate increase due to the reduction
in absolute humidity difference, hence it is preferred to promote the absolute humidity difference by increasing
the inlet water temperature.

B. Effect of humidifier inlet water temperature

It was observed that increasing humidifier inlet water temperature has a significant influence on increasing
the system productivity for all different air flow rates. Figure-8 illustrates the productivity of the system when
inlet water temperature increased. When increasing the humidifier inlet water temperature more sensible heat is
transferred from the water. Also, the increase of inlet water temperature leads to an increase of water
vaporization, hence more water vapor transferred despite the type or the shape of the humidifier packing.
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C. Gained output ratio (GOR)

More energy in the humidifier inlet water would increase the GOR. Figure-9 shows the influence of higher
inlet water temperature with increasing air flow rate. The GOR of the system increases with increasing air flow
rate. The more air flow rate contributing to having this increase in GOR, due to the increase of vapor transport
with air to the dehumidifier. The forced air circulation increases the productivity and enhances the saving in the

required input heat.
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5,000 1 HProduction at HD inlet water temp. 45 °C
Production at HD inlet water temp. 50 °C
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Fig. 7. Effect of air flow increase on the system productivity.
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Fig. 8. Effect of HD inlet water temperature on the system productivity.
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Fig. 9. GOR at different air flow rate.

Moreover, the absolute humidity difference of the system decreases as the air flow rate increased as shown in
figure-10. Such a humidification and dehumidification desalination process depends on the thermodynamic
characteristic of high humidity air flowing through the process. The heating-humidifying procedure will
increase the absolute humidity of the humidifier outlet stream, and by increasing the air flow rate, this will lead
to more water vapor entrained in the humidifier outlet stream and forwarded to the dehumidifier which increases
the system productivity.
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Fig. 10. Absolute humidity difference at different air flow rate.

D. Humidifier efficiency and enthalpy difference

Higher air flow rate decreases the humidification process due to less residence time of carrier air which
reduces the humidity of air coming out from the humidifier, hence, when air flow rate is too high, the humidifier
efficiency will fall. Figure-11 shows the effect of air flow rate on humidifier efficiency. The efficiency of the
system has no significant change when the inlet water temperature is 40 °C, as the water has lower sensible heat
compared to higher temperatures of 45 and 50 °C. The efficiency is obviously increasing as the inlet water
increased and declining with further air flow rate increase.
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Fig. 11. The change in humidifier efficiency with air flow rate.

Figure 12 shows the cooling effect of higher air flow rates which decrease the enthalpy difference between
the incoming and the rising air. Although, the inlet water temperature has a good influence on the enthalpy
difference, the air flow increase can positively affect the unit productivity while decreasing the enthalpy

difference of the system.

The productivity of the system at inlet water temperature 40 and 45 °C is affected by the enthalpy reduction
while the 50 °C stream still increasing.The process is more favorable towards increasing the inlet water
temperature,air flow rate and further optimization is required.The system productivity enhanced as long as the
overall driving force representing the enthalpy difference for bulk air is increased. Consequently, the warm air
in contact with hot water so the humidity of the air is less than that at the air-water interface,hence, water vapor
will vaporize toward the air and will be humidified. It would be necessary to address such an increase of the air
flow rate to ensure maximum GOR and reduce the suppress of the absolute humidity and the enthalpy difference

for the system.
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E. Mass transfer and overall heat transfer coefficient

Increasing the air flow rate increases the mass transfer coefficient by increasing the amount of water vapor
entrained by air. Figure 13 shows that the characteristics of the humidifier during air flow rate increase at
different inlet water temperatures. Moreover, the coefficients are shown to be relatively less effected by
increasing the inlet water temperature. The increase or decrease in wet-bulb temperature of entering water does
not have a great influence on the humidifier characteristics. Only the inlet water flow rate, air flow rate, mass
transfer area and the volume are the major variables that attributed to affecting the humidifier characteristics.
This is represented in Merkel Equation(6).

03
O KyaV water inlet temperature 40 °C ®
BKyaV water inlet temperature 45 °C
0.25 - KyaV water inlet temperature 50 °C
0.2

KyaV, kg /s
o
G

0.05 1

0 T T T T
0 0.05 0.1 0.15 0.2

Air flow, kg/s
Fig. 13. Effect of air flow increase on the Mass transfer coefficient.

Furthermore, the mass transfer coefficients are obtained experimentally where the humidified air operates
near the saturation line. For the present system, the mass transfer coefficients are recalculated assuming the air
leaving the humidifier and returning at the curve marked 100% saturated air in the humidity curve. This
consideration is more practical when the packing and spray nozzles are highly efficient, hence the efficiency of
contact between air and water in terms of volumetric mass transfer coefficient K,aV is improved. Figure 14
shows the difference between the mass transfer coefficients when the system operates at the saturation curve and
the experiment condition. Higher mass transfer coefficient is obtained as long as air flow rate increases at
saturation condition when compared with the calculated coefficient from the experiment. The results are helpful
so the coefficients can be used for further simulation work. For the dehumidifier, the overall heat transfer
coefficient obtained by applying overall energy balances to the hot and cold fluids. The calculation assumes
negligible heat transfer between the exchanger and the surroundings, also negligible potential and kinetic energy
changes. In fact, the overall heat transfer coefficient changes due to alterations in air flow rates and inlet air
temperature.
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Fig. 14 Experimental mass transfer coefficient vs full saturation condition.
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In the present condition, air flow rate increased each run while humidifier inlet water flow rate and its
temperature are constant. Figure 15 provides the relation between the increase of circulating air in the system
and the increase of the dehumidifier overall heat transfer coefficient. Increasing air flow rate has a significant
influence on the dehumidifier overall heat transfer coefficient increase for the specified total heat transfer
surface area.
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Fig. 15Dehumidifier overall heat transfer coefficient.

The experimental mass transfer coefficient is correlated and given by the following equation.With the
coefficient of determination is R*=0.97513. The correlation is valid for the experiment operating range

-0.708
mwl) (16)

Mmq

K,aV = 0.5195(

IVV. ECONOMIC ANALYSIS

In order to evaluate the economics of the designed HDH desalination system, an annualized cost method is
used [25]. The production cost can be the summation of both fixed and variable production costs. Comparing
the value of the variable cost with the fixed cost, the fixed cost usually much less than the variable cost [25];
hence, only the variable cost calculated. The variable production cost depends on the production rate of the
system and includes the consumed energy for heating, operating drives, and the cooling power. The
maintenance cost (Cy,) taken as 3% of the capital cost [25]. The uniform cash flow of cost at a constant rate
calculated for the system representing the annual capital charge [26]. For the present HDH system if the capital
cost (P) invested at an interest rate (i) of 5% for (n) 20 years, the capital recovery is obtained as follows [26]:

; n

[i(1 +0"] -
[(A+D"—1]

The operating cost obtained (Cpp) by adding the energy used by the system and the required power for the
drives and controls then evaluated based on the local power price. The total cost of production includes the
annual capital cost, maintenance cost, and the total operating cost is calculated by the following relation [27].

Crop = C4 + Cop + Cy (18)

The plant operates throughout the year with availability factor taken of 90%. Since the drives provided with
frequency inverters which have a provision for power record, it was possible to monitor the power consumed for
each experiment runs. The energy consumed by the heater at the bottom of the humidifier calculated by using
equation number (3). The electrical power (kWh) cost in the kingdom of Saudi Arabia for the industrial grade is
about 0.048 US$/kWh [28]. The designed HDH unit incorporated with an electrical heater and also can couple
with a solar energy source for further cost reduction. The initial investment P that required for the HDH system
provided in table-1. The production cost estimated based on the previous data by the following relation.

Total production cost (Crop) US$
. — (19)
Annual production m3

Annual capital cost (C;) = P

Production cost =
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TABLE I. CAPITAL COST OF THE HDH UNIT

Description Cost

Humidifier vessel 200 US$
Dehumidifier (heat exchanger) with 5.82 m2 area | 1,000 USS
Blower 150 USS
Circulating water pump 50 USS$
Cooling water pump 150 USS
Oil pump 300 USS$
Packing 50 USS$
Piping and fittings 300 US$
Control unit and sensors 750 US$
Oil heating equipment 300 USS$
Oil tank 50 US$
Installation & fabrication 500 US$
Humidifier heat exchanger 200 USS
HDH Capital cost (P) 4000 Uss$

Many other factors can influence predicting the production cost such as land, buildings, and country
regulations and others, hence, the following considerations are assumed in the analysis.

1. The cost of production does not include other processes such as pre or post treatments.

2. Fixed operating cost is less when compared with the variable operating cost and it may vary based on
the administrative policy, therefore it is not included in the calculation.

3. Land and buildings are not included in the capital cost as they depend on the location and real state
pricing within the region.

4. The cost calculated based on Saudi Arabia local market prices and the present currency exchange 3.75
SR/1USS.

The cost analysis can be used together with the unit GOR and productivity to study the unit economics
feasibility. The optimum value of air flow rate can be selected to obtain the best results of maximum
productivity and highest system GOR at the lowest possible production cost. Figure-16 shows the trade-off
between GOR, water productivity and the production cost at different air flow rates. This plot is generated at
various humidifier inlet water temperatures to find out the optimum systemproductivity and GOR at the desired
air flow rate for the present condition of inlet water temperature. The optimum GOR for the system ranges
between 0.13 and 0.22 while increasing the inlet water temperature shown to improve the GOR. The maximum
GOR values correspond to air flow rates ranges between 0.158 up to 0.2 kg/s, while the optimum predicted
production cost varies between 0.043 to 0.09 US$/liter. The best results obtained at high HD inlet water
temperature at the maximum tested air flow rate where the GOR obtained is 0.22 for the production cost of
0.043 US$/liter. The acquired production cost increases at lower inlet HD water temperatures and lower air flow
rate, this attributed to the weaker recovery compared to the energy used. The maximum system GOR allows for
less energy requirement; this will help in the reduction of the size of solar heater area or any other energy source.
By reducing the size and required energy for the system, consequently, the capital and running cost will
decrease.
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Fig. 16 GOR, production cost and productivity at different air flow rate.

Figure 17 is the regenerated plot of the optimum values for the GOR, the system productivity, and the
operation cost. The scheme gives the best-required air flow rate at different inlet water conditions which fit the

optimum designed system of humidification and dehumidification desalination process.
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Fig. 170ptimum GOR, production cost and productivity for the system.
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V. FEATURES OF THE SYSTEM

The makeup water is added to the recirculation system in the humidifier bottom, to replace the vapor
entrained in the air. The maximum estimated vapor transfer by humidification is 0.264% of the recirculation rate
for such an induced draft humidifier. When the desalination system uses high salinity water, a continuous
blowdown can be provided to maintain the system salinity in the humidifier. The blowdown estimated as 60%
of the vapor lost by the humidification procedure, therefore, the maximum make up for the HDH system is
0.423 % of the recirculation rate, hence; it does not significantly influence the required heating energy. The
process also does not need a sophisticated water treatment concerning using antiscalant, since the process works
at lower top water temperature than other thermal desalination systems.

The advantage of the present system that the air circulation is in a closed loop as well as the water circulation
in the humidifier. In this arrangement, the energy used is well preserved as possible to minimize the losses and
the amount of heating requirement. The energy losses in the system considered mainly at the dehumidifier
cooling process, as a good quality insulation material can reduce the other losses.

In this system the air leaving the humidifier and recirculates to enter the humidifier at a relative humidity near
the saturation line, figurel8 illustrates the relative humidity of the system at different temperatures in the
psychometric chart. The system operates at high relative humidity; hence water heating process is the crucial
factor for increasing its performance.

The humidifier incorporated with a heat exchanger at the bottom side this will enhance a minimum loss of
energy and make it possible to use either engine oil as used in this experiment or other thermal fluids for heating
when coupled with solar heater. Energy saving is potential in this design as it could use both solar and electrical
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Fig. 18 Optimum GOR, production cost and productivity for the system.

Solar air heaters and open loop water heaters are less efficient when compared to the present design as the oil
or the thermal fluids operates in a closed loop, which allows more sustained heat gain from the received
irradiance. Oil temperature can increase above 100 °C, without scale formation or oxidation, which allows more
energy gain from the solar system. Figure-19 shows the average oil inlet and outlet temperatures from the
humidifier heat exchanger at different inlet water temperatures.
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The continuous circulation process gives more flexibility regarding high heating capability obtained in the
system with continuous water circulation in the humidifier. Input heat can modulate as required by changing the
flow rate of the oil in the system.

Generally, for this design, the production cost found to be reduced as the circulating air flow rate increased.
The reduction in the cost attributed to the improved vapor transfer at higher relative humidity with air towards
the dehumidifier, which increases the unit yield. The other significant observation was the increase of the GOR
as the recirculating air flow rate increased, which reduces the process demand for heating and optimization was
a beneficial tool to obtain the best-operating conditions.

V1. CONCLUSION

Humidification and dehumidification desalination experimental study performed to analyze the influence of
different variables, which affect the system productivity during its operation. The system designed and
configured by using simple available materials, which allows easy build of the system components. The
conclusions obtained from the study presented here are the follows:

e  Operating conditions such as air flow rate and humidifier inlet water temperature have a great positive
influence on the system productivity. The results show that absolute humidity of the air leaving the
humidifier was higher as air flow rate increased. This increase promoted at higher inlet water
temperatures, which reveals higher productivity of 5.424 1/hr at 50 °C inlet water temperature.

e The system GOR is improved at higher inlet water temperatures and positively affected by increasing
the air flow rates which will enhance the heating and humidifying process. Optimum values of the
increased air flow rate are obtained for both best GOR, operating cost and maximum productivity. The
best optimum system output obtained when the system GOR is 0.22 and production cost of
0.043US$/liter.

e  When the air flow rate is too high, the humidifier efficiency will fall. Hence the enthalpy difference
across the humidifier also decreases. It would improve by increasing the humidifier inlet water
temperature.

e  The humidifier mass transfer coefficient increased as long as air flow rate increased, this attributed to
the enormous influence of air/water flow ratio which alters the process significantly compared to the
change in the inlet water temperatures. The calculated mass transfer coefficient where air at the
saturation curve reveals higher coefficients than the obtained from the experiment. Furthermore,
dehumidifier overall heat transfer coefficient improved as air flow rate increased.

e Increasing the air flow rate provides a reduction in the production cost and positively affect the GOR of
the desalination unit.

The study provides the HDH desalination system design at Jeddah city and layout the data for future work
when the system coupled with a renewable energy sourceusing the heating fluid (10W-30) synthetic blend motor
oil as the heating medium for better economical impact.
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