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ABSTRACT

At places far from the energy grid lines, freshwater is sometimes needed. Consequently, even countries with rich energy resources, such as the Arabian
Gulf countries, have shown strong interest in desalination processes that often use renewable energy sources. In the present work, a desalination unit
depending on the humidification-dehumidification principles is fabricated and tested under Baghdad, Iraq conditions. The HDH system under study
consists of 6 parabolic trough solar collectors (PTSC) of a total aperture area of 8.772 m?, the humidifier, and the dehumidifier and a tracking system.
The effects of salty water flow rate and the HDH air-water configuration cycles on the system performance are investigated. The results revealed that
the maximum freshwater productivity is about 6.37 lit/day during the testing period (6 hours per day extended from 9 am to 15 hr); the average daily
productivity is 1.062 lit/hr when the salty water flow rate is 1lit/min. Increasing salty water flow rate above 1 lit/min deteriorates the productivity of
freshwater. The best configuration of the air-water cycle is the closed air open water circuit.
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1. INTRODUCTION

Water is essential for life and is essential for sustainable growth as it is
used in various areas of life such as; energy, agriculture, transport and
industry. Humans and other forms of life rely on clean and fresh water.
However, the most abundant water sources are the seas and oceans, but
these waters need to be desalinated before use. Humidification -
Dehumidification (HDH) is an important technique that has been
extensively adapted to desalination. There are several studies on the
process of HDH. These studies focus on evaluating performance and
improving efficiency to improve solar desalination systems' freshwater
production and reduce their costs.

The HDH solar desalination system's characteristics were studied
by (Orfi, Laplante and Marmouch, 2004). Their study consists of two
parts. Part one has presented the design and the construction of the HDH
unit and studied the relationship between the evaporator and the
condenser's temperatures. Part two presented the mechanism of heat and
mass transfer in the unit parts. The mathematical results showed an
optimum relationship between the mass ratio of water to air and
freshwater production. (Al-Enezi, Ettouney and Fawzy, 2006) presented
the HDH unit characteristics as a function of operating conditions; the
study aimed to find the relation between the unit performance as a
function of the mass ratio between the water and air streams (L/G), the
water stream temperature and the cooling water temperature. It was
found that the water production rate depended strongly on the hot water
temperature, and water production was directly proportional to the air
mass flow rate. (Yamali and Solmus, 2007) studied a closed water open-
air HDH unit's. A double passes flat plate solar heater was used to heat
the inlet air to the desalination unit. An evacuated tube solar collector
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was used to heat the inlet water. The effects of (L/G), the integrated the
evacuated tube solar collector and the initial water temperature on the
unit performance were introduced. The results showed that water
productivity was decreased when the air heater is off the cycle.; the
system's productivity was increased with the increase of the initial water
temperature inside the storage tank. In Tunisia, on July day, a heat and
mass transfer model for the HDH unit was presented by (Orfi, Galanis
and Laplante, 2007). The theoretical model was used to optimize the
HDH unit dimensions. The effect of (L/G) on the unit productivity and
the inlet and outlet water temperature from the solar collector was
studied. On the same path, the operating parameters for the HDH unit
have been studied experimentally and theoretically by (El-Agouz, 2010);
and addressed the effects of saline water level, water temperature and
airflow rate on the humid air behaviour for a single HDH unit.
Comparison between different HDH units has been presented by
(Narayan et al., 2010). For a clear view of the HDH systems'
performance, thermal processes were represented on the psychometric
chart. The HDH unit components were reviewed and compared; the
authors concluded that HDH is a promising technology. (Mayere, 2011)
introduced a V-through solar collector of 8 m? to provide thermal energy
to an HDH system's seawater. The system was analyzed experimentally
and theoretically. In another work, an HDH system of 1000 lit/day
productivity was designed and built by the Chinese Academy of Sciences
and HIMIN Solar Co., Ltd and investigated experimentally by (Yuan et
al,, 2011). The air was heated by a solar heater field, while solar
collectors heated the water. Saline water was pre-treatment and post-
treatment before entering the HDH unit. The combination between an
HDH unit and a single-stage flash evaporation unit was investigated
numerically by (Kabeel and El-Said, 2013). A two-dimensional heat and
mass transfer analysis was introduced for the hybrid solar system using
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the finite difference method; the productivity for different operating
modes was compared. The results showed a general agreement between
the HDH system's works with the single-stage flash evaporation unit. A
mathematical model of the HDH unit under summer conditions was
introduced by (He et al., 2017); freshwater production, the flat plate solar
collector's collection efficiency, and the gained output ratio were
simulated and analyzed. (Shalaby, Bek and Kabeel, 2017) studied the
performance of a solar-powered HDH unit. They assumed that the air
temperature has little effect on water productivity; thus, they do not
recommend using a solar air heater. On the other hand, water productivity
was found directly proportional to the salty water temperature, so they
are recommended to use a concentrating parabolic trough or evacuated
tube collectors. Based on their recommendations, three points for future
work were suggested. (Moumouh, Tahiri and Balli, 2018), so they
investigated a prototype HDH unit,.and analyzed the heat and mass
transfer for water and air that affected the unit performance. The results
showed that productivity was affected positively by increasing the
brackish water mass flow rate. The exit water temperature from the
dehumidification unit had a direct proportion with inlet water
temperature and an inverse proportion with the inlet mass flow rate of
water. Mahmoud et al.,, 2018 (Mahmoud, Fath and Ahmed, 2018)
introduced a new design for a solar disinflation unit. The unit was
powered by different energy sources such as direct solar energy and the
energy from a PV unit. The effects of the basin water height, L/G and
solar concentrating ratios on the unit performance were investigated. The
experimental work was followed by a transient mathematical model
based on the conservation of mass and energy to predict the HDH unit
performance. The results showed that the basin water height and the mass
flow rate affected negatively on water production. Integrated PV panels
with solar concentrators lead to an increase the freshwater productivity.
The integrated of solar heater and wind tower with a HDH unit was
studied numerically by (Sachdev, Gaba and Tiwari, 2020); both closed
and open air water cycle were analyzed. A mathematical based on energy
and mass balance as well as heat and fluid flow model for each unite
components were introduced. The effect of condensing temperature and
salty water flow rate on the HDH unit's performance integrated with a
heat pump was studied theoretically by (Pourafshar, Jafarinaemi and
Mortezapour, 2020); a photovoltaic- thermal unit heated the salty
water.,a heat pump unit controlled the condensing temperature. The
performance of a simple passive solar still was introduced by (Manjunath
et al., 2020).An evaporative cooler used wet cloth cotton to cool the
water, and then the cold water was sprayed on the still glass cover.

In this work, the performance of a humidification —dehumidification
desalination (HDH) is studied experimentally. The HDH unit consists of
six series connecting parabolic trough solar collectors of 8.772 m2 total
aperture area. A humidifier, dehumidifier, fan, pumps and other
accessories that consist of the HDH unit is built in Baghdad, Iraq latitude
33.33° N and longitude 44.14 °E. The experimental work was achieved
in August 2020. The effects of salty water flow rate and air circuit
configuration on the unit performance are studied.

2. METHODS AND MATERIALS

Heat losses for PTSC result from the convection and radiation from the
receiver tube to the ambient affect the PTSC thermal performance. Thus,
to calculate the collector's heat loss rate, the overall heat transfer
coefficient UL should be addressed first as follows (Liand Wang, 2006).

UL = [Aabs/Ag(hc,g—amb + hr,g—amb) + 1/hr,abs—g +
-1
ln(Dg,in/Dabs,o)/z‘r[keff] (1)

Where A,ps is the area of the absorber (m2), A, is the area of glass
cover (m?), Dgin is the inside diameter of the glass cover (m), D,ps o is

the outside diameter of the absorber (m) and Keg is the thermal
conductivity that the stationary air should have to transfer the same
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amount of heat as moving air. A suggested correlation to calculate for
(Kefr) (W/m.K) is (Kreith, Manglik and Bohn, 2012)

Dy, m
kesr _ DabSu Prair 1/4
Kair 0.386 3 5/‘* [0 861+P‘rmr (Rab) @)
b3/4 Dalfso +Dg fn

where Rayleigh number Rab is based on the temperature difference
across the gap. Pry;; is the Prandtl number of air in the annulus (k,;,.) is
the thermal conductivity of air (W/m.K) and (b) is evaluated as:

b= 0-5(Dg,in - Dabs,o) 3

The Rayleigh Number of air (Ray) is:
Ray, = (gBair(Tabs - Tg)b3)/(aairvair) 4

where (g) as the gravitational acceleration (m/s2), (B,;) is the volumetric

thermal expansion coefficient of air (K-1), (o) is the thermal

diffusivity of air (m2/s) and (v,;,) is the kinematic viscosity of air (m2/s).
The convection heat transfer coefficient (hc,g_amb) between glass

and ambient and can be calculated as follows (Jacobson et al., 2006;

Kreith, Manglik and Bohn, 2012)

l'lc,g—amb = Nuaka/Dg )

Two equations defined the Nusselt number of air (Nu,) (Jacobson
et al., 2006):

Nu, = 0.4 x 0.54.ReQ53 for 0.1 < Re, < 1000 (6)
Nu, = 0.3.Re2® for 1000 < Re, < 50000 7

Reynolds number (Re,) of air is calculated by the following
equation (Kreith, Manglik and Bohn, 2012):

Re, = (paVaDg)/P-a )]

where Kk, , pa , V, and p, are thermal conductivity, density, velocity and
viscosity of air, respectively, Dg Glass cover diameter (m).

The radiation heat transfer coefficient between the glass and the
ambient can be calculated as follows (Li and Wang, 2006):

hr,g—amb: SG(Tg + 'I‘amb)(Tg2 + T;mb) (9)
The radiation heat transfer coefficient between the receiver tube and
the glass tube is as follows:

hr abs—g — G(Tabs + Tg)( abs + TZ)/<€abs = — (AZZS)) (10)

where T,ps is the absorber temperature (K), Tg : is the glass cover
temperature (K), €,,5 and g are the emittance of absorber and glass

cover, respectively, and o is the Stefan Boltzmann constant.

The heat transfer from the receiver tube to the water can be
characterized either by turbulent or laminar flow conditions according to
Reynolds number (Rey) of the fluid (Garg, 2000)

Rer = 4m' /(MD,ps M coltectors) (11

Nug is the Nusselt number of the fluid, for laminar flow is given by
Eq. (12) and for turbulent flow by Eq. (13).

Nu; = 3.7 Ref <2200 (12)
2/3

Nu¢ = (fr/8) Re¢ Pr 0/<1.07 +12.7,/(f/8) [Pro— 1])

Ref >2200 (13)

Where f; is the friction factor of the tube; the friction factor for
smooth pipes is given by:
= [0.79 In(Re; — 1.6)] 2 (14)
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The fluid heat transfer coefficient, h; is evaluated as follows (Thepa
et al., 1999)

he = (Nugke)/Dagp i (15)

Where m, i, k¢, and Pr¢ are the mass flow rate, viscosity, thermal
conductivity and Prandtl number of the water, respectively, and D,gy ; is
the inner receiver diameter (m).

The rate of heat transfer to the water in the tube depends on the
overall heat transfer coefficient between the outer and inner surfaces of
the copper tube (Uy). The overall heat transfer coefficient can be
calculated as follows (Li and Wang, 2006):

1 Dasb,0 Dasb,0 Dasp,i
U, = [—+—as 2~ 4+ Rf, + 222 In—"2~ 16
o UL thasb,i ¢ 2kabs Dasb,o ( )

Where k¢ is the thermal conductivity of the copper tube (W/m.K),
and Rf; is the fouling factor.

The collector efficiency factor (F') is calculated as follows:
F' = U,/U, an

Equation (17) can be re-written as follows (Duffie and Beckman,
2013)

! 1/UL
F' = 18
[1/UL+Dasb,o/thasb,i+{(Dasb,o/Zkabs)]n(Dasb,i/Dasb,o)}] ( )

Where D, jis the inside diameter of the copper tube (m), (hf) is the
heat transfer coefficient inside the tube (W/m2.°C), and U, is the overall
heat transfer coefficient (W/m2 .K). The heat removal factor Fy is given
as follows:

Fr = (0Cp,/AabsUL)[1 — exp(— AapsULF'/Cp, )] (19)
Where Cp, is the specific heat of the water (kJ/kg.K).

The collector flow factor F" is:

F’" = Fy/F (20)
Substitute Eq. (19) into Eq. (20) yield:

F" = (Cp,/AansULF")[1 — exp(— Agps ULF' /thCp, )] 1)

The useful heat gain Q, by the water can be found as follows (Duffie
and Beckman, 2013)

Qu = NenAalp — UL(Tabs — Tamb)Aabs (22)

Where, A, is the collector aperture area (m2), and [}, is the beam
of solar radiation (W/m2).

It is more reasonable to define the useful heat gain in terms of inlet
water temperature and the heat removal factor (Kalogirou et al., 2016).

Qu = A FR[S — UL(Tf — Tamp) /C] (23)
Where C is the concentration ratio of the PTSC

The heat gained by the receiver is transferred to the water, as in the
following equation (Garg and Prakash, 1997).
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Qu = mcy(Teo — Try) (24)

Where: Tg; , Ty, and T,y are the inlet water, outlet water and
ambient temperatures, respectively.

The ratio of the useful energy to the total solar radiation incident on the

collector is called the collector thermal efficiency (1y,), and can be
written as

N = Qu/Axly (25)

Depending on equations (23) and (25) another form of thermal efficiency
can be written as: (Mazloumi, Naghashzadegan and Javaherdeh, 2008):

Nen = FrMo — UL(Tf — Tamb) /16 C] (26)
The collector thermal efficiency depending on the water's heat

through the copper tube is as follows (Mazloumi, Naghashzadegan and
Javaherdeh, 2008).

Nen = mep(Teo — Tri) /InAa 27)

The mathematical model of the humidifier that shown in Figure 1 is
given by the following equations:

The mass balance equation is:
L-L-dL+G-G—-G.dw=0 (28)
dL = G.dw 29)
Where, L is the mass flow rate of water through humidifier (kg/s),
dL is the increment in the mass flow rate of water (kg/s), G is the mass
flow rate of air through the humidifier (kg/s), and dw is the increment in

the moisture content of air (kgw/kga)

According to Figure (1), the energy balance of an element through
the humidifier is (Ettouney, 2005)

(L+dL).(hy, +dhy) + G.h, =Ly, + G+ G.dw). (h, + dh,)
(30)

After re-arranging Eq. (30) and substitute the enthalpy of water by
(Cpw- Ty) yields:

G.dh, = L.Cpy,. Ty, + Cpy. Ty,.dL (30a)
Substitute Eq. (29) into Eq. (30a) yields::
dT,, = 7. (dhy/Cpyy — Ty dw) (30b)

The change of the enthalpy in a wet humidifier is the summation of
sensible and latent heat change of water (Stoecker and Jones, 1982):

dq¢ = dqjat, + dqgen, (€29)]
The latent heat can be written as:

dqiat. = hgife (05 — ). hy. dA (32)
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While the temperature difference between the water and air causes
a sensible heat transfer from the water to the air:

dqsen. = he. (Ty, — T,).dA (33)

Where, hg;¢r is the mass transfer coefficient (kg/m2s), and h, is the
heat transfer coefticient (W/m2.K)

The enthalpy of moist air can be written as (Stoecker and Jones,
1982):

hair = (Cp, + Cpy@)T, + hfg(*) (34)

If the air is saturated at bulk water temperature, then the enthalpy of
saturated is:

ha,sat = Cpa- Tw + Wsar- (hfg — Cpv- Tw) (35)
Subtract Eq. (37) from Eq. (38) yields:

(ha,sat - ha) = (Cpa + Wgat- va)- Tw - (Cpa + w. va)- Ta + (wsat -
). heg (36)

Many assumptions are used to simplify Eq. (36) (Stoecker and
Jones, 1982). The first assumption is that the difference in moisture
content between the saturated and moist air is very small then the
(cpa + Wgut- cpv) of the right hand of Eq. (37) can be assigned as the
specific heat of the air-water vapour mixtures (Cpp,). This term can be
calculated as follows:

Com = (cpa + w. cpv) = (cpa + Wgat- va) 37

where, ¢, and ¢,y are the specifics heats of air and water vapour (kJ/kg.
K).

The second assumption that the enthalpy of liquid water is too small
as compared with that of the dry saturated vapour, and then the enthalpy
of evaporation of water hg; can be assumed equal to the enthalpy of dry
saturated air.

By using the two assumptions above and re-arranging Eq. (36)
yields:

Tw—Ta= [(ha,sat - ha) — (Wgar — W). hg]/cpm (38)
After substituting Eqgs. (32), (33) and (38) into Eq. (31) yields:

dqe. = haige [ne/Com-haige - (Nasac —ha) + (1 —
hc/cpm- hdiff.)- (wsat - (1))- hg]- dA
(39

The Merkel theory [28] states that water's mass flow rate through
humidifier is constant. Thus, the variation of mass flow rate due to

evaporation of water is neglected, and then the second terms between
brackets in the right hand of Eq. (39) can be neglected:

dqe = (hc- dA/Cpm)- (ha,sat - ha) (40)

The amount of total heat transferred through the humidifier is as
follows::

dqt. = mwcpw- dTw (41)
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Equating (40) and (41) yields:
m,, Cpy,. dTy, = (he.dA/Cpm ). (hasat — ha) (42)

The term (ha,sat - ha) in Eq. (42) is the increment of element enthalpy
difference.

The humidifier effectiveness is the ratio of the actual to the
maximum energy transfer through the humidifier and can be written as:
€= (ha,e - ha,i)/(ha,sat - ha,i) (43)

The enthalpy balance analogy equation is:

hw—in_hair - hw—ou _hair in
M. (hair,out - hairin) = hgigr.a. V 11{1§(hw—in—hai(r),u:u)t);(hw—o:t—ha;r,ix)n})}
(44)
The volumetric mass transfer coefficient (hgier. a. V) in Eq. (44) is used
to size and select the humidifier's material properties. The equation of
volumetric mass transfer coefficient for forced draft humidifier and (L/G)
of 0.1 < % < 2 is (Nawayseh et al., 1999):

Where a is the surface area of the packing per unit volume (m-1)
and Vis the volume of the packing (m?).

Refers to Figure 2, the dehumidifier energy balance is between the
saturated air streams and the coolant water flowing through the tubes and
can be written as (Ettouney, 2005)

— Tewi) = miy(h, —hy) (46)

rhcwcpcw (Tcwo

The heat gain by the outer surface of the heat exchanger is:

rhcwcpcw(Tcwn — Tewi) = UALMTD, 47)
where, M, is the mass flow rate of coolant water (kg/sec), ni,is the
mass flow rate of air (kg/sec), T, and Ty, are the inlet and outlet
coolant water temperature (°C), h, and h; are the enthalpies of inlet and
outlet air (kJ/kg), and LMTD, is the logarithmic mean temperature
difference between coolant water and air:

LMTD. = (Tewi — Tewo)/In{(Tac — Tewo) /(Tac — Tewi)} (48)

where, T, is the saturated air temperature (K).
The overall transfer coefficient of the dehumidifier U.can be written

as:
ULC = h%, * :L: + Rf¢ + reo. {In(reo/Tei) /kc} + 1/heq (49)

where, Rf, is the fouling factor, (r;) and (r,) are the inner and outer
radius of the heat exchanger tubes (m) respectively, (h;) and(h,) are
the inner and outer heat transfer coefficient of the dehumidifier tube.
(W/m2.K), and k. is the thermal conductivity of the copper tube
(W/m.K).

L+dL h,+dh,
thJthw G+G.dw
= Water Air
=l
L G
hw ha

Fig. 1 The heat and mass balance of the humidifier
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Fig. 2 Schematic diagram of the heat and mass analysis of the
dehumidifier

3. EXPERIMENTAL WORK

A water solar desalination system based on solar-powered HDH units is
fabricated and instrumented to examine various operating parameters'
effect on the unit performance. The unit is tested under weather
conditions of Baghdad, 33.33°N latitude, 44.14°E longitude.

The solar-powered HDH unit consists of six parabolic trough solar
collectors, a humidifier, a dehumidifier, a centrifugal fan, and a rotary
pump. Figure 3 shows the schematic diagram of the unit.

The dimension of a single PTSC is 0.86 m aperture width and 1.7 m
long of 1.462 m2 aperture area. The total aperture area of the collectors
is 8.772 m2. The PSTC reflector is made of stainless steel. The receiver
is a copper tube of 15 mm outer diameter painted by a matt black colour
and contained in aglass tube of 25 mm inner diameter and 30 mm outer
diameter. Figure 4 shows the shape of the PTSC. A single-axis solar
tracking system is used to direct the PTSCs towards the sun throughout
the day time. The solar tracking system consists of an AC motor of 250
W and 1360 rpm. A gearbox of a reduction ratio of (40-1) rpm is installed
at the AC motor shaft. A sprocket gear of a diameter of 0.08 m is installed
on the gearbox shaft; another sprocket gear of a diameter of 0.16 m is
installed on the 3rd collector centre. A metal chain connects the two
sprocket gears. The motor is turned on by a signal received from
photocells installed on the 3rd collector. Connecting road is used to
transfer the movement from the 3rd collector to the rest collectors, as
shown in Figure 5.

The evaporation of the hot salty water is achieved at the humidifier.
The direct contact between the sprayed salty hot water and the ambient
air tends to evaporate the water. Thus, the humidifier consists of: an
aluminium case with a thickness of 0.007 m, the overall height of the
humidifier case is 2 m, and the net height is 1.3 m. The cross-sectional
area of the humidifier case is 0.3 x0.3m, as shown in Figure 6. A PV
packing of 0.7 m height with a cross-sectional area of 0.3x0.3 m is
inserted in the humidifier. The salty water is sprayed at the humidifier
top at an elevation of 0.25 m above the packing using a shower. The moist
air enters the humidifier from the bottom through a convergent duct,
while the saturated air leaves the humidifier from the top. The salty water
is collected at the humidifier bottom; a 0.013 m pipe diameter is brazed
at the tank base to drain the salty water.

The objective of the dehumidifier is to extract the water vapour from
the saturated air leaving the humidifier. The dehumidifier consists of an
aluminium case of thickness 0.007 m, 0.4 m length and a cross-sectional
area of 0.4x0.2m. The condensate is collected and drained from the
dehumidifier case bottom. Four condensers of 8 rows and 2 columns each
are enclosed in the dehumidifier case. Each condenser of the four
condensers is fed by water separately. The condensers tube is made from
copper of a 9 mm inner diameter. Aluminium fins of thickness 0.002 m
are distributed along the pipe uniformly in the manner of 5 fins per 1 cm
of pipe length. Figure 7 shows the photograph of the dehumidifier.
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Fig. 3 Schematic diagram of the HDH unit

Two water pumps are used to supply the system with water. The first
pump is used to supply the dehumidifier with coolant water, while the
second is used to pump the salty water through the PTSC and then to the
humidifier. The maximum pump flow rate is 65 lit/min, 250 W capacity
and the maximum head is 6 m. A centrifugal fan is used to circulate the
air through the humidifier and dehumidifier. The volume flow rate
pumped by the fan is in the range of 2400 to 6000 m3/hr. The fan power
is 220 W, and the voltage drop is 220 V. PV solar system is used to power
the pumps, fan, tracking system and the Arduino. The PV system is an
OFF grid solar PV system consisting of four solar PV panels, each 2 m
long and 1 m in width. The capacity of each PV panel is 360 W. The
short circuit current is 9.12 A. The open circuit's voltage is 39.5 V. The
four PV panels are used to generate a maximum power of 1440 W. A
pure sine wave inverter of the maximum power point tracker is 1500W,
and input DC volt is 145VDC is used to convert the DC to AC current.
During the day time, the solar PV system powered the HDH components
directly from the converted solar radiation, and no batteries need. Since
the power supply in Iraq is not stable, two batteries connected in series
are used to store the power generated, and this power is used when the
grid supply is shutdown. Each battery can supply a DC current of 200
Ah, and the voltage drop of the battery is 12V. Figure 8 shows the HDH
unit configuration. Table 1 shows the specifications of the PTSC.

Different types of measurements devices are used to measure the
variation of key variables along 24 hrs, as follows: Water temperature is
measured at 10 points, as shown in Figure 3. Type DS18B20 sensor is
used for the water temperature measurement, the sensor temperature
range of -55 to 125°C., according to the sensor manufacturer, the
accuracy of those sensors over the temperature range from-10 to 85°C is
+0.5°C. Seven sensors of the type DS18B20are used to measure the water
temperature at the inlet and outlet at each PTSC. Two sensors are used to
measure the inlet and outlet coolant temperatures at the condenser.
Besides, one sensor is used to measure the outlet temperature from the
humidifier. All measured data for 24 hr. are stored in a micro card adapter
reader of types SDHC. Two properties of air, namely the dry bulb
temperature (DBT) and the relative humidity (RH), are measured using
a type DHT22 sensor. The primary sensor consists of two sensors; the
first one is a thermistor to measure air temperatures in the range -40 to
80°C, with an accuracy of t+0.5°C as per the manufacturer data. The
second is a capacitive humidity sensor, reading range is 0 to 100% RH,
with an accuracy of +2 % RH according to the manufacturer data. Three
sensors are used to measure the air DBT and RH at the inlet and the
humidifier's outlet.

Inverter and batteries
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Fig. 7 The dehumidifier

Dehumidifier

Fig. 8b Back view of the HDH unit

The water productivity is calculated by multiplying the water level in a
known cross-sectional tank. The water level is measured using a water
level sensor of type REES52. The operating distance range is 2 to 400
cm. the accuracy given by the manufacturer is 3 mm. The water volume
flow rate is measured using a type YF-S201 sensor. The range of the
measured flow meter is from 1 to 30 I/min. Three sensors are used to
measure the salty water's volume flow rate; the other one is used to
measure the coolant water flow rate to the dehumidifier. Air volume flow
rate through the humidifier is calculated by measuring the airspeed
through a given cross-sectional area duct; then, it is multiplied by the
duct's cross-sectional area. The digital manometer model DA40
measures the speed of the air. There are two probes equipped with a
manometer. The first one is the AP275 probe with a measuring range of
0.2 to 40 m/s. The second probe is AP100 with a measuring range of 0.3
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to 35 m/s. The reading resolution is 0.01 m/s, the accuracy of the
manometer given by the manufacture is £1.0% of reading +1 digit.
Arduino is used to collecting the data from instrumentations and stored
itin an SD card. The Arduino is also used to control the movement of the
tracking motor system. Table 2 shows the uncertainty of the
measurements devices.

Table 1 The specifications of the PTSC

Variable measured unit
collector reflector length (m) 1.7 m
Collector aperture width 0.86 m
Collector aperture area 1.462 m?
Number of collectors 6

Total aperture area 8.772 m?
Inside diameter of the absorber 0.012 m

tube

Outside diameter of the absorber | 0.015 m

tube (for PTC)

Inside diameter of the glass tube | 0.025 m
cover (m)

Outside diameter of the glass 0.03 m

tube cover (m)

Mass flow rate of salty water 0.8t0 1.2 Lit/min.
L/G 1.2 -

Mass flow rate of coolant water | 2 Lit/min.

Table 2 Absolute Accuracy

Variables Accuracy error
DS18B20 Collector water temperature F0.27°C
DHT?22 Humidifier air relative humidity F0.03%
DHT22 Air temperature F0.91°C
DHT22 Dehumidifier air relative humidity +0.1%

DHT22 Dehumidifier air temperature F0.61°C
YF-S201 Collector water volume flow rate F0.015% m’/hr
YF-S201 Dehumidifier water volume flow rate | ¥0.01% m>/hr
REES52 Water level F0.01% mm

4. RESULTS AND DISCUSSIONS

The experimental work was performed in Baghdad in August 2020. The
study parameters are the volume flow rate of salty water through the
PTSC and the air cycle configuration. Five salty water flow rates are
studied; namely, 0.6, 0.8, 0.9, 1 and 1.2 lit/min, and two air-water
configuration circuits are investigated. These are the open-air- open
water (OAOW) cycle and closed air — open water cycle (CAOW). It is
planned to study the HDH performance under the closed air - closed
water (CACW) cycle. Still, it is found that in summer, the outlet water
temperature from the humidifier is less than that of the entering water
temperature to the PTSC. Thus, the performance of the HDH unit under
(CACW) configuration is ignored.

Figure 9 shows the main three parameters that affected the HDH
unit performance: the solar radiation, ambient temperature, and relative
humidity for Baghdad city. Meteonorm 7.3 package is used to obtain the
weather data for Baghdad. The solar radiation is the average of the period
extended from 1991 to 2010. In contrast, the ambient temperature and
the relative humidity are the period's averages extended from 2000 to
2009.

The effect of the volume flow rate of salty water on the water outlet
temperature from the PTSC is shown in Figure 10. It can be observed
from the figure that, as the volume flow rate of the water through the
PTSC system decreases, the leaving temperature increases accordingly.
The maximum outlet temperature is for the volume flow rate of 0.8
lit/min, and the minimum is 1.2 lit/min. The outlet temperature from the
PTSC is not the primary variable of the problem under study. The main
parameter in this work is the rate of freshwater productivity.
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Fig. 9 Weather data for August 2020 at Baghdad, Iraq

The effect of salty water flow rate on freshwater productivity is
shown in Figure 11; it can be seen in the figure that as the salty volume
flow rate of water increases, the freshwater productivity increases.
Freshwater productivity decreases for the salty water flow rate of more
than 1lit/min due to the reduction in dry bulb temperature (DBT) of the
air entering the humidifier, as shown in Figure 12. The coolant water
reduction tends to reduce the temperature difference between coolant
water and DBT of saturated air in the dehumidifier; thus, less water
vapour condenses. While for low salty water flow rate, most coolant
water is used to extract the sensible heat rather than condensing the
airborne water vapour. The best equilibrium point between sensible and

latent heat is at a 1 lit/min flow rate.
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Fig. 10 The effect of the volume flow rate of salty water on the leaving
water temperature from PTSC
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Fig. 11 The effect of the saltwater flow rate on freshwater productivity

The variation of accumulated freshwater productivity with time for the
different salty water flow rate is shown in Figure 13. A similar trend of
accumulated water productivity can be observed for all the salty water
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flow rates. It can be seen in this figure, the accumulated water
productivity at a salty-water flow rate of 1.2 lit/min is higher than that
for 1lit/min till time 13 hr. After that, the 1 lit/min produced more water
compared with other salty water flow rates. There is no clear explanation
for this phenomenon, although the test has been repeated several times at
flow rates of 1 and 1.2 lit/min. It is believed that the humidifier's
performance may be improved after hour 12.00 hr is due to the decrease
in the relative humidity of the outside air, which allows it to carry more
water vapour after this period, as illustrated in Figure 14. It can be
concluded that the optimum salty water flow rate that can produce the
relatively highest freshwater is 1 lit/min. Thus, the rest tests are
performed at 1 lit/min.

Figure 15 shows the performance of PTSC when the salty water
flow rate is 1 lit/min. The figure shows that the outlet salty water
temperature from each PTSC unit increases due to continuous heating of
water from the 1st to the 6th collector.
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Fig. 12 The effect of salty water flow rate on the exit DBT from the
humidifier
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Fig. 13 The effect of salty-water flow rate on the accumulated
freshwater productivity
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Figure 16 shows the effect of the entering salty water temperature on the
humidifier's outlet air conditions. The observation that the significant
difference between the inlet air DBT and WBT is reduced when the air
humidified in the humidifier. This means significant moisture is added to
the outlet air. This figure also shows that the closeness between the DBT
and WBT of the leaving air is at noon period, which means that the
humidifier's higher performance can be achieved at this time.

The thermal load imposed on the dehumidifier can be described by
the difference between the coolant water's inlet and outlet temperature,
as shown in Figure 17. It can be noticed that the maximum difference
between the inlet and outlet temperature is at noon, which means that the
maximum quantity of freshwater can be produced at that time.

The comparison between the freshwater productivity of open and
closed air cycle for a salty water flow rate of 1 lit/min is shown in Figures
18 and 19. The figures show that the closed air cycle gave higher hourly
and daily productivity of 1.062 lit‘hr and 6.37 lit/day, respectively,
during the testing period of 6 hours per day compared with that for the
open-air cycle. The increase in water productivity for the closed air cycle
is due to the reduction in DBT of the air entering the humidifier compared
with that for the open-air cycle that drawn the air with high ambient
temperature, as shown in Figure 20. Thus, the coolant water flows
through the dehumidifier extracts sensible heat rather than latent heat,
leading to more condensation of the water vapour. Besides, the figure
shows that the DBT of air is almost constant throughout the day.

Figure 21 shows the air humidification and dehumidification
processes through the desalination unit for 9, 13 and 15 hr. The figure
shows that the increase in dry bulb temperature is the sensible heating,
and the air's high moisture content represents latent heat. Removing most
of the moisture content reflects an excellent performance to the
dehumidifier; so, HDH processes' performance is the best at the time 13
hr. The improvement in the HDH at time 13 hr is due to the high salty
water temperature at this time, as indicated in Figure 16.
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Fig. 16 The effect of salty water temperature on the outlet air conditions
from the humidifier
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Fig. 19 Comparison between the daily productivity of open and closed
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Fig. 20 Comparison between the outlet DBT of leaving air from
humidifier for open and closed air cycle for the salty water flow rate of
1 lit/min

Figure 22 shows the HDH process for the closed air cycle. It can be
seen from the figure that the entering DBT of air is less than that of the
ambient air. In contrast, the leaving air condition is almost constant
regardless of inlet air conditions, which gave a dehumidifier's uniform
performance.
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Figure 23 shows a comparison between the current work and Juarez-
Trujillo et al., 2011 (Juarez-Trujillo, Martin-Dominguez and Alarcon-
Herrera, 2011), it can be seen from the figure that the trends of both HDH
units are the same, but the productivity of Juarez-Trujillo et al is more
than the productivity of the current work by about 14 t0 20%, since the
previous work uses the solar radiation to heat up a storage tank for the
salty water.
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5. CONCLUSIONS

From the work results, it can be concluded that

1. The best volume of salty water flows through the PTSC and
humidifier is 1 lit/min. This can produce 6.37 lit/day (during
the testing period 6 hour a day), with average daily water
productivity of 1.062 lit/hr in August 2020.

2. Increasing the salty water flow rate above 1 lit/min deteriorates
the productivity of freshwater.
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3. The best configuration of the air-water cycles is the closed air
open water (CAOW) circuit. This can produce about 6.37
lit/day of freshwater when the salty water flow rate is lit/min.

4. Using the closed air circuit provides a uniform condition for
the saturated air leaving the humidifier.
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NOMENCLATURE

a Surface area per unit volume (m'")

Aabs Area of the absorber (m?)

Ag Area of the glass cover (m?)

Aq Collector aperture area (m?)

Cpa Specifics heats of air (kJ/kg.K)

Cpv Specifics heats water vapor (kJ/kg.K)

Cpf Specific heat of the working fluid (kJ/kg.K)
Dipso Outside diameter of the absorber (m)

Daps,i Inner diameter of the receiver (m)

D, Glass cover diameter (m)

Dgin Inside diameter of the glass cover (m)

dL Increment in the mass flow rate of water (kg/s)
Rap Rayleigh number

F Collector efficiency factor

F" Collector flow factor

fr Friction factor

Fr Heat removal factor

g Gravitational acceleration (m/s?)

G Mass flow rate of air through the humidifier (kg/s)

he g-amb Convection heat transfer coefficient between glass
and ambient (W/m2.K)

hei Inner heat transfer coefficient of the dehumidifier tube
(W/m?.K)

heo Outer heat transfer coefficient of the dehumidifier tube
(W/m2.K)

haisr Mass transfer coefficient (kg/m?’s)

hy Heat transfer coefficient inside the tube (W/m2.K)

hr.g-amb Radiation heat transfer coefficient between the glass and
the ambient (W/m?.K)

Iv Beam solar radiation W/m?)

Kabs Thermal conductivity of absorber (W/m.K)

ke Thermal conductivity of the copper tube (W/m.K)

ker Effective thermal conductivity that the stationary air
(W/m.K)

ka Thermal conductivity of air (W/m.K)

L Mass flow rate of water through the humidifier (kg/s)

LMTD, Logarithmic mean temperature difference between coolant
water and air (K)

Mew Mass flow rate of coolant water (kg/s)

Nu, Nusselt number of air

Prai Prandtl number of air in the annular

Qu Useful heat gain by the water (W)

Tei Inner radius of the heat exchanger tubes (m)

Teo Outer radius of the heat exchanger tubes (m)

Re, Reynolds number of air

Rf. Fouling factor thermal resistance (m.K/W)

Tavs Absorber temperature (K)

Tac Saturated air temperature (K)

Tamb Ambient temperature (K)

10

Global Digital Central
ISSN: 2151-8629

Tewi Inlet coolant water temperature (K)

Tex Inlet water temperatures (K)

Tro Outlet water temperature (K)

T, Glass cover temperature (K)

Tewo Outlet coolant water temperature (K)

U, Outlet coolant water temperature (W/m? K)

\% Volume of packing (m?)

Va Velocity (m/s)

Greek Symbols

iy Thermal diffusivity of air (m?/s)

Bair Volumetric thermal expansion coefficient of air (K'")
dw Increment in the moisture content of the air (kgw/kga)
Eabs Emittance of absorber

& Emittance of the glass cover

Ua Viscosity of air, respectively (Pa.s)

p Density of air (kg/m?)

o Stefan-Boltzmann constant (W/m? -K*)

Vair Kinematic viscosity of air (m?/s)
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