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Abstract

In this paper, an experimental and theoretical discussion of a humidification and dehumidification (HDH) solar
desalination system is presented. The influence of the surface area of spherical plastic balls in humidifier packing is
examined at different flow rates of both hot brine and cold water, and the temperature of the cooling water. The results
demonstrate that gain output ratio (GOR) and productivity are augmented with increasing the ball packing surface area
from 1.09 to 1.4 m?, and with increasing the flow rates of hot/cold streams. While the cold-water inlet temperature has a

negative effect.
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1. Introduction

The utmost serious challenge to human kind in the
current days is how to fulfill his needs of water [1]. No
less than 15-20 L/day of pure water is necessary for
basic needs, which are required to be about 50 L/day for
each person [2]. In 2030, it is expected that people will
need 6900 Bm?® of pure water, nevertheless, the available
now is 4500 Bm? [3]. Various desalination techniques
were conducted to make the seas and oceans water be
valid for drinking and other usage. These technologies
like multi-stage flash, vapor compression, etc. are for
huge sizes, and are very exaggerate. But humidification
and dehumidification system (HDHS) is suitable for
small capacities; about 150 kJ/kg of specific energy
consumption [4]. The classification of HDHS is
according to the energy source, the configuration of
air/water cycle and the heating system. The major
elements of this HDHS are the evaporator (humidifier),
the condenser coils (dehumidifier), the heating system
for air/water streams.

Yildinm and Solmus [5] inspected theoretically the
influence of solar HDHS for various parameters of the
system. It was mentioned that the change in cooling
water flow rate with cooling water temperature on
productivity were significant. Ahmed et al. [6] studied
experimentally a corrugated packing. It was observed
that the mass and heat transfer processes were
augmented. The estimated total cost was about $0.01 for
one liter of fresh water. Yuan et al. [7] investigated 1000
L/day solar HDHS. The results showed that water
production of the system could reach 1200 L/day, when
the average solar radiation raised to about 550 W/m?,
Narayan et al. [8] Discussed theoretically how to

perform maximum GOR for air and water heated cycle.
Kabeel et al. [9] practically operated HDHS. The
optimal ratio of cold/hot water temperature was
obtained. The experiments showed that the maximum
productivity was obtained when cold-water to hot water
temperature ratio was twice. Shargawy et al. [10]
demonstrated that higher GOR could be accomplished
by employing large-scale HDHS. Furthermore,
increasing the temperature of hot water stream reduces
GOR. In the present investigation, a comparison
between different surface areas of a plastic ball packing
inside the bed humidifier is conducted. This will be
considered at wide range of operating conditions;
hot/cold water, air mass flow rates, to optimize the
performances of HDHS.

2. Experimental setup

These experiments are accomplished in August and
September 2018 from 9 A.M. to 3 P.M. The outline of
this optimized HDHS is represented in Fig. 1. The main
parts include a humidifier, dehumidifier, air and water
heating systems. The air heating system uses air solar
collector and blower. The heating saltwater system uses
parabolic trough and evacuated tube solar collector,
tanks, electrical heater, pump, pressure gauges, valves,
TDS meter, cooling unit and pyrometer. The desalinate
water system uses HDHS, humidity measuring device,
packing fill material for the HDH, water spray, cooling
water coil, selector switch. For the temperature
measuring, thermocouples, temperature gun, digital
thermometer and thermostat are utilized.

The blower circulates the air into the cycle, but before
the air entering the cycle, it flows in an air solar heater
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and then passes over a water heater before entering the
humidifier with a packing filling with different surface
areas. In the other inlet basin, the pump starts pumping
the water from the tank to spray nozzles inside the
humidifier passing over an evacuated tube and an
electrical heater. Now the hot water of temperature Tw
and the air of temperature T,; interface with a liquid to
gas ratio at the mass and heat exchanger packing device
with a highly specific contact area. The air carries the

5

humidified steam and goes to the dehumidifier passing
from a connection chamber, the humid air with a high
specific humidity and enthalpy will condensing into the
dehumidifier on the cooling coil that has a cooling
temperature Tew,1 and flow rate revealed in Fig. 2. The
description of hybrid solar system presented in Table 1.
The maximum solar intensity is at 1:00 P.M. about 950
w/m?,
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Fig. 1: A diagram of the setup.

Table 1: Specifications of the HDHS.

Technical specifications

Value

Humidifier

Type

Acrylic fibers with thickness, mm
Dimensions (length, width, height), cm
Packing dimensions, cm

Spherical plastic ball packing shape (A), m?
Spherical plastic ball packing shape (B), m?

Counter flow heat exchanger
10

21*21*100

19*19*70

1.4

1.09

Dehumidifier

Type Counter flow heat exchanger
Acrylic fibers with thickness, mm 10
Dimensions (length, width, height), cm 21*21*100
Cooling coil length, m 6.8
Thickness, inch 3/8

Air solar collector

Dimensions (length, width, thickness), cm 100*55*15
Insulation thickness, cm 5

Thermal conductivity, W/m.K 0.045
Solar collector angle, Degree 45°

Steel frame carrier

Main duct

Shape Rectangular
Dimensions, cm 35*35*300
Material Galvanized steel
Thickness, mm 3

Air heating coil

Length, m 7.5
Diameter, inch 3/8

Pitch, cm 7

Glass wall insulation

Highest usage temperature, °C 410
Thickness, mm 25
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Fig. 3 represents a 2D drawing for plastic ball packing
used in this work as a packing fill material, the packing
with higher surface area works as a mass and heat
transfer exchanger device better than other packing with
lower surface area. All the temperatures of the hot and
cold-water streams entering and leaving the system, the
dry/wet bulb temperatures on the air stream inside this
cycle, the flow rate of the air and water into the
humidifier, the flow rate of the cooling water into the
coil. T-type thermocouples with 0.2 mm diameter are
used to measure the wet/dry bulb temperatures for all
point on the system. A digital reader with resolution of
+0.5°C is incorporated to display the thermocouples
outputs throughout a selector switch [11].

I. 210 .|

Fig. 3: Diagram for plastic fill packing spheres
(dimensions in mm).

3. Theoretical thermal analysis
Energy balance for evacuated tube (water inlet)

Qsun = E x A =1y, x Cpy, * (T, — T1) 1)
The power of the electrical water heater
Q =ExA=nm,, xCpy * (T3 — Tyy) 2

Fig. 2: Photograph of the experiental setup. -

Energy balance for the air solar heater
anin = Qin — Qout
=1, * Cp,
* (Taz — Tar)
Energy balance for water-air heater exchanger; for the
convection thermal resistance at air side (R ppy,4):

@)

Air
Tas Taz
D1 TosOwwater
R conva R cond R conv.w
Air /\/\/\ W /\/\/\ Water
1

R =
conv,a
’ hconv,a * Ao

- 4)

hconv,a * 20 * To * Lpipe

= 2.4315 # 21 % 0.00635 * 7.5
For the convection thermal resistance at water side

(RCOTIU,W):

1 1
Rconv,w hconv,w * Ai hconv,w * znril'pipe (5)
R = Reonva + Reonvw (6)
Q =1y * Cpg * (Tyz — Taz)
= l’hw * pr * (Tw3 - w4) (7)
im
R
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AT, — AT,

Alim = In (ﬂ) 4. Experimental procedures
AT, 8 Firstly, the following parts are assembled to initiate the
_ (Tws — Taz) — (Twa — Taz) ®) experiments: Parabolic trough fitted with evacuated tube
h (T3 — Tyz) and tank (solar water heater), air solar collector, electric
In [(TW4 a3)] heater fitted with tank, water-air heat exchanger, water
Energy balance for the humidifier spray system, humidifier, dehumidifier, air duct, blower,
Q=g *Cpg * (Tgs — To3) 9) two pumps, pressure gauges, thermocouples and some
Q =y, * Cpy * (Tys — Tos) (10) temperature sensors. The first step is to drive pump to
Energy balance for the dehumidifier deliver the saline water to evacuated tube tank, drive
Q =1y * Cpg * (Tyy — Tys) blower to move air through system. Evacuated tube
=, * Cp,, (11) heats water which is then delivered to a tank to heat the
ATy, water to the desired temperature. Electric heater tank
* (Tewo = Towi) = outlet supply the saline water to water-air heat

The specific heat values are available in Table 2 & hgg
=2,335,000 J/Kkg.

Table 2: Variables values for mathematical
calculations [12].

exchanger to raise the temperature of air coming from
solar air heater then the water is sprayed through the
nozzles in the humidifier, after spraying water in the
humidifier, a layer of hot water droplets is formed
around plastic balls, then hot air from duct carry hot
Air is then move through flexible

solar air collector

Item Cp(J/kg.K | Absorptivit | Emissivit water vapor.
) y y connection to dehumidifier to condense some of air
Hot 4180 0.050 0.960 moisture on cooling water pass and then the condensate
saline is collected in distillated water vessel. The temperatures
water in different locations (as shown in Fig. 4) are measured.
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Fig. 4: HDH desalination system layout.

This current system performance can be estimated
correctly by express the value of the GOR, the most
important parameter [13].
mp * hg

GOR =
Qin

(12)

5. Results and discussion

In this part, the main target is to find out and compare
the effect of the packing filling material and the
influences of surface area on the performance of the
HDHS. All results on the test rig have been taken from
9 A.M. to 3 P.M. in August and September to guaranteed
best solar intensity; the maximum solar intensity was
about 900 W/m? at 1 P.M. as shown in Fig. 5.
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Fig. 5: Solar radiation intensity from 9 A.M. to 3 P.M.
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Fig. 6 shows the effect of the contact surface area of the
packing plastic balls on the GOR; the packing area is
varied from 1.09 to 1.4 m2. It is denoted that GOR is
increased with increasing the contact area. The most

important reason is the large contact area between hot
water and inlet air entering humidifier that works as a
good mass and heat transfer heat exchanger device.
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Fig. 6: Effect of contact surface area of packing on GOR.

Fig. 7 signifies the influence of the cold-water
temperature in the cooling coil inside the dehumidifier
on the HDHS productivity. The results confirm that a
significant increasing in the productivity with reducing
the cold-water temperature. This is related to dew point
temperature; decreasing this inlet water temperature
makes the condensation process faster and gives higher

production. Fig. 8 shows that an increasing in the HDHS
productivity is revealed with increasing the hot saline
water flow rate for both packing. But the influence is
higher in the plastic packing of 1.4 m? than the other
packing. This happens because the amount of
evaporated liquid increases with increasing the packing
area.
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Fig. 7: Effect of cold-water temperature on productivity.
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Fig. 8: Effect of hot saline water flow rate on productivity.

Fig. 9 demonstrates the effect of increasing the cold-
water flow rate on the HDHS performance. The
experiments represent that increasing the cold-water
flow rate augments the GOR besides the productivity.
This happens because the rate of heat lost increases due

to increasing the cold-water flow rate which results in
better condensation. Fig. 10 shows an increasing in the
moisture flow rate with increasing the packing surface
area, which works as an effective mass and heat
exchanger device.
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Fig. 9: Effect of cold-water flow rate on productivity and GOR
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Fig. 10: Effect of packing area on moisture flow rate.

6. Conclusions
According to the experimental results, the following
conclusions can be expressed:

By raising the hot saline water flow rate entering
the humidifier and the cold water entering the
cooling coil, there is an increase in the HDHS
productivity.

By reducing the cold-water temperature, there is a
significant increase in the HDHS productivity.

The GOR increases with increasing the contact area
of the packing material inside the humidifier.

A plastic ball packing with surface area 1.4 m? gives
more freshwater production during the day
compared to that of area of 1.09 m2.

A slight effect for the flow rate and temperature of
the air entering the humidifier on the HDHS

productivity.
Nomenclature
A Area, m?
Cp specific heat, J/kg.K
E Energy of the evacuated tube, kW/m?
h heat transfer coefficient, W/m?.K
hrg Latent heat of vaporization, J/kg
GOR Gain output ratio
k Thermal conductivity, W/m.K
m Mass flow rate, kg/s
Q Heat transfer rate, KW
T Temperature, °C
R Thermal resistance, °C/W
Superscripts and subscripts
a air
Im Logarithmic mean
w water
cwW Cooling water
sw Saline water
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