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A humidification-dehumidification desalination unit was built to study
the effect of different operating parameters on the unit performance in
the range of inlet water temperature of 33°to 55°C.

The productivity of the unit and energy consumption are evaluated
under various operating parameters.

It is found that air velocity, inlet water temperature and droplet
residence times are the most effective parameters on the unit
productivity.

At different operating conditions, the ratio of the energy consumed in
the production of condensation or evaporation to the energy input
(GOR) and the available energy consumed per unit of condensate or
evaporate (SCA) based on condensation rate are strongly depending
upon inlet water temperature and air mass flow rate. The unit
productivity is approaching 8 kg/h of desalinated water at inlet water
temperature of 55° C which is quite good achievement.

NOMENCLATURE
C  Specific heat (kJ/kd ) in Inlet
C, Nozzle flow coefficient m Mixture
d Nozzle diameter (m) n Nozzle number
hy  Latent heat of vaporization (kJ/ kg) 0 Outlet
m  Mass Flow rate (kg/ s) S Saturated
P Pressure (Pa) Y Vapor
T  Temperature®C) w  Water
w  Humidity ratio of air ( kg, /kg ,) wb  Wet bulb
X Mass fraction of vapor Abbreviations
Greek symbols GOR Gain output ratio (kJ/ kJ)
A Difference SCA Specific consumption of available
energy (kJ/kg)
p Density (kg/rf) TDS Total dissolved solids
Subscripts RO Reverse osmosis
a Air MED Multi-effect distillation
amb Ambient air MSF Multistage flash
cond Condensate HD  Humidification-dehumidificatio
e Evaporation MEH Multi-effect humidification-

dehumidification

-
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1. INTRODUCTION

Desalination of sea water is the proper solutianrésolving fresh water shortage
problem. Over the past decade, the number of desialh plants and total capacity
has almost doubled]. Taking into account that about 60 % of desalinatater is
produced with thermal processes, then the requirgdary energy on average is
about 250 kJ/kg of desalted water. That is theevaluspecific oil consumption is
about 3.5 liters of oil per frof fresh water produced. Correspondingly, prodgcin
the total amount of desalted water of all facititim the world requires a huge
amount of energy. Thus, the present situation ddmarttention to be diverted to
the combined research, design and development fifeet water and energy
systemg?2]. For large TDS intense aqueous applications sadR@ concentrates,
waste streams and seawater, other mechanical amdnah technologies
economically compete with RO. In the case of seam@ésalination, the RO pump
pressures increase to 68.95 bar (1,000 psi) ambvie¢ers require expensive pre-
treatments in order to protect and extend thedifthe membranes. The thermally
driven plants attempt to reuse the high temperapptied heat as many times as is
economically possible to minimize operating costbe optimum GOR value
depends on factors such as plant capacity, comterfgy, cost of materials, interest
and tax rates. Applications of conventional desaiom and concentration processes
are often limited by scaling. Variables that cohswaling include: chemical species
present, concentration (especially localized packet high concentration),
temperature, water velocity, residence time and aocalent additives. These
technologies are expensive for small capacity wamts can not be used in locations
where there are limited maintenance facilities.

In addition, the use of conventional energy sourtesdrive these
technologies has a negative impact on the envirahniRemote areas in arid
regions, (e.g. areas scattered along the Red Sk&mbian Gulf in the Middle
East) need badly fresh water while enjoying (offesirig) high intensity of solar
energy. Effective utilization of this solar enerigyproducing fresh water from the
sea has been the aim of many researches and emggneerks in the field of solar
desalination. The main efforts in solar desalimatiweere directed to basin solar
stills. For the best basin solar stills, the regdiimtercepted solar energy per kg of
distillate is equal to several times the latentth&n the other hand, the heat
required for other distillation systems (e.g. MSAMED systems) represents only a
fraction (I/3 to I/9) of the latent heat. This fdictits the utilization of solar basins to
very small capacities. The promising recent develaqt in solar desalination is the
use of the HD process. The HD system is basedefatt that air can carry large
quantities of water vapor. The vapor carrying céapggbof air increases with
increasing temperaturgd]. Generally, this technique presents several adgast
such as; flexibility in capacity, moderate instatla and operating costs, simplicity,
and possibility of usage low temperature energyotfgermal, solar, recovered
energy or cogeneration), etc. When compared wélother technologies, it is quite
evident that HD can operate over a broad rangeatf fvater salinities, providing a
wide window of applicability that could open up mamew areas for
desalination/concentration, including concentrating brine from existing reverse
osmosis facilities, at the same time providing &ddal pure watef4].
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Garget al. [5] established a 3 liters/day (24 h) capacity expemnita HD
unit consists of packed tower evaporator with 608 total height, the air stream
blown from the bottom occurs through countercurremmtact with a hot brine
stream sprayed over the top. They found that ratpreduction of fresh water
increases with increasing temperature of brinegtlifer parameters like rates of
liquid and gas are kept constant. The percentagm/eey of fresh water from sea
water reached to 2.5% at 8 brine temperature and brine to air ratio of 2.03
They found that, the higher the capacity of pldme lower the cost of investment
per thousand gallons and hence the lower the ¢oghter.

Garga et al[6] made a design and computer simulation model ofEHNolar
desalination, the distillation chamber consistshamidifier (packed type) and
dehumidifier towers. The circulation of air in ttveo towers is being maintained by
natural convection. The air humidity ratio at tle@ f humidifier is calculated, it
increases appreciably as the temperature of waténeainlet of the humidifier
increases. The rate of distilled water varies lityeas a function of the water
temperature at the humidifier inlet.

Yanniotiset al. [7] studied two types of air humidifiers, namely attiaip
spray humidifier and a pad humidifier as a panmoiitiple stage solar desalination
process. Experimental results for the evaporategacity of both humidifiers are
compared. At higher air to liquid flow rate ratidke evaporation rate in the pad
humidifier was substantially higher than that is the spray humidifier.
Evaporation rate with counter current flow is gegahan that with co-current flow
system for the same parameters. When sea watenthsf tap water was sprayed
in the humidifier, the evaporation rate was sligtdwer. This is due to the lower
water vapor pressure of the seawater, which resuliswer mass transfer driving
force for water evaporation.

Hammadet al. [8] designed, simulated, analyzed and optimized atonit
minimize the energy requirements for producing blested water using ambient
air (humidification-dehumidification process). Aitower supplies air flow rate of
1800-2000 kg/h through the backed humidifier. Tleedf saline water cools
saturated air stream leaving the humidifier to piadcondensate. Solar energy is
used for further heating feed saline water td @0 to enhance the productivity. The
production rate is about 1 gpm of desalinated wade2.25 gpm of saline water.
Hou et al[9] used pinch technology in the humidification procesdetermine the
maximum possible saturated air temperature andethperature of water rejected
from the unit. The unit consists of two verticalcthiconnected by the top and the
bottom to form a closed loop for air circulatiomhéel unit is operated in a forced
draft mode by using a fan. A large surface condeisséxed in one of the ducts,
while wooden packing is used in the other ductdificient humidification of air.
The study showed that mass flow rate ratio of wadedry air influences thermal
energy recovery rate heavily and there exits ammph mass flow rate ratio of
water to dry air for maximum possible saturated smperature at given
temperatures of spraying water and cooling water.

Ismail et al. [10] studied experimentally the performance of |lalmyat
scale HD unit. Productivity is strongly dependirgpo various operating conditions
mainly as inlet water temperature, humidity rati@mbient air and the ratio of the
water to air flow rates. Specific consumption ofaidable energy (SCA) was
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defined and studied with inlet water temperature.

In the previous literatures and oth&udies[11-14] the humidifiers used
were packed types. Many studies were made for spyjpg humidifier in the
cooling application§15-22]. A few studies were made on spray type humidifier
the desalination applications. In the previousrditeres no study has been found
that uses nozzles to produce droplets in humidifiegdD techniques. The use of
nozzles to produce droplets in spray humidifier mse¢hat we have a variable
contact area (between air and water) humidifieobtined with no change in its
dimensions. Some new parameters affected the peafare like droplets velocity,
droplet diameter and nozzles inlet pressure.

In this paper the spray type humidifier (Evaporptsiinvestigated. Heated
water is sprayed from the humidifier top througbea of nozzles against drafted air
stream. The water is then circulated to the heatigce again. The humidified air
then passes through the condenser (Dehumidifierpiiain fresh water. The
performance of the humidifier and the unit was sdd

2. DATA REDUCTION

In the following, the main governing equations tivatre used for unit performance
evaluation are given:
Mass flow rate delivered by each nozzle in the hiifier can be determined by:

md?  (2aP, )
m(n) = CV(n) 4 pw{ 0 = ] (1)
and the total water mass flow rate of nozzles @wmted from:
m, = z M) (2)
n=1

The density of air or water vapor can be estimatsithg the ideal gas
equation of state.

Humidity ratio of moist air can be determined imte of dry and wet bulb
temperatures as folloW22]:

oo (2501 2381, )ws = (T, - T,,,)

3
2501+ 1805TI, — 4186T,, )
wherews is the humidity ratio of saturated air at temper@fr,,.
The density of moist air is estimated by [23]:
PaPy
P = (4)
T P Xt p,(1-X)

The evaporation rate was calculated as follows:

m, =m, (W, —W, ) (5)

where Wa is the air humidity ratio at humidifier outlet pand w,, is the air

humidity ratio at humidifier inlet (bottom).
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The gain output ratio is defined as the ratio oérgg consumed in the
condensation or evaporation to the energy input BRdsed on evaporation rate it is
determined from:

mehfg
ORe:[ c a, -T )+mC (T, -T )] ©)
rn"V Pw N Win) Wo) a ™ P, in) amb
and based on condensation rate it is evaluated from
m.__.h
GOand - cond ' " fg (7)

|.rn"VCPw (TW(in) _TW(o) ) + maCPa (T in) ~ lamp )]

The specific heat consumption of available energged on evaporation
rate as defined in [10] is evaluated from:

m,C T, +27315
SCA, =29\ T =T, — (T, +27315In| =2 || (8)
m, i T T27315
and based on condensation rate it is evaluated from
< MCulr 7 (1. 427315 e T2
= w - - + ) n - 9
Poon m,, | " ™ (Tere > T, +27315 ®)

The temperature dependence of densities and sphkedits of water and
moist air were considered.

2. EXPERIMENTAL SET UP

A spray type humidifier in a humidification-dehurifidation desalination unit was
fabricated. Figure (1) is a schematic diagram aigdrE (2) is a photograph of the
unit. Eight Tempered glass plates 700 mm x 800 memewassembled with
aluminum L angles and fixed with silicon to form07m x 700 mm cross
sectional area and 1600 mm height humidifier column

The column was fixed on a base of the same cradfoseand 400 mm
height and made of steel sheet of 1.5 mm thicknBEss.base has two windows in
two sides of 150 mm height. The humidifier top iada from galvanized steel sheet
of 0.5 mm thickness reduced to 300 mm x 300 mm é&uarchir flow. Eliminator
plates were set at the top of the humidifier tovpre drift or carry-over of liquid
water droplets with leaving moist aiflwo air blowers were used, each with
capacity about 1000 . Each is driven by a 0.375 kW motor. Each blowes
connected to the humidifier base window by galvedizsteel duct and was
equipped with a gate to control air flow. Twentyett nozzles were designed to
produce droplets and they were arranged to prok@aogenous distribution of
droplets.
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The nozzles were calibrated individually by graédatylinder and stop
watch at different pressures (0.5 bars, 1.0 bat 1ab bars) and the flow coefficient
for each is determined at the specified pressuren;Tthe average flow coefficient
for each nozzle was determined.

A 0.75 kW water pump was used to circulate watesuph the system and
to adjust the water pressure entering nozzles. ddmlenser was chosen from
available as a compact heat exchanger which achieig surface area per unit
volume. It was installed and connected to the hifierdexit with a rectangular air
duct. Distillate collection tray was connected he tbase of condenser and is
inclined towards the outlet tube to assure compiigseharge of distillate to the
measuring graduated cylinder. Two electric headesskW each were installed at
each blower entrance. Other two heaters were ledtalt blower’'s outlets 2 kW
each. Thermocouples of type K were used to meaalireemperatures in the
system. The temperature indicator has a resolutibr0.1 C. The wet bulb
temperature was measured by covering the thermdegupction with water
wetted peace of cotton. The velocity of air was snead using a portable digital
mini van anemometer model AM-4213. The van anememas an accuracy of
+ (2% + 0.2), aresolution of 0.01 m/s and sampling time of€).8

A flat plate collector was designed and fabricatéth 10 copper pipes,
12.5 mm in diameter and 1950 mm in length assembleglvanized steel box of
950 mm x 2000 mm x100 mm. A 20 mm thickness foagyeravas used as
insulation. Stripes of galvanized steel are usembrad and between pipes as
absorber and all (stripes and pipes) were blackt@di The collector was covered
with 3 mm glass sheet. An alternative water heates used to enable adjusting the
water temperature. The unit included insulated taska storage tank and set of
valves to control the flow rates and pressures.ofBon tube pressure gauge
having a resolution of 0.1 bar was used to meathigenlet water pressure. Rota
meter of type Hidrotek having a resolution of 2ifirwas used to measure the water
flow rate. The condensate was measured by stopgweaitd graduated cylinder with
+ 2 ml accuracy.

To operate the system, the water nozzles inletspresis adjusted by the
circulating pump and the set of valves. The walaw frate is measured by flow
meter (2) and checked with equation (2). The teatpee of inlet water then
adjusted by the alternative heater. The air mass fhate is controlled by the air
gates. The cooling water flow rate is adjusted gy tap water inlet and outlet
valves. The readings were taken where they becamstant. The outlet of the
humidifier conditions were assumed as those inrtle to condenser and the effect
of eliminators were neglected.

3. RESULTS AND DISCUSSION

In the beginning, the flat plate collector was timy means used for water heating.
So the temperature of inlet water was low and thedensate was very small and
the temperature readings were affected by directlight. The alternative heating

device was used in absence of direct sun light.
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Effect of Inlet Water Temperature

The effect of inlet water temperature on the ueitf@rmance was investigated at
nozzle operating pressure of 0.5 bar and 1 bandixhe other parameters at the
following conditions:

Inlet air temperature =32a

Inlet humidity ratio =0.0098 kg kg,
Cooling water flow rate =0.27 kg/s
Cooling water temperature =286
Ambient air temperature =27¢e

Air mass flow rate =0.11kg /s

Figure (3) shows the effect of inlet water tempgnaton the humidifier
outlet air humidity ratio. It shows that the hurfiigli outlet humidity ratio increases
as inlet water temperature increases. This is dube increase of the potential of
mass transfer as a result of increasing the vapsspre of water droplets. At the
same time, it is increased due to the increasermfct area (between air and water)
as a result of the increase of droplets numberdaoplets surface area. The latter is
a result of the decrease in the viscosity and searfansion of water.

44 0.06

Outlet conditions

@ 42 | w water temperature 0.05 g—;m
DC% o Air temperature ~
& 40|, Lo 3
g_ Humidity ratio 0.04 X
] i)
T 384 =
5 &
g 003 2
Z 36 <
® 0.02 2
3 344 3
3 5
O 0

32 0.01

30 T T T T T 0.00

30 35 40 45 50 55 60

Inlet water temperatufeC

Figure (3) Effect of inlet water temperature on outlet air / water temperatures
and humidity ratio

The figure shows also the effect of inlet water penmature on the
humidifier outlet air and water temperatures. Itlesar that the humidifier outlet air
temperature increases as inlet water temperatunedses. This is due to the

increase of heat transfer by convection. It is obsidhat the humidifier outlet
water temperature increases as inlet water temperaicreases.

Figure (4) shows the effect of inlet water tempamaton the unit
productivity. It seems that the unit productivitaries linearly with the water
temperature at different inlet nozzles pressurés. @roductivity attains 8 kg / h of
desalted water at inlet water temperature ¢fGsvhich is quite good achievement.
It is clear from the figure the large differencetvbeen evaporation rate and the
condensation rate. This is due to the use of taprves cooling medium.
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igure (4) Effect of inlet water temperature on unit productivity

Figure (5) shows the effect of inlet water tempam&ton the gain output
ratio (GOR) based on both condensation and evaporattes. It shows the big
difference between (GOR) based on condensationtfatdoased on evaporation.
This is due to the difference between evaporatiod eondensation rates. This
means that the water evaporated in the humidifees mot completely recovered in
the condenser. It is clear that, different nozzles inlet pressures, GOR based on
condensation rate increases as inlet water temyperatcreases and then tends to
remain almost constant. This may be explained dlews. As inlet water
temperature increases, the mass transfer potamtialases then GOR increases. At
the same time, the evaporate not recovered in tmeenser increases. This
decreases GOR.
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Figure (5) GOR versusinlet water temperature
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Figure (6) shows the effect of inlet water tempamaton SCA. It is clear
that, at operating nozzles pressure 1 bar, the 8&#%d on evaporation rate is
higher than that at 0.5 bar.

The SCA based on evaporation rate increases a@swaker temperature
increases and then tends to remain constant. Bhisve explained as follows. As
the inlet water temperature increases the logaiithmean temperature difference
between system and ambient air increases. Thigases the heat loss from the
system and consequently increases the SCA. At highat water temperature the
mass transfer potential increases. This tends ¢oedee the SCA. The SCA based
on condensation rate decreases as inlet water tetape increases to a minimum
and then increases. As inlet water temperatureeases the humidifier outlet air
humidity ratio and temperature increase. This iases the heat recovered (as
desalinated water) in the condenser and SCA dexseAs higher humidifier outlet
air temperature the condenser outlet air temperatcreases. This means an
increase of rejected energy to the ambient air yhicturn, increases SCA.

3000
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2400+
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2000+
1800
1600
1400
1200
1000
800 +
600 +
400 -

200 T T T T T
30 35 40 45 50 55 60

4o Based on evaporation
o Based on condensation

SCAKJ /kg

Inlet water temperature®C

Figure (6) SCA versusinlet water temperature

Effect of Air Mass Flow Rate

The effect of air mass flow rate on the unit perfance is investigated fixing the
other parameters at the following conditions:

Inlet water temperature =356

Inletair temperature =350

Inlet humidity ratio =0.012 kd kg »
Cooling water flow rate =0.29 kg/s

Cooling water temperature =26@
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Inlet water flow rate =0.39 kg/s
Inlet pressure =1.0 bar
Ambient air temperature =206

Figure (7) shows the effect of air mass flow ratehmmidifier outlet air
humidity ratio. It seems that the humidifier outhét humidity ratio decreases as air
mass flow rate increases. This is due to decreadicgntact time between air and
water as air mass flow rate increases.

The figure also shows the effect of air mass flate ron both humidifier
outlet air and water temperatures. It is clear thateasing of air mass flow rate
decreases the outlet air temperature. This is duthg decrease in contact time
between air and water. It seems also that thetontléer temperature decreases as
air mass flow rate increases. This could be expthioy the increase in evaporation
rate as the air mass flow rate increases. Figyrsh@ws the effect of air mass flow
rate on the unit productivity. It is clear that tt@ndensation rate increases with air
mass flow rate to reach a maximum and then desedde evaporation rate
increases as air mass flow rate increases. Thikl dmiexplained as the rate of
evaporation resulted in the humidifier is suffidiéor specified air mass flow rates
to attain the saturation condition. This means thatincrease of air mass flow rate
within this range causes the increase of the ragyaporation but the condition of
air is unsaturated.
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Figure (7) Effect of air massflow on outlet air / water temperatures and
humidity ratio
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Figure (8) Effect of air mass flow rate on condensation and evapor ation rates

Figure (9) represents the effect of air mass flate bn the GOR. It seems that
GOR based on evaporation rate increases as airffomssate increases. This is due
to the increasing of mass transfer potential ardirisreasing of vapor removal rate
around droplets because of air velocity increadeo &SOR based on condensation
rate increases as air mass flow rate increasesmaxamum then tends to decrease.
This can be attributed to the increase of heatwveed in the condenser (as
desalinated water) as humidifier outlet air appheac saturation condition. This
increases GOR to reach maximum at saturation donddf air. At unsaturation
condition of humidifier outlet air, the heat recoa® (as desalinated water) in the
condenser decreases then GOR decreases.

4. CONCLUSIONS

The productivity increases significantly with tmeiease of inlet water temperature. A
productivity of about 8 kg / h of desalinated wateas achieved at inlet water
temperature of 55C which is quite good. The change of air flow ratfects the unit
productivity and there is an optimum value for mass flow rate for maximum
productivity.
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