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1. Introduction

Human has been dependent on nvers, lakes, reservoirs and
ground water for fresh water in domestic life, agnculture, and
mndustrial activities. These sources represent only about 1% of
the Earth’s water while 97% of the Earth’s water i i the form
of seawater. Water 1s a basic natural resource and plays a cru-
cial role in the overall development of the economy of any
country. Some cities are unable to cope with demand for fresh
water due to rapid mdustnalization and increasing population.
Pollution of nvers, lakes and ground water due to mdustrial
wastes and discharge of large quantities of sewage are activi-
ties that merease the scarcity of fresh water even o cities lo-
cated near nivers and lakes.

The demand for water is always increasing, and to cope
with this problem, some technologies to convert brackish wa-
ter or seawater into potable water have been studied for many
years. [t 15 an energy-intensive process, and only viable if the
source of energy is practically free, such as a celestal source,
geothermal source or industrial waste heat. Vanous processes
were developed for the conversion of seawater or brackish
waler into potable water, and only a few of these processes
have been commercialized. Distillanon, electrolysis and re-
verse osmosis are well documented processes and commonly
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used for desalmation [1].

Several fresh water generation processes have been devel-
oped 0 use seawater as a source of water for potable water
supply to cities (desalination). Membrane processes, namely
microfiliration, ultrafiltration and reverse osmosis, are widely
used. Solar heated membrane distllation and capillary distilla-
tion are processes developed to reduce energy consumption. It
has been demonsirated that membrane distllaton is a techni-
cally viable process, but only economically feasible where
waste energy 1s available or electicity 1s very inexpensive [2,
3]. Capillary distillation utilizes the effects of solid-liquid
mterfacial molecular forces by using fractioning plates having
capillary type passages.

Vacuum desalination is another altemative process o con-
vert seawater for potable use. Vacuum desalination 1s a proc-
ess by which water 1s vaponzed at a lower temperature when
subjected to vacuum pressure. The boiling point of water
drops with decreasing absolute pressure. The cost of decreas-
g pressure 1s neghgible in comparison to the cost of heatng
to the boiling point. This study demonstrates the possible ap-
plication of vacuum fresh water generation for water purifica-
tion with low temperature feed water, where waste heat from
the water cooling machme of a ship can be applied to heat the
feed water.

Some studies of low pressure evaporation have been devel
oped by many researchers, such as Kumar et al. [4], who de-
signed a desalination system utilizing ocean thermal gradient.
1 H. Tay et al. [5] investigated vacuum desalination applica-
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tion and showed that water can be boiled at low temperature at
a corresponding low pressure. Tay et al. [6] conducted a pilot
study on a laboratory-scale system and concluded that system
performance depends on how efficiently the heat losses are
elimmated. Utlization of waste heat from a steam turbme for
production of fresh water through a vacuum desalination
process was first reported by Low and Tay [7]. A detailed
experimental study was made by Mani [8, 9] to probe the ef-
fect of water depth and slope of a single-sloped solar still.
Mani et al. [ 10] reported on the utihzation of an ocean thermal
gradient for production of fresh water through a vacuum de-
salination process and presented the design details of the sys-
term. Simulation of the desalination system was also carried
out by Kudish et al. [11], and ther work was validated with
experimental measurements.

A single effect desalination system was developed before
by Rahman et al. [12]. Preliminary expenmental studies done
on the system show that the system has good potential for
application m marme desalinatnon where the available engine
cooling water temperature varies between 60T and 707,
This study 18 concemed with thermal and pressure characteris-
tics and performance of condensed vapor yield of single effect
configuration combined with thermal vapor compressor (gjec-
tor).

2. Experiment setup and procedure

The required heat energy for fresh water generation by dis-
tillation can be brought down by reducing the boiling tempera-
ture [4]. By the creation of low pressure i the evaporator, the
boiling point of water can be minimized.

A pilot sdy, as shown i Fig. 1, was conducted m the la-
boratory to investigate the phenomena and feasibility of using
a vacuum distillation process for water supply; tap water was
used as feed water to the evaporator. The schematic diagram
of the laboratory experimental study s shown in Fig. 2. This
fresh water generation technique involves sequence processes
like pressurization of water using a purmp, creation and main-
tenance of a vacuum using an ejector, evaporation of feed
water from heater with low temperature and condensation of
waler vapor using cold water from chiller. Test section dimen-
sion parameters are summarized m Table 1. The mam targe-
table advantages of this fresh water generation system are low
maintenance cost and utilization of lower grade energy.

The treatment system 1s designed o mmimize the heat re-
quirement. The system consists of several mam pieces of
equipment: pump, heater, evaporator designed to have low
pressure, condenser, and gjector. Brielly, water from the tank
{water tank) 1s pumped to the nozzle of the gector as a motive
fluid to create a low pressure region at the nozzle exit plane
mside the ejector. This low pressure allows the water in the
evaporator 1o vaporize at a low temperature. Feed water with a
temperature range from 40-80C was pumped to the evapora-
tor from the heater; Table 2 shows summanes of the operation
condition of this expeniment. Water vapor produced in the

Table I. Test section dimension.

Part Diiameter {mim)
Boiling tube of evapomator 25
Flashing the of evaporator 0
Pipe commection 10
Tahle 2. Experiment operation condition.
Variable Value
Feed water flow rate 200, 300, 400 [cc/min]
Onifice hole diameter 1152 mm
Feal water tlemperatune 40, 50, 60, 70, 80T
Pressure motive of ¢jector 04 MPa
Condenser lempenature B-12T
Experiment duration 15 minutes

Fig. 1. Experimental devices.
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Fig. 2. Schematic diagram of experimental setup.




H. Chung e al / Jowrnal af Mechaniaal Science and Technology 26 (2] (200 2) 42142

o
—a— Ths
o | Tha
——%—- T
—A— T
70 4

i

L] 200 400 (o] a0
Time [g]

Fig. 3. Temperaturedistribution in evaporator during experiment.
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Fig. 4, Pressure distribution inside the evaporator during experiment.

evaporator travels up through the pipe to the condenser. In the
condenser, some vapor condenses and {lows to the fresh water
tank, and the rest of uncondensed vapor will be sucked by the
ejector to the water tank to complete the cycle.

3. Result and discussion

Fresh water generation performance was determined for dif-
ferent operation conditions. Temperature and flow rate of feed
waler to the evaporator and orifice diameter were the main
operating vanables for this experiment. Pressure and tempera-
ture distnibution and condensed vapor production are impaor-
tant parameters used o analyze the charactenstic performance
of the system.

Temperature distribution inside the evaporator, at 70T, 400
ml/min and 1 mm, for feed water temperature, flow rate and
orifice size, respectively, 15 shown in Fig. 3. Temperature
increased for some time and remained constant at about 200
seconds after the start of the experiment. Temperatre n the
upper part of flashing tube of the evaporator (Tfio) had a
higher temperature compared to the bottom of the flashing
tube (THi). This phenomenon indicates that evaporation oc-
curred mside the evaporator. Pressure distribution in the eva-
porator during the experiment 1 shown i Fig. 4. This shows
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Fig. 5. Pressure distribulion in the evaporation in different of feed
waler lemperature.
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Fig. 6. Pressure distributions inside evaporator with the different of
feed water flow rate.

that the pressure in the boiling wbe is higher than mn the {lash-
ing tube of the evaporator. The pressure in the fashing tube of
the evaporator is around 59.56 mmHg while the pressure in-
side the boilmg tube 1s around 386,43 mmHg and 6358.99
mmHg at boiling tbe inlet and outlet, respectively.

Detail pressure distnbution in the boilmg tube and flashmg
tube evaporation with variation of feed water temperature 1s
shown m Fig. 5. The pressures in the flashing wbe (Pf) were
varied from 31 to 73.65 mmHg Boilng wbe pressure at the
bottom (Pbt1) was above that of the top of the boiling tube
{Pbto). At the feed water rate of 400 mlVmm, the pressure at
the bottom and top of the boiling tube were 57491 — 639.73
mmHg and 5609 — 75235 mmHg. The pressure mside the
boiling tube from 40-707C of feed water temperature de-
creased then slightly mereased agam when feed water tem-
perature increased up to 80T, This phenomenon happened
because of partial evaporation of feed water in the pipe before
reaching the botling tbe. This oceurred as the effect of low
pressure created i the evaporator by the gector and the
amount of partial evaporation mereased significantly when the
temperature of feed water changed from 40T 10 70°C.

When water feeding rate increased, pressure also increased
as shown m Fig. 6. This graphic was taken at feed water tem-
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Fig. 7. Temperature distribution inside the evaporator with vanous
feed water temperature.
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Fig. 8. Temperature distribution inside the evaporator with different
flow rate of feed water.

perawre 60T and orifice size | mm. The pressures at the
flashing tube for different feed rates slightly mereased from
36.04 — 5631 mmHg. The pressure mside the boiling wbe of
the evaporator significantly increases when the leed water
flow mate is increased.

Distribution of temperature in the evaporator tends to in-
crease along with the mereasing of feed water tlemperature, as
shown m Fig. 7. This figure shows temperature distribution
mside the evaporator with mereasing feed water emperature.
The onfice diameter was lmm. The boiling tube bottom var-
ied from 36.15-72.31°C and the top emperature followed the
same trends but below this line from 38.68 w 74.6C. The
minimum flash tube temperature line 15 at a higher position
than that of the top temperature. Flashing tube temperature has
arange of 27.14-39.63C for bottom flashing whbe and 29.63-
4397 for upper fashing tube. Feed water wmperature inside
the evaporator mereases the temperature inside the evaporator.
It shows also that the temperature mside the flashing tube s
always lower compared o the temperature mside boiling wbe.
Temperature in the evaporator, both in the boiling and flashing
tubes, mereased when the flow rate of feed water increased
from 200 o 400 mlmin, Fig. 8.
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Fig. 9. Distribution of pressure inside the flashing the of evaporator
with the increasing feed water lemperature.
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Fig. 10, Tempemture steam inlet and outlet of the condenser in differ-
ent feed water lempemiure,

Fig. 9 shows the pressure in the flashing wbe when different
size onfices were used. There were mereasmg trends of {lash-
ing tube pressure with the feed water temperature. The mine-
mum and maximum pressures at a rate of 400 mlimin of feed
water were 32.6 and 66.27 mmHg when a 2 mm onfice was
applied. Increasing orifice sizes decreased the pressure from
61.11 to 5134 mmHg when feed water temperature was 60T

Steam temperature before entermg the condenser increased
to significantly than what 1t was at the outlet of the condenser
when feed water temperature was increased from 40-80°7C .
Inlet steam temperature lme was always above the outlet
steam temperature line by 26.7-38.8°C while the outlet wm-
perature ranged from 15.8-19.2T for 400 ml/min feed rate of
the 1 mm orifice, as can be seen in Fig. 10. This graph showed
that the temperature difference between temperature steam
mlet and outlet of the condenser mcreased when temperature
of feed water increased.

Fig. 11 shows that steam temperature at the inlet increased
when the flow rate of feed water was mereased. This tempera-
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Fig. 11, Temperature steam inlet and outlet of the condenser in differ-
enl feed water Mow rate,
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Fig. 12, Yield of condensed vapor collected from the experment at
various feed water lemperature.

ture gradient increases as the flow rate mereases from 200 o
400 ml/min. But outlet temperature showed a slightly decreas-
g trend with varying feed water. Those results were taken
with a feed water temperature of 60T and maintained tem-
peratures between 8-12C in the condenser.

The effect of feed water temperature differences on yield of
condensed vapor while other parameters such as motive pres-
sure of g¢jector, flow rates of water through condenser, and
evaporator were maintained constant 1s shown m Fig. 12,
When feed water rate and temperature were increased, the

condensed vapor produced from the expenment also mereased.

This was because the higher the temperature of feed water, the
more steam produced m the evaporator. The amount of con-
densed vapor decreased when the larger diameter of the orifice
was decreased. With the increasing of feed water temperature,
after some temperature bubbles started to flow through the
pipe which was connected to the evaporatar from the feed
water tank. These bubbles existed because of the vacuum ef-
fect n the evaporator which made the feed water partially
vaporized. In the experiment, at 40-80T of feed water wem-
perature, the onfice diameters were 1, 1.5, and 2 mm, while

- Feed water tem

Condensed vapor yield [mi]
an

-

00 0o Ti]
Fead water flow rate [ml'min]

Fig. 13, Condensed vapor vield with increasing feed water flow rale
and temperature.

the condensation rates were 380 — 610 ml, 190 - 275 ml, and
50 — 210 ml, respectively. When feed water flow rate and
temperature were increased, the amount of condensed vapor
produced from the expenment also increased, as shown m Fig.
13. Because of the higher temperature of feed water, the more
steam was produced m the evaporator.

4. Conclusions

Expenments on low pressure evaporation of fresh water ge-
nerator were conducted to reveal the phenomena of the system.
From this experiment, it was found that water would evapo-
rate within a temperature range of 40T to 80T m a low
pressure evaporator. The amount of condensed vapor collected
mn the expermment was affected by feed water flow rate, tem-
perature, and orifice diameters. The amount of condensed
vapor increased with mcreases in evaporator flow rate and
temperature and decreased with mereasing onfice diameters.
Maximum yield of condensed vapor m the experniment was
reached at feed water temperature 80T and a feed rate of 400
mlmimn, with a lmm diameter onfice.

The expenments show that vacuum desalination is feasible
and has its advantages: water can be boiled at lower tempera-
ture.
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