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Abstract:
A electrostatic water spraying scrubber is used to treat exhaust gas from Marine Diesel
Engine in order to decrease mainly particulate matter (PM) emission. The effect of
electrostatic water spraying scrubber on the removal of PM and other pollutants from
the exhaust gas in seen investigated experimentally. The PM diameter between 0.1 and
2.5 microns are removed at very high efficiencies by using the highly charged droplets
as collectors. Simultaneously, all soluble acid and caustic gases are removed at the
same high levels as conventional scrubbers. The results showed that the efficiency of
PM collection depended mainly on the particle size, particle retention time, droplet size,
water conductivity and electric field effect. The fine PM removal efficiency is significantly
increased, as compared to uncharged sprays, when the droplets are electrically
charged. Electrospray scrubber is a major advance in multi-pollutant control devices
utilizing highly charged water droplets as collectors; it is a proven solution for
simultaneously treating fine particles and pollutant gases.
Tém tit:

Théap phun nwéc nap dién duoc st dung dé xir Ii khi xa ttr dong co diesel tau thuy, véi
muc dich chd yéu la lam gidm mudi trong khi xa. Hiéu qué cta thép nwéc nay trong viéc
Xt i mudi va cac khi déc khac trong khi xa dang dwoc nghién ctru va thi nghiém. Hat
mudi c6 kich thudrce ter 0.1+ 2.5 um duwore gilr lai voi hiéu qua rat cao béng cac hat nuwéc
duoc nap dién. Két qua cho thay rang viéc xt ly mudi chi yéu phu thuée véo yéu té
nhuw kich thudéce va thoi gian cw tri clia cac hat mudi, kich thudée hat nude, do dan dién
clia nwéc va dnh hudng cda truong dién. Thap nudc ¢ wu diém I6n trong céc thiét bj
Xt li 6 nhiém béng céach str dung cac hat nwéce duwoc nap dién aé gitr cac hat mudi va
cac khi déc khac.
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1. Introduction
Marine diesel engines are major sources of urban air pollution. They emit a large amount of
pollutants, including [2]:
Particulate matter (PM),
Carbon monoxide (CO),
Unburned hydrocarbons (HC),
Nitrogen monoxide (NO),
Articles, condensable hydrocarbons,
Soluble VOC formaldehyde,
Sulfur dioxide (SO,),
e Ammonia, others by products of combustion.

In where, particulate matter may cause respiratory and mutagenic diseases, such as lung
and bladder cancer. Diesel particulate is classified as probable carcinogen to human.
Hydrocarbons may react with nitrogen monoxide in the presence of sunlight forming ozone that
irritates lungs. Exhaust emissions have been limited dramatically in modern times though the
adoption of Annex VI in 1997 “Regulations for the Prevention of Air pollution from Ships” MARPOL
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73/78 Convention [9]. The Regulations are going to be extended to pollutant such as PM, volatile
organic compounds (VOC), soluble acid and caustic gases.
Size definition for both solid particles and liquid particles as follows:
e Coarse = particles 2.5 micron & larger
e Fine = 2.5 micron & smaller
e Ultra fine particles = 0.1 micron & smaller
The major objective of this study was to evaluate the potential of electrostatic water spray in
controlling pollutant in marine exhaust gas. Specific objectives were to:
(1) Compare charged water spray, uncharged water spray, and no water spray in terms of PM
removal efficiency; and
(2) Determine the effects of spray duration, spraying method, charge polarity, and PM

concentration on the PM collection efficiency of water spray.
2. Theoretical background
1.1. Electrostatic water spray

Electrostatic water spray refers to any number of spray processes that use an electric field to
increase the collection efficiency. Electrostatic water spray can be categorized based on three
specific criteria:

e Direct conduction,

e Corona,

e [nduction;

In direct conduction, the spray material has a relatively high conductivity (e.g. fresh water,
sea water) and the voltage is applied to the source of the sprayed material. For this technique, the
spray is emitted from the nozzle already charged and atomizes instantly. Atomization in sprays
using direct conduction often achieved using a stationary, low flow nozzle.

In a corona charging system, the sprayed droplets are charged after atomization by
passing through a corona field. This is an effective technique, The corona charging method
requires the use of high voltages in order to ionize the air surrounding the liquid This method has
proved more difficult mainly due to fragile nature of the exposed corona discharge electro, charge
leakage problems associated with the elevated ionization required voltages as well as the limiting
effect. Also, from a practical standpoint, liquid can land on the corona-producing electrode prior to
charging causing a decrease in performance. However, for particles, corona charging can be very
efficient.

In induction charging, the voltage is applied in proximity to the nozzle so that the liquid
travels near the source and picks up some of the electric charge. The one found that to be most
consistent and reliable is the induction charge method. The high voltages associated to these
charging will lead to problems such as surface tracking. It is therefore required to use of very high
voltages in order to use a lower voltage system if possible. For induction charging, in principle,
there is no electrical energy consumption. Mechanical energy is used both to disperse the liquid
into droplets and to direct the charged particles past the induction electrode. Some of this
mechanical energy is thus converted into electrical energy contained in the charged space cloud. In
a practical system, the only current flowing through the power supply is the leakage current and the
current due to deposition of droplets on the induction electrode

1.2. Mechanisms of patrticle collection by charged water droplets
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Fig 1. Mechanisms of PM collection by charged water droplet
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There are five major mechanisms of particle collection by water droplets [11]:
(1) interception;
(2) inertial impaction;
(3) gravitational settling;
(4) Brownian deposition;
(5) electrostatic attraction.
Interception. Direct interception occurs when the fluid streamline carrying the particle passes
within one-half of a particle diameter of the droplet
Inertial impaction. Inertial impaction occurs when the particle would miss the droplet if it follows
the streamline, but its inertia resists the change in direction taken by the gas molecules and it
continues in a direct enough course to be collected by the droplet
Gravitational settling. Gravitational settling is due to the difference in mass of the PM and the
carrier gas
Brownian diffusion. Brownian deposition occurs as the particles are bombarded with gas
molecules that may cause enough movement to permit the particle to come in contact with the
droplet. Brownian motion may also cause some of the particles to miss the droplet because they
are moved away from it
Electrostatic deposition. Electrostatic attraction occurs because the droplet sufficient electrical
charge to overcome the inertial forces; the particle is then collected instead of passing the droplet
by induced electrical attraction. If a droplet is purposely charged by an applied electric field, the
charge on the droplet will be larger than the random ions on it, then for some droplet sizes the
electrostatic attraction is the dominant mechanism for particle removal.
When the particles and/or the droplets are charged, there are five possible different electrostatic
forces of attraction
(1) The Coulomb attraction between a charged particle and an oppositely charged collector
(2) The dipole attraction between the charged particle and the dipole that this charge
induces on the neutral collector
(3) The dipole attraction between the charged collector and the dipole induced upon the
neutral particle
(4) The space charge repulsion of the cloud of charged particles. The electrostatic
repulsive force between two point charges of like sign separated by a distance r is
given by Coulomb’s law
(5) The attraction between the charged particle and the earthed collector, which carries an
image charge, induced by the space charge of the surrounding aerosol.

3. Experimental apparatus and method
a. Experimental set up

A diesel engine specification given in table 1 was use as a stationary PM and other pollutant
emission source. Low sulfur diesel fuel oil (0.08 %S) in table 2 was used throughout these
experiments. The experiments with exhaust gas cleaning by means of charged droplets and
charged PM were carried out in a chamber shown schematically in Fig. 2. The scrubber consists of
two chambers. In the first chamber a mount of larger coarse PM are removed, ultrafine PM and
condensable are grown to a few tenths of a micron in preparation for removal. In the second
chamber the particles were charged by a corona charger. The charger was made of stainless steel
saws (6 pcs) as negative electrodes that connect to high voltage supplier adjusted to various
voltages range from 1.0 to 10 kV to charge PM. These saws were mounted between 4 steel plates
which connected to earth. The liquid was pumped from a tank by centrifugal pump and discharged
through two nozzles with orifice diameter of 1 mm. Two brass ring electrodes (induction electrode)
of inner diameter 2.0 mm is placed around upper edge of spaying head of each nozzle. The
induction electrodes were connected electrically to a high DC voltage power supply (type) adjusted
to various voltages range from 1.0 to 5.0 kV to charged water droplets as shown in Fig1. Thus
under stable operating conditions, a negatively charged space cloud is formed. This arrangement
provides a strong charging field with a relatively low voltage. Then relatively clean water from the
top of the tank is re-circulated by pump to the charging electrode, where it is recharged, completing
the cycle.
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Fig 2. Experiment set up

Table 1: Engine specification

Table 2. Properties of A Oil

. Horizontal single Property Composition
E t :
naine ype cylinder, 4 stroke Density [g/lom’] 15°C 0.8615
Engine model YANMAR NF 19-SK Flash Point ['C] 72
&r’gEger bore and ¢ 110 x 106 mm Kinetic viscosity [mm?/s] 2.374 (50°C)
. )
Swept volume 1007 cm Pour Pomto[ Cl 25
Compressor ratio | 16.3 Ash [mass%)] <0.001
Maximum output | 14 kW Sulfur [mass%] 0.08
Maximum speed | 2400 rpm Water [vol%] 0.01
Nominal output 12.6 kW Residual Carbon [mass%)] 0.55
Nominal speed 2200 rpm Low heating value 42.6 MJ/kJ
b. Determination of PM removal efficiency
The PM removal efficiency n was calculated basing on following equation:
Uncharged water spray (UWS):
_ PM _mass _without _ ES — PM _mass _with _UWS 1)
PM _mass _without ES
Charged water spray (CWS):
_ PM _mass _without _ES — PM _mass _with _CWS @)
g PM _ mass _without _ES
Charged PM and charged water spray (CPM&CWS)
n = PM  mass _without ES — PM mass with CWS & PM 3)
PM _ mass _without _ES
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The PM mass in treated or untreated exhaust gas were determined by gravimetric method.
Particulate matter samples are taken by composite filter paper. The filters, before and after
collecting the samples, are weighed under strictly controlled temperature.

4. Experimental results and discussion
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An affection of spray performance on PM removal efficiency by charged water spray is show
in Fig 3. The concentration of particulate matter for each spray performance was determined at
various loads of the diesel engine.

Fig 5. PM removal efficiency after the
scrubber with differential water
spraying performance at various loads
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Fig 6. PM concentration with various
applied voltage

Comparison of the results shown in Fig 3 between no water spray, water spray, charged
water spray and both charged PM and water droplets. The uncharged water removes coarse
particles by simple impaction with the water. This is in affection for fine particles. Because of their
very lightweight, fine particles are pushes out of the part of the water droplets and are forced to
follow the streamlines. It can be note that charging of the droplets result in more effective removal
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of PM from the exhaust gas than spraying water only. Because of the droplets are purposely
charged by an applied electric field, the charge on the droplet will be larger than the random ions
on its, then for some droplet sizes the electrostatic attraction is the dominant mechanism for
particle removal. Electrostatic attraction occurs because the droplet possess sufficient electrical
charge to overcome the inertial forces and the particle is then collected instead of passing droplet
because of dipole force.

The better results were obtained when both PM and water droplets were oppositely charged,
PM were charged negative, droplets were charged positive. Removal efficiency was more many
time than uncharged droplets and uncharged PM depending on the load of the diesel engine, as
show in Fig 4. Because when PM and the droplets charged, there are four possible different
electrostatic force of attraction. One or more this forces will be the dominant force that controls the
collection efficiency.

b. Effect of applied voltage on PM removal efficiency

The electrical potential of the induction electrode was expected to determine the level of
charge achieved on the liquid during atomization, as it would determine the intensity of the electric
field. The electrical potential of the induction electrode was controlled by contacting the electrode
with a range of voltages between 1 and 5 kV DC. The electrode polarity was negative, so the spray
polarity was positive. As show in Fig 6 the more increasing applied voltage step by step, the higher
the removal efficiency due to the addition of electric attraction between PM and droplets.

4. Conclusions

An experimental study on the removal of harmful particulate matter and other pollutants
emitted by a diesel engine using a electrostatic water spraying scrubber was conducted. A
electrostatic water spraying scrubber was found to remove the PM. It was demonstrated
experimentally that the electrical charging of droplets and PM allows an increase of the removal
efficiency of particles from exhaust gas.

- Capture particulate matter smaller than 0.1 um the removal efficiency of smoke
particles, smaller than 1 mm, can be as high as 92-97%.

- Energy efficiency, the power consumption to charge water (plus moderate pump power
for water circulation)

- Pressure drop of exhaust gas very low when crossing the system
- Discharge water usage with low volume that

Further improvement of the removal efficiency was obtained by charging sprays utilizing
electrical forces can effectively operate for small sizes of particles.
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