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SEPARATION OF PARTICULATE FOLLUTANTS FROM THE EXHAUST OF

INTERNAL COMBUSTION ENGINES BY A NOVEL SEPARATOR
Yy
A.E.BASTAWISSI ; M. A. TOLEA
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ABSTRACT

This paper gives the results of a field study conducted to
madity the tail muffler of an internal combustion diessl engine
so that it can also acts az an efficient sgsegparator Ffor the
particulates present in the exhaust stream of that engine. The
features af the best separator are it is able to rewove aver Qo7
of the particulates while its cost suceeds that of the usual tail

muffler by only S0%. This separator  did not cause  remarbable
effects on the pevriormance of the test engine and ilks rollection
efficiency remainced approzimately constanl ovor 1The  tost poriod
(400 working Hours).

The obtained resulte sugoest the possibiloby afF
modifying £he tai! muffler of any internal combuslion engine so
that it can also act as an efficient particulate separator atbt  a

very low expenses..

INTRODUCTION

The exhaust from internal combustion engines ({ICE),either

mobile and stationary is one of the major causes of air
pollution. In the azdvanced couniries air pollutants from ICE
L1, £

are more than 30% of thz kotal air pollutants . The malior
pollutants emitted by such enginzs are carbon monouxide, oxides aof
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mitrogen, sulphur oxides, unburned hydrocarbons, and fine
particulates or asroscls. Aerosols are composed of carbonaceous
particulates resulting from inefficient combustion of

fuels, oil droplets, lead compounds resulting +rom the use of
tetrasthyl lead in gasoline engines as about 734 of the lead
present with burned gasoline 1s eaxhausted in;os)the atmosphere
while the rest is deposited inside the engine s+ phosphorus
and zinc compounds resulting from the addition of zinc dialkyl
dithiophosphate to the lubricating oil as a corrosion inhibitor
which reaches combustion chamber past the piston rings and valve
stem seals, barium; which is used as a smoke suppresser, fuel
additives such as boron manganese, and nickel. A large fraction
of these particulates lies in the range from O.1 wum ta 10 um
diameter. Because of their small size, these pollutants tend to
remaipdﬁuspended in a free fipating state for long periods of
time .

Dus to the physical, chemical, and biclogical effects of
such particulates they can cause a varilety of harm+ful effects in
the atmosphere, including lowering of wvisibility, affects on
health: soiling; and synergistic enhancement of the eftects other
pelliutants. Also, these particulates can form dense caherent
deposits on the catalyst surface of tha catalytic converters used
to combate gaseous pollutants. Such deposits act as a diffusion
barrier to exhaust gases and hence & reduction in catslyst
activity occurs ° .

Efforts are being such to combate gaseous pollutant

from internal combusticon sngines. Some of the measures which a
adopted and are under investigation +or the reduction of gaseou
polliutants concentrations fraom internal combustion engines are:
therm=1 reactors, catalytic exhaust reactors for the aoxidation of
nydrocarbons and carbon monoxide, cataly.ic exhaust reactors for
the reduction of oxides of nitrogen, sxhaust gas recirculation,

LI

and heterogeneous caombustian. Some of these means are
impracticable because they result in lpgegipg the 2ngine
performance, and others are not econamical g :

Because effects of particulate pollutants are very
complex and dangerous and their separation represent a removal of
some kind of air pollutants at the same time preventing tne
foulding and hEnce deactivation of the catalyst of the catalytic
converter that may be used to combate othar gaseous pollutants
presant, studies directed towards removal of particulates From
the exhaust of internal combustion engines are vary imgortant.

The aim of the present work is ko modify a tail muffler
of diesel engine <so that it can alsoc act as an efficient
particulate separator to capiure and separate as much as possible
of the particulates present in tHe exhaust stream of the test
engine. The used test engine is a BSalavia Diessl Engine CKD
FRARA Type 28 95A2Z made in Czechoslovakia. This engine has two

=y

cylinders with air cooling. 1ts ocutput is 15.4 Kw at 2000 rpm.

FEATURES OF THE SUGGESTED SEPARATOR

In view of the characteristic

mEchanical s=2paratars, successtul particulat
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2xhaust of internal combustion angines must fulfill the following
requirements:

(1} It must collect as much as possible af the particulates
presant in the flowing exhaust stream.

(2) It must be connected directly to the present exhaust system
minimum modificatiaons.

I) Its effects upon the performance of the test engine must be
kept at minimum.

(4) Easy to fabricate at minimum expenses. ’

(53) Its working life must be egual to the working life of the
remainder of the suwhaust system.

{6 Its collection efficiency must remain canstant over its
working life.

As baffle separators are easy to fabricate at very 10w
expenses, especially if the tail muffler of the test engine is
modified to act as the regquired particulate separator; it was
decided to modify the tail muffler of the test engine so that it
can act as a baffle separator to capture and collect as much as
possible of the particulates present in the flowing exhaust gas
stream.

Modification of the tail muffler was conducted by
inserting inclined baffles inside it. Bome of these baffles were
welded to the upper half of the muffler while leaving a cartain
space betws=sn their lower ends and the wall of the lower half of
the muffler For the Fflow of the exhaust stream {(hatfle
clearancel. The remainder of these baffles (lower baffles) were
walded to the lower half of the muffler leaving a certain space
above them for the flow of the exhaust gas stream. Lowsr baffles
were provided with an additional horizontal plate (2 cm  in
length) followed by another inclined portion to make & dead
corner at the baffle-muffler connection, as shown in Fig. (1).

With such separator the anticipated separation
mechanisms are a combinatien of internal forces, impingement, and
gravitational settling. The dead corner was made toc aid in
trapping and capturing the particulates and to decrease the
poscibilities of the resntrainment of the separated particulates
by the ftlowing exhaust stream. This provision can also direct the
separated particulates onto its cuter surface fto settle inside
the following dead corner.

The wvariables szem to affect the performance of the
suggested separator are: number of batfles present which are
determined by the muffler length and the affle pitch, the
inclination angle of the main baf+fle; the baffle width and hencs
the clearance between the batfle and the auffler wall (baffle
clearance), inclimation angle of the end portion of the ba+fle
that makes the dead corner with the moffler wall: anag the
characteristics of the test engine.

In the present work the baffle pitch of upper or lower
baffles was 12 cm. az the lenoth of the tail muf+ler of ths test
engine was 50 om. Decresasing this spacing below 12 cm. adds tco
much to the +abrication difficulties of the modified muffler

Such spacing produced three uwppsr bafflss and three lgwer bafflas
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as shaown in Fig.{1}. For baffle clearance; bafflies with
clearances of 174 D and 1i/3 D were tested., where L 1s the
diameter of the cylindrical muffler. Baffles with three different

inclination angles were tested, these angles were 36,45 and &0
degrees. The inclinmation angles of the 2nd inclined portion of
the lower baffles {(dead corner) were kept constant at 30 degr=es.
while studying the effects of the previous mentioned variables
upan the performance of the modified muffler. On reaching the
test features of the modified musfler from the point of view of
the baffle inclination angle and baffle clearance, the effect of
the inclination angle of the dead corner upon the performance of

the particulates separator was tested by wusing baffles with
inclination angles of their dead corners of 30,20 and 10 degrees.
Table (1} gives the main +eatures of the tested modified
mufflers.

Table 1 : The main features of the tested modified mufflers.

Symbol Batfle Batfle jncliTaEian Dead corner inc{inatian
clearance angle, degreess angle, degrees
& i/Z D &0 Z0
B /2 D 45 30
C 173 D 30 =0
D 174 D &0 S0
3 1/4 D 45 |
F /4 D 30 20
B 174 D &0 20
Lﬁ H 174 D 60 L 1@ |

Each ssparator was provided with the suitable praovision
so that it can be connected directly to the test engine in  ths
place of the tail muffler without any modification in the sxhaust
system of that engine. Frovisicns were also orovided for the
measurements of pressure drop across the sesparator and the
temperature of the sxhaust stream at the inlst and outlet of
the separator. Figure {1} =shows details of the modified muffler

and a ghotograph for the test rig used in the present study.

MEASUREMENTS

The experimental work was devoted to study the effects
of the modified muffler features and engine speed upon the amount
of particulates removed from the exhaust. Variables which wers
studied include baffle clearance, bafrle inclination angle, dead
corner inclination angle and the speesd of the =ngine.

Frior to each experimental run, the end of the tail
exhaust pipe of the test engine was connected to a particulates
collection arrvangement in order to determine the mass u]
particulate laden by the exhaust stream. This arrangement wa

[

i



Mansoura Engineering Journal Yol. 19, No.1, March, 1994 M. 140

either a dry bag filter of a known mass made Ffrom woven cotton
fibers (30 cm in length and 12.5 cm. in diameter) or a collection
water tank (20-litre in capacity) made from 1| mm thick galvanized
steel plate and half filled with water. This tank was provided
with certain provisions for the entry and exit of the exhaust gas
stream and water.

After the connection of the tested modified wmuffler
(separator’) in the place of the usual muffler and the particulate
collection arrangement to the tail exhaust pipe, the engine was
operated then its rotating speed was adjusted at the test value
and left to operate for the specified test period.

Each separator was tested at 800, 1000, 1200 &and 1500
rpm for Z hours to get reasonable masses of particulates. During
this period the reqguired measurements of pressure drop the tail
mut+ler, and the temperature of the exhaust stream befaore and
after the separator were recorded at one hour interval. The
amount of fuel consum=2d during each test was also measursd. The
engine was stopped at the end of the test period and the bag
filter was dried at 105°C for three hours and waighed. The
difference betwesn the final dry mass of the bag filter and its
initial dry mass gives the mass of +the collected particulates.
When using the water collection tank, watsr was filtered and the
filter papers with the collected wet particulates were dried at
105°C for three hours and weighed to get the mass of the
collected particulates. The average wvalue of the two masses
determined by the bag filter and the water collection tank was
considered as the mass of particulates leaving with exbaust
stream of the engine under the specified test conditions.

Freliminary tests were conducted by operating the engine
with its usual muffler at the mentionsd rotating speeds for the
specified test periods to determine the amount of particulates
present in the exhaust stream. Such data were nesded for
calculating the amount of particulates removed by each separator.

RESULTS AND DISCUSSION

Figure (2) gives the mass of particulates separated +rom
the exhaust stream versus the operating time at the various
rotating spesds of the 2ngin=2. Farticulates were separateg from
the exhaust stream through the use of either the bag Filter (at
rotating speeds below F00 rpm as at higher rotating spesds the
bag filter was very scon torn) or the water collecticn tank
described sarlier. As anticipated more masses of particulates arse
separated at higher rotating speeds as higher rotating spesds
ma2ans more fusel consumptiocon and hence more particulates 1n  the
axhaust of the engine.

The mass of particulates separated from the exhaust of
the engine can be expressed by the tollowing empirical eguation:

mo= A { } t (1)

where: m 1 mass of particulates (in grams) separated during
operation periad of t t(thours), w @ rotating sSpesd of the te
engin=s (revolutions per minute, rom) and A, n are constants sa
ts be dependesnt upon the load anmd the other characteristi

n
mn
]
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the engine and the properties of the used fuel. In the present

study, all tests were conducted while the engines was
unloaded.Valuas of 4 and n deduced from the experimental results
are 1.27 and 1.5 respectively. £Eguation (1) correlates the

experimental data within +5% .

Figure (3) gives a presentation of the particulates
collection efficiency and pressur=s drop across the separator for
the examined separators at the specified rotating speeds. Figure
(4) and (3) illustrate the effect of the rotating spesed of the
engine and the effect of the baffle inclination angle as well as
the baffle clearance upcn the collection efficiency and the
pressure drop for the six esxamined separators of which the end
portion of the baffles (dead carner}) has an inclination angle of
30°. These figures reveal the following :

1) The particulates separation efficiency decreases while the
pressure drop across the separator increases with iIncreasing
engine speed. This is may be dues ta the fact that at higher
speeds more fuel 1s consumed and hence more masses of
particulates are emitted and carried by the flowing exhaust
stream. Also, greater volumes of {flue gasss are exhausted
which causes much disturbance to the flow patterns inside the
segparator. These Finally exhaust stream and to entrainment of
greakter masses of particulates by this stream.

2) A noticeable increases in both the collection efficiency and
the pressure drop accompany tha decreass in the bhaffle
clearance from (/2 D to /4 D. The maximum recorded collection
eftic esncy was 814 when the inclination angls of t batfle
was egqual to 60° with the engin=s runring at 500 the
maximum pressure drop recorded was about SB mm water when the
inclination angle of the baffle was equal to 30° with the test
engine running at 1300 rpm. These values were for s2parators
having a baftfle clearance of 1/4 D. This pressuwre drop is

higher by about 18 mm water than that produced wh=an the =ngine
with the conventional tail muffler was tested at the same
rotating speed. The noticed increases in both the collection
efficiency and pressure drop are expected as smaller batfle
clearances make the sxhaust stream stays for  longer  times
inside the separator with the possibility of more particulates
separation by the separator and more back pressure exeriing
upon the flowing exhaust stream.

3) The pressure drop across the separator decreases while the
particulates collection gfticiency increases as the
inclination angle of the baffle increases. A4s with maore
inclined baf+fles, sharp changes in +low direction take place

- £t the exhaust strsam on passing sach baffle. This legds teo
Flow separation behind =ach ba+tfle which disturbs the flow
patterns 1inside the whole separator causing the higher
pressure drops arcund the separator and thz greater massez of
particulates sntrained by tha exhaust stream recorded with

L

the decrease 1n the wvalus of this angle.

4) For the separator in which the inclination angle of the dead
cornsr was =gual ko 3I0°, separstor D proves to he the best one
from the point of view of both particulates coilection
et+ficiency and prassure drop =2 separator.
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To study the effect of the 1nclination angle of the dead
cornar, two separators b and H which difrer only from separator D
in tha value of that angle were fabricated and testesd. This angle
was 20 degreses 1in separator & while 1t was 10 degrees in
separator H. Figure (&) gives the eftect of the inclination angle
of the dead corner of the batfle for separators D,6 and H upon
the particulates collection efficiency and the pressure drop
through ths ssparator. This figure shows that the collection
efficisncy increases while the pressure drop decreasss with  the
decrease in the value of the inclination a&angle of the dead
corner. This effect is more pronounced at higher rotating speeds.
This can be attributed to the fact that with the decrease in the
valus of that angle, the 2nd portion of the baffles becom=s more
longer so the +low of the exhaust stream over i1t becomes more
streamlined with less chances for separation and disturbance of
+low. Henca the back pressure eusrted on the Fflowing exhaust
stream ie reduced. Also the dead corner acts as a trap in which
the particulates settle guite with less chances for re—sntrainned
by the +lowing exhaust stream.

o the previous results Fig. () =«
H has the highest collesction eoffi
then comes separator D at sach one

ng spesds. These three separators ha sk the
drop at BOO and 1060 vrpm while at highsr rotating
sneeds separator H has the lowest pressure drops. Thess date wers
Tor five hours operation period.

1y reveals
+ollowad
he four

To =tudy the effect of working life upon the gperformance of
the suggested modifisd muffler, separators D,6 and H were
separately tested +or 400 working hours. This was conducted by
running the engine ten hours daily for 40 days. This adds no
extra etfect to the pressurs drop across the separator while  for
separator o aftter ten days, from 20-30% reduction in the
particulates collection efficiency wesre recordad in the first ons
hour of the operation period of each experimental run. However
the efficiency is then rises to reach its higher wvalus and
remains constant over the rest of ths operaticon periocd. This
sffect may be due to the detachmant and entrainment of some of
the particulates previously separated and adhered to the inside
walls of the separator by the Flowing exhaust stream. Sep
G and H did not show such an effect {Fig.&). Measurems
average tempsratures befors and after the muffler For both usu
or modifiad onz show that the temperature of the exhaust zstrea
was reduced by about 12°C when replacing the wusual engine muffler
by anyone of the tested moditied mufflers. The cost of making
saparator H was 40 LE which is higher by about 50X than the cost

e

of making the u=sual tail murfler of the test engine ( about I3
]

I-vE‘!‘-

The previous vesults and discussions indicate that
separator H is the best separator suitable to simultanecusly act
as a tail mufFlier and a particulate separator Ffor the internal
combustion diesel engine ussd In the present stiudvy.
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CONCLUSIONS

This paper presents the results of a field study
conducted to modify the tail muffler of a two cylinder air cooled
diesel engine having an output of 15.4 kW at 2000 rpm so that it
can also act as a baftfle separator to trap the particulates
prasent in the exhaust of that engine before reaching the
atmaosphere.

The best Ffeatures of the modified mut+ler wera
determined under actual working conditions. These include baffle
clearance, inclination angle of main baffle and inclination angle
of the dead corner, which are 1/4 D, 60°C raespectively Ffor the
present study.

The best modifised muffler was able to remove over 335% of
the particulates present in the exhaust stream of the test =rgine
while it had no remarkable sffect on the pertormance of that
2ngine. The temperature of the exhaust stream was decreased by
about 12°C on passing the modified mu+fler. The Ffabrication cost
ot the modified muffl=sr exceed that for ths usual one by about
S5G% . After 400 working hours, no deterioration in the collectiaon
efficiency of the modified muffier was recorded.

Results nbtained suggest the possibility of modifying
the tail muf+ler of any internal combustion sngine to act also as
an etvficient particulate separator at a very low cost. The best
features of the modified muffler must be determinad under actual
working conditions.
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A aketch for the modified muffler
elz inclination angle of the baffle, and-ezzinclination
angle of the dead cornar,

A photograph for the test rig

Figure l: A sketch for the modified muffler and
a photograph for the tast rig.
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