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Abstract —Rubber seed oil can be used as an alternativeféueliesel engine operation. But its high viscosi&uses
improper atomization of fuel during injection, rétsug in incomplete combustion. This leads to smekkaust in
diesel engines. The high viscosity of vegetabke aiih be reduced by preheating. The heat energy fhe exhaust,
which is otherwise wasted, can be used to prelineategetable oil. In the present work a heat exghawas designed
and fabricated to preheat the rubber seed oil (REDuse in diesel engines. It was observed thatRBO requires a
temperature of 155°C and 133°C to bring down itscesity to that of diesel and rubber seed oil nletsger
(RSOME). The work is related to the study of exhpreheated RSO and its ester on the performandeeanission
characteristics of a single cylinder DI diesel emgi Experimental results indicated that there marginal increase in
brake thermal efficiency when the fuel is preheated temperature of 155°C. Smoke level of prelte&80O is
significantly reduced, compared with RSO (withorgheating). Preheated fuel improves the fuel spraitern that
leads to better mixing; hence the ignition delag @ombustion duration decreases with preheatedadilch indicates
an increase in combustion rate. The overall reshibws that by preheating the RSO, the engine pedioce and
exhaust emission characteristics improves signitiysand approaches the performance of RSOME iresetiengine.

Keywords -Combustion, emissions, exhaust gas preheating elxebanger, rubber seed oil.

1. INTRODUCTION edible oils can be used as fuels in India, sindbleails

. . ] ) ) are in great demand and expensive for their agjdics.
Diesel engines have gained its name and fame linger

society in many ways. Its main attractions are agygess 2. BACKGROUND
in construction, simplicity in operation and easé 0\york has been done earlier to evaluate the perfocmaf
ma|ntenance HOWeVer, due to Shortage Of fOSSileue different Vegetab'e oils ViZ, pa|m 0i|’ Sunﬂoweri',o
they may not be able to aVa" thell’ SeI‘ViceS fmr@ t|me rapeseed 0”, cotton seed Oil, rice bran 0”, m Oil,
Hence, efforts are being taken all over the watddfind  neem oil, karanji oil, etc. [1]-[3]. Researtias revealed
alternatlve fue|S fOI‘ d|ese| eﬂglnes Vegetable Odn be that engine durabmty iS adverse'y affected by um Of
Used as an alternaUVe to d|ese| The ma|n advaﬂtag Vegetab'e O”S in the |Ong_term_ These prob'ems ban
using vegetable oils are that many of their progerare  traced back to the high viscosity, low volatilitgnd
quite close to diesel. reactivity of unsaturated hydrocarbon chains. Qdséh
The inventor of the diesel engine, Rudolf Dieselfactors, h|gh ViSCOSity of Vegetab|e oils poses mOr
confidently predicted that plant based oils would b hyrdle as it causes problems like excessive carbon
W|de|y used to Operate his engine. In fact he L[mhut deposits' ring Sticking’ p|ugg|ng of injector Otéis'
oil as fuel for demonstrating his engine in 1890.this improper injection’ atomization and incomp|ete
regard vegetable oil can be a partial replacenmrdiesel  combustion [4]-[5]. Therefore, a reduction in visitg is
Oil, Wthh formS the baSiS fOI’ our transportationda of prime importance to make Vegetable 0”3 a Slﬂ-tab
agricultural operations. Over a few decades a Ibt Ogjternative fuel for diesel engines. The problemhigh
research has gone into the use of alternative finel€  yjscosity of vegetable oils has been studied inessv
engines. Vegetable oils seem to be a forerunntéiregsare ways, such as preheating the oils, blending witherot
renewable and easily available. In an agricultemlintry  fye|s, transesterification and thermal crackingdbysis
like India, the use of vegetable oil would be ecuiual [6]-[8].
because of larger productivity and reduced depélityab Among these, transesterification is found to be the
on import of petroleum products. Use of these isilalso  pest method to reduce the viscosity of vegetableToie
beneficial, as they do not contain sulphur, aromatifee fatty acid content of RSO was about 12.91%hdf
hydrocarbon, metals and crude oil residues. Onl§-no A content is more than 3%, two step transestetifin
processes (consisting of acid and alkaline procéss)
needed to convert the raw vegetable oil to itsrestehich
will increase the production cost of biodiesel. Aaldo
higher percentage of FFA in the oil reduces thédyaf
the esterification proced8]. So exhaust preheating can
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is essential for the smooth flow of fuel througheth ysing the relatiog,, -hD, where k is the thermal
injection system. However, excessive heating ofderu °

palm oil reduces its viscosity to too low valuesdah conductivity (218 W/rﬁK) and D is the shell diameter.
deteriorates fuel pump delivery efficiency and eegi In the similar manner the tube side heat transfer
power output. Senthil Kumaet al. [11] have indicated coefficient was calculated and found to be 127%kn

that the peak pressure and rate of pressure réséigh The flow inside the tube was assumed laminar.

with animal fat at higher fuel inlet temperature. The overall heat transfer coefficient (U) was
Improvement in premixed combustion phase withcalculated using Equation 1:
preheated animal fat is also reported. Nagiaal. [12] 1 1 =

AL L GRLPY B S

reported that preheated karanji oil and neem oileha —=
P P : U (/irh rir K °"h

significant improvement in engine performance and

reduction in CO and HC emissions when compared to

crude oils. _ _ and k is the thermal conductivity of tube materithe
Earlier work on preheating of vegetable oil was&lon o era|| heat transfer coefficient is found to be

with an electrical heater[10]-[12]. This shows g2 g\w/nf-k.

improvement in many aspects but engine efficiency

reduces due to extra source of heating. From thetep 3

experiment, it is shown that the temperature ofa@sh The required area was calculated from Equation 2:
coming out from the engine when it is run by vebktail

o

Where, r is the tube radius, F is the fouling facto

is higher than that of diesel. Hightemperature of the Awotal = Q/ UroralA Tm
exhaust, which is otherwise wasted, can be uspdetreat -
the vegetable oil usi ly designed healt ATn=FATw
e vegetable oil using a properly designe anxger

for this purpose. Q=U*A H LMTD

The present work is mainly concerned with the study (T,-t)—-(T,-t)
of the performance and emissiaofsa naturally aspirated LMTD=-4 tl-l- —t: 2
direct injection diesel engine using exhaust gaheated In(-*—2) 2
vegetable oil. It was found that while heating casity of T,-t
vegetable oils reduced rapidly. The performancdie$el T-T
engine was evaluated by using a heat exchangeebheat R= tl —t2

N
iy

the rubber seed oil at the temperature where theosity

of this vegetable oil is equal to the viscosityREOME _t -t

and diesel at room temperature and the results are P= T,-t,

compared with RSOME and diesel fuels. 2

3. DESIGN OF HEAT EXCHANGER Where Q is the total heat load to be transferreds U

the overall heat transfer coefficient, F is therection
In this experimental work, the heat exchanger wagactor based on R and P, LMTD is the log mean
designed to exchange heat between the exhaustngas femperature difference and\Tm is the log mean

vegetable oil (RSO). Heat exchanger should be éatlir temperature. The total area is found to be 11. TPnt-
contact type, time for heat transfer from one fluad

another should be less, mass flow rate of tubesiedl  Step 4

side shou_ld be less and heat exchanger _shouldrtpﬂaesln The length of the heat exchanger was calculatedsiyg
construction. Based on the above requirements alelou Equation 3:

pipe counter flow heat exchanger was desigrisil. To

determine the size of the heat exchanger the fatigw L = Aoal ®)
steps were adopted: £ P,
Step 1

Where R, is the surface tube perimeter in cmgfis the
total area of the heat exchanger inand L is the total
ength of the heat exchanger that comes out a£m60

Based on the engine requirement a shell made iolesta
steel of inner diameter 25.4mm was chosen for th
exhaust gas flow. The shell was directly fixed te t
engine exhaust manifold. Tube made of copper witlei  Step 5
and outer diameter of 4.76mm and 5.76mm respegtive
were chosen based on the injection pipe diameteheof
engine for the fuel flow.

Step 2 AP = f(L/D)(pV’m/2)+0.5(0V?m/2) (4)

The Reynolds Number (Re) was calcqlat_ed and foond Where \, is the mean velocity on the tube side, f is the
be greater than 2300, hence the flow inside thé alas friction factor. The pressure drop was found to be

assumed to be turbulent. Dittus-Boelter correlatiorh2_47*1§ N/m2. To compensate for this pressure drop the

Nu, =0.023R¢° Pt where n is 0.4. Then the heat heat exchanger was fixed one meter below the ok.ta

transfer coefficient (h) was calculated on the Issiele by ~The pressure drop was not computed on the shedl sid
because the exhaust was let out into the atmosphbee

I'I'he pressure drop using friction factor f for thébe side
was calculated using Equation 4:
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3

photographic view of the fabricated exhaust gast heangle. A software was used to compute the average

exchanger is shown in Figure 1.

4. EXPERIMENTAL SET-UP AND PROCEDURE

A single cylinder, 4 stroke, air cooled, directeidiion,
constant speed, compression ignition engine deirejop
power output of 4.4 kW was used for this work. Test
engine specifications are given in Table 1. An tleal
dynamometer was used for loading the engine. Aficeri
meter connected to an air surge tank was attachedet
manifold of the engine to measure the airflow. Aitadil
data acquisition system in conjunction with a piez
electric pressure transducer was used for the measnt

of engine cylinder pressure at every one-degre@kcra

+-—

Thermocouple

RSO Fuel out

Exhaust Gas m

Q

pressure values for 100 consecutive cycles. Frasntiie
peak pressure, occurrence of peak pressure, maxieem

of pressure rise and heat release rate were cadul@he
carbon monoxide (CO), unburnt hydrocarbon (HC) and
oxides of nitrogen (NQ emissions were measured by
QROTECH, QRO-401 exhaust gas analyzer. This
analyzer performs the measurement by applying Non
dispersive infrared (NDIR) method for CO and HC and
electrochemical method for NO Smoke density was
measured from the smoke paper by using Bosch smoke
meter. The schematic diagram of the experimentalige

Is shown in Figure 2.

Exhaust
Gas out

RSO Fuel m

Fig. 1. Photographic view of exhaust gas heat exchanger .

Table 1. Specifications of engine used

Make and model

Kirloskar TAF-1

Type

Bore x stroke
Compression ratio
Rated output

17.511

4-stroke, air-cooled, direct injection, congsien ignition
87.5mm x110 mm

4.4 kW at 1500 rpm

Fuel injection pressure 210 bar
Static injection timing 23° bTDC
4 2
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Fig. 2. Schematic diagram of the experimental setup.

1.Engine, 2.Air surge tank, 3.Crank angle encofi@®iesel fuel tank, 5.Diesel fuel filter, 6.RSO [ftenk, 7.RSO fuel filter,
8.Exhaust gas heat exchanger, 9.Exhaust gas byalass 10.Exhaust gas analyzer, 11.Computer, é2ri€lgenerator, 13.Analog
to digital converter card, 14.Charge amplifier,QyBinder pressure transducer
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In the present experimental work, rubber seed oWiscosity as that of RSOME and diesel. The enginvesgy
(RSO) was used as a fuel in a diesel engine. Tha mathe maximum efficiency with diesel, so the experme
yield of rubber tree is rubber milk (natural rubpeshich  has been conducted with 155°C to achieve the mawimu
is used in several ways in India. At present ruldeed oil  possible efficiency with RSO. RSOME gives higher
is used for the manufacture of soap and lubricatibn efficiency than that of raw RSO, so the experimeas
The production of rubber seed is 150 kg/hectarmdiia.  been conducted with 133°C just to compare the wario
The oil content in the rubber seed is 40-60% [Yhe T results. The exhaust gas temperature increaseslfé@iC
properties of RSO and RSOME are given in Table 2. to 410°C (no load to full load) for RSO operati¢tence

Initially experiments were conducted on the enginét was not possible to run the engine above 153°Goa
using diesel, RSOME and RSO as fuels for baselata.d load. Also at temperatures beyond 155°C, the vigco$
The experiment was repeated with RSO at differaet f RSO is very less and impurities present in the R&Dts
temperatures. It was found that RSO has to beeHleatvaporizing which causes the problem of vapor latkhie
using exhaust gas to 133°C and 155°C to bring dibsvn injection system.

Table 2. Properties of diesel, rubber seed oil methyl ester and rubber seed ail.

Properties Diese RSOME RSO
Specific gravity 0.83 0.88 0.91
Acid value 0.062 0.18 24.8
Net calorific value, kJ/kg 42,900 41,070 37,500
Cetane number 45 49 42
Kinematic Viscosity at 40°C (c St)  3.01 5.96 58.76
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Fig. 3. Variation of brakethermal efficiency with brake power.
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Fig. 4. Variation of brake specific energy consumption with brake power.
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Figure 4 presents the comparison of brake specific ~ The variation of exhaust gas temperature with brake
energy consumption. The brake specific energypower for different modes of operation is showrrigure
consumption of raw RSO (without preheating) is kigh 5. RSO shows the highest exhaust temperature than
compared with other fuels. When it is converted tdRSOME. Higher viscosity and poor volatility of RS€ad
RSOME the brake specific energy consumption deeseas to poor mixture formation and hence more dominant
The increase in BSEC of the engine with RSO is ue diffusion combustion phase which prolongs the heat
low volatility, low heat value and high viscosityhich  release process. This leads to higher exhaust gas
affect the mixture formation resulting in poor camsbion.  temperature. The longer heat release will leadessdr
In addition lower heating value of RSO requiregyéar thermal efficiency with RSO. The exhaust gas termpee
fuel flow rates to maintain constant energy inputthe decreases marginally with increase in fuel inlet
engine. The BSEC reduces with RSO at 133°C andd@55%temperature compared to RSO. This is because ieduct
compared to raw RSO. The reduction in BSEC folin viscosity improves the combustion of RSO.
preheated RSO compared to RSO is due to improvement
in viscosity and better atomization of fuel.

450

400
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200 A
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Exhaust gas temperature (det

150 —0— RSO (133 deg.(
—0— RSOME
50 1
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0 T T : ‘
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Brake power (kW)

Fig. 5. Variation of exhaust gastemperaturewith brake power.
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Fig. 6. Variation of smoke density with brake power.

Figure 6 shows the smoke emission characteristics preheated RSO. With preheated RSO, reduction irkemo
the engine operated with diesel, RSO, preheated &80 level and better combustion can be achieved dutheo
RSOME fuel. The smoke density of raw RSO is veghhi reduction in viscosity and a better fuel air mixiages.
compared to diesel. Due to heavier molecular gfrect The variation of CO emission with brake power for
and higher viscosity, atomization becomes poor sl the test fuels is shown in Figure 7. RSO resulthigher
leads to larger droplet sizes consequently sluggis@O emission compared to RSOME and diesel. Duedo th
combustion which results in higher smoke emission f poor spray characteristics as a result of highgrosity of
raw RSO. However, the smoke density decreases witRSO, some of the fuel droplets will not get burnéthen
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these droplets mix with the hot gases in the lptat of carbon dioxide. The increase in fuel temperature of
the power stroke and early exhaust stroke, oxidatiopreheated oil will result in finer spray and thusod
reaction of the fuel occurs but do not have endirgh for  oxidation of fuel and over rich pockets will be rnniized.
complete combustion. As the fuel temperature irsgea This is the reason for the reduced CO with highl fue
the CO emission decreases. The fall in CO emidsiam temperature.

outcome of improved oxidation of carbon monoxide to

10 —A— RSO (155 deg.(
97 —0—RSO (133 deg.q
g —e—RSO

—o—RSOME
N —¢— Diesel

CO (g/kWh)
o

Brake power (KW)

Fig. 7. Variation of carbon monoxide emission with brake power.
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Fig. 8. Variation of hydrocarbon emission with brake power.

Figure 8 shows the variation of HC emissions withdiesel. This reduction in NOwith RSO operation is due
different fuels. The HC emission increases margynal to less intensity of premixed combustion compareih w
with raw RSO. Highedensity and viscosity of RSO cause RSOME and diesel. It can be seen that the NOx émniss
poor mixture formation which results in partiallurbed increases with increase in fuel inlet temperathuoe still it
hydrocarbons during combustion process. So hydbocar is lower by 11% and 14% (RSO at 155°C and 133°@) th
emissions are higher for RSO. The HC emissiondhef t that of diesel operation. The increase in \N@ith
vegetable oil decrease with increase in fuel teatpee. preheated fuel is due to the rapid burning of RSith w
The reduction in HC emission at higher fuel temher  increase in fuel inlet temperature.
is due to better atomization and evaporation. ly rha The cylinder pressure - crank angle diagram obtaine
noted that heating leads to a larger cone angleeo$pray for different fuels at full load is shown in Figut®. It can
and helps fuel dispersion. Thus, over rich fuelkete are be seen that RSO has lower peak pressure than diese
avoided. RSOME. It can also be seen that the maximum peak

NO, variation with brake power is shown in Figure pressure occurs at 13° CA from TDC with RSO and RSO
9. NQ, is generated mostly from the nitrogen present irmt 133°C and 12° CA with RSOME and RSO at 155°C.
incoming air to engine and also from the nitrogeespnt  While for diesel the peak occurs at 10° CA from TDC
in the fuel due to high combustion temperature. NOX he shift in peak pressure in the case of RSO &80 Rt
emissions for the RSO operation is very less coatpews  133°C and 155°C may be due to the reduction in
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volumetric efficiency and higher ignition delay (opared engines the peak pressure depends strongly omitied i
with diesel) that lead to increased combustion tibma combustion rate, which in turn depends on the amofin
and more late burning of fuel. fuel taking part in the uncontrolled or premixed
The variation of cylinder peak pressure andcombustion phase. A marginal variation in peak fues
maximum rate of pressure rise with crank angle foat different inlet temperatures of the fuel tharCOR&n be
different fuels are shown in Figures 11 and 12. RS@oticed. This is due to the increase in heat release
produces a lower peak pressure and maximum rate (ffigure 13) of preheated RSO in the premixed pliase
pressure rise compared to RSOME and diesel on atcolRSO.
of the lower combustion rates. In compression ignit

16

14

12

10 1

—A— RSO (155 deg.q
—0—RSO (133 deg.q
4| —e—RsSO

5 || ——RSOME

—— Diesel
0 :

0 1 2 3 4 5
Brake power (kW)

NOX (g/kwh)

Fig. 9. Variation of nitrogen oxides emission with brake power.
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Fig. 10. Variation of cylinder pressurewith crank angle.
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Fig. 11. Variation of cylinder peak pressure with crank angle at full load.
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Fig. 12. Variation of maximum rate of pressurerise with crank angle.

The variation of heat release rate with crank argle raw RSO. The increase in ignition delay with rawdRiS
shown in Figure 13. It can be observed that thenpred  due to its high viscosity and poor volatility, whicause
combustion phase is associated with a high heatsel slow vaporization and fuel-air mixing. It is alsees that
rate in diesel. The diffusion combustion phasedatid the ignition delay decreases with increase in finét
by the second peak is higher for RSO and prehéR8 temperature. The vaporization of fuel is better thu¢he
compared to RSOME. This is due to high viscositjuel  increase in fuel inlet temperature, which decreabes
spray leading to aduction in air entrainment and fuel air ignition delay.
mixing rates. This leads to less fuel being prepdie Figure 15 shows the variation of combustion
rapid combustion with RSO during ignition delay. duration with brake power for various fuels. Continrs
Therefore more burning occurs in the diffusion ghasduration generally increases with increase in pavwgput
rather than in the premixed phase with RSO. Thef the engine with all fuels due to increase in go@ntity
significantly higher combustion rates during theeta of fuel injected. The combustion duration is higf@rraw
stages with RSO leads to high exhaust temperatude aRSO compared with RSOME and diesel. The increase in
lower thermal efficiency. Preheating of fuel redsidcke combustion duration is due to longer ignition delay
delay period and hence combustion starts earlian th followed by longer diffusion combustion phase of GRS
RSO. The combustion duration decreases with preheated, RS

The variation of ignition delay with brake power atwhich indicates higher heat release rate leadinigigher
various loading conditionis shown in Figure 14. It can be thermal efficiency with preheated RSO.
observed that the ignition delay is higher in tlase of

— — RSO (155deg.C)
77777 RSO (133 deg.C)
RSO

— - --RSOME

Diesel

Heat release rate (J/deg.CA)
iy
o

Crank angle (deg.)

Fig. 13. Variation of heat release rate with crank angle at full load.
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6. ESTIMATION OF UNCERTAINTY

Fig. 15. Variation of combustion duration with brake power.

experimental results:

oil. The following conclusions are drawn based be t

In measuring any quantity, the results will alwaljfer
from the true value even with careful experimeotati

This error in measurement may be either random or

systematic. By adding a correction value, the syate

error can be removed. Random error can only be

estimated statistically and cannot be predicted

advancfl4]. Its presence can be detected only when the

same quantity is measured again and again undsathe
conditions. The estimated uncertainty values aicalp
operating conditions in the present work are:

Speed : _4.5%
Brake power : _ 5%
HC : 3%
Cco : _ 3
NOx : )
Exhaust temperature +0.6%
Smoke ~ 36%

7. CONCLUSIONS

A single cylinder compression ignition engine was
operated successfully on preheated and raw rulded s

Brake thermal efficiencies are higher with prehdate
RSO compared to raw RSO.

The exhaust gas temperature is higher for RSO
compared to RSOME. This is due to the late burning
of RSO. It is further reduced with preheated RSO.
The intensity of premixed combustion phase is lower
for RSO compared to RSOME. However, heat release
rate improves with preheated RSO.

Combustion duration and ignition delay are longer
with RSO as compared with RSOME at all loads.
There is a reduction in combustion duration and
ignition delay with preheated RSO.

A marginal increase in NGemissions with preheated
rubber seed oil than RSO is observed because of
increased fuel temperature that leads to high
combustion temperature.

The increase in fuel temperature reduces the HC
emissions. The reduced viscosity of RSO will l&ad
better atomization resulting in marginal reduction
HC emissions than raw RSO.

Significant reduction in smoke level with preheated
RSO compared to raw RSO is observed. The
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