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CO-FIRING OF COMMERCIAL FUEL OIL AND PRODUCER GAS FROM DOWNDRAFT

GASIFIER FOR INDUSTRIAL APPLICATIONS
Ahmad Hussain®, Saleem Raza Samo™ and Farid Nasir Ani*
ABSTRACT

Biomass is one of the most promising energy resource which is expected to
substitute the fossil fuel in near future. Biomass is also available in almost
every part of the world. Fortunately, Malaysia is rich in its agricultural
residue such as palm oil solid waste, coconut shell, rice husk and many more.
Theses waste can be utilized as an alternate energy source rather than to be
dumped. As a matter of fact, land disposal is causing serious environmental
pollution to the environment. Among the various biomass wastes available in
Malaysia, oil palm solid waste has tremendous potential to be utilized as a
fuel to generate a combustible producer gas. In this study, co-combustion of
diesel oil and producer gas, from a downdraft gasifier, was done in an
experimental combustion chamber. The combustion behaviour and
emissions properties of the co-combustion process were analyzed.
Experimentation was done for combustion of diesel oil alone as well as
combustion of producer gas alone and co-combustion of liquid fuel and
producer gas. Data were recorded at different equivalence ratio. and
producer gas flows. It was found that that the producer gas can be co-
combusted with liquid fuel. The emission data shows that the co-combustion
process produces more CO, NO,, SO; and CO, compared to the combustion
of diesel oil only. However, the exhaust temperature for the co-combustion
process is considerable higher than the diesel combustion only which can
utilized in obtaining higher boiler pressures and temperatures.

Key words: biomass, co-combustion, emissions, oil palm solid waste,
producer gas.

1. INTRODUCTION

World energy consumption is increasing every year due to
increased population. The rising quality of life and
industrialization has also contributed to the demand for
energy resources. It is estimated that current world
population is 6.4 billion people living on earth today and
half of it is below 25 years old. So it is expected that the

world population will rise in near future so will be the
demand in energy (Donald 2000).

In Malaysia, the main energy resource is petroleum. It
contributes to about 68 % of total consumption and
mainly used for transportation, industry, power generation
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etc. However, these natural resources are decreasing
every year because it high consumption. Nevertheless,
fossil fuel utilization also crez:les environment concerns..
Combustion of fossil fuel such as coal and petrol produce
harmful gases like carbon monoxide (CO) and sulfur
dioxide (SO,). Even the clganest fossil fuels produce
carbon dioxide when it burns. Carbon dioxide is a
harmless gas but build up of this gas in the atmosphere
may cause greenhouse effect (Nicholas 1981).

Understandably there is a need to find another source of
energy to curb the oil consumption to the minimum
possible level and to increase the utilization efficiency
and also to minimize the pollution from energy
generation. An alternative energy that can be practice in
Malaysia is energy from biomass. Some of common
biomass resources that available in Malaysia are woods,
agricultural residue and crops.

Most of these biomass energy resources such as
agricultural residue are left abandon without being used
for other purpose. Palm oil solid waste is one of the most
potential biomass resources which can be used as an
energy source. The first commercial oil palm estate in
Malaysia was set up in 1917. Since then the industry in
Malaysia has grown by leaps and bounds and the country
is now the largest producer and exporter of palm oil with
67.6 million tonnes of fresh fruit bunch is received by
palm oil mill in 2003. Palm oil is expected to demonstrate
an annual growth of 4.57% every year. In January 2005
her production of palm oil is about 13.97 millions tons
and the total soild wastes generated by this industry has
amounted to more than 3.6 millions tons (PORIM 2005).
Production is expected to reach 26.2 million tonnes by the
year 2005, and anticipated to account for around 20% of
the global oils and fats supply.

With this condition, it is estimated that every one million
tonnes of palm oil produces 0.8 million tonnes of palm oil
shell. With this large amount of palm oil shell solid waste,
there is a need to find several ways to utilize this waste.
Recently, there is several usage of palm oil shell waste. It

is used as a fuel for boiler in the palm oil mill (Razuki
1988).

Biomass gasification is one of the chemical processes to
convert biomass solid residue into usable fuel such a
producer gas. Producer gas is generated when the biomass
is burned with less air to achieve complete combustion.
Producer gas is mainly contained carbon monoxide (CO),
hydrogen (H,), methane (CHy), water vapour, and some
other inert gases. Mixed with air, producer gas can be
used in the internal combustion engine with a little
modification (Donald et. al., 1981). Also it can be used as
a co-combustion fuel with other liquid fuel to minimize
the fuel consumptions. Producer gas from the gasification
process can be utilized in many ways. Fig. 1 show the
various ways of utilizing producer gas and the variable

involve.

Burner L Costs

Internal Co.mbustion 1 Efficiency
Producer Engue "N
- L{ External Combustion L Reliability
Engine M
L Eavironment
Feedstock oy Safety

Figure 1.Various ways of producer gas utilization

Gasification offers the cleanest, most efficient method
available to produce synthesis gas from low or negative-
value carbon-based feed stocks such as coal, petroleum
coke, high sulphur fuel oil or materials that would
otherwise be disposed as waste. Gasification adds value
to low- or negative-value feed stocks by converting them
to marketable fuels and products. Gasification
technologies differ in many aspects but share certain
general production characteristics. Different types of
fixed bed gasifiers are shown in Fig. 2.
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Figure 2. Types of fixed bed gasifiers

The high temperature in the gasifier converts the
inorganic materials in the feedstock (such as ash and
metals) into a vitrified material resembling coarse sand.
Fixed bed gasification is an important commercial
gasification process. A recent survey of gasifier
manufacturers were found that 75% of the gasifiers were
downdraft, 20% were fluid beds and only 2.51% were
updraft and 2.5% were other types.

For this study, a downdraft gasifier is used to produce the
producer gas. In the downdraft gasifier the tar have to
pass through the hot combustion and reduction zones. A
schematic diagram of the downdraft gasifier is shown in
Fig. 3.

Biomass
Feeding
Port

25*C - 150°C

R 150°C —900°C
Pyrolysis (Coal + Tar + HyO + CH, + HC)

900°C - 1400°C
€ +0,=COy

600°C - 1400°C
(€ +CO, = 2CO
C+H,0=CO+H,
CO +H,0 = CO, +Hy

Figure 3. Downdraft gasifier used for experimentation

A Hussain et. al.

If the gasifier is properly designed, it will lead to
sufficient combustion and cracking of the tar to make the
gas useful with minimal cleaning process.

2. CO-COMBUSTION OF BIOMASS

Co-combustion of bicmass is to burn biomass fuel with
other type of fuel simultaneously. The fuel can be any
type of fuel such as fossil fuel. Recently, there have been
several designs that use producer gas as fuel for co-
combustion. This concept has been applied to the internal
combustion engine and burner. It sometimes called dual
fuel engine or dual fuel burner.

Gasification process generally uses reactants such as
oxygen or steam to increase gas yields while consuming
char. In systems where solid fuels are gasified in the
presence of sub stoichiometric air, several chemical
reactions occur. Gasification reaction and temperature
zone are shown in Fig. 3.

In this case, there is a surplus of solid fuel, carbon dioxide
and water vapor from the combustible zone can be passed
through the glowing layer of charcoal and are reduced to
carbon monoxide (CO) and hydrogen (H,) in the region
known as the reduction zone (Naksite 1989).

In the combustion zone, the reactions which are
exothermic are:

C+0,»CQ, = (1)
2H, +0, »2H,0 -2

The reaction in the reduction zone which are endothermic,
will decrease the temperature during the reduction process
are :

C+CO, - 2CO -3
C+H,0-» CO +H, =@
C+2H,»CH, . =)
CO +3H,0 - CH, +H,0 - (6)
C+2H,0 » CO, +H, =»(7)
CO +H,0 - CO, +H, - (8)
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Producer gas is therefore a mixture of the gaseous such as
hydrogen (H,), carbon monoxide (CO), carbon dioxide
(CO,), nitrogen (N,), methane (CH,), and small amount of
other hydrocarbons. The combustible components of the
gas are CO, Hy, CH, and C(Hj, the percentages of which
should be made as high as possible. The quantity of CO in
the gas depends on the temperature in the reduction zone.
To achieve complete reduction, the temperature in the
reduction zone must be at least 1100,°C (Henry 1981).

If water vapor is present, reaction (4) play an important
role to enrich the gas with H; and thus enhance its heating
value. However, if too much water is present, CO may
react with H,O to form CO, and H,, as indicated by
reaction (8) and the quantity of CO may be reduced.

3. MATERIALS AND METHOD
For this experiment, downdraft gasifier is used for the

gasification process. Fig. 4 shows the picture of the
experimental setup and it component.

2ction Duct

a B

Figure 4. Picture of the experimental setup

The setup consisted of downdraft gasifier, air ejector,
Inter connection duct, oil burner, gas analyzer and air
blower. A small quantity of air is needed for combustion
process, and the air is blown using a blower through the

primary air duct. Gas emission from the gasification
process is ducted out through the producer gas outlet to
the gas burner. Water vapour collector is used to collect
water vapour from the gasification process.

Inter connection duct is used to combine the combustion
process of liquid fuel and producer gas as shown in Fig. 5.
Producer gas from thc gasifier will be ducted into the inter
connection duct and will burn along with the liquid fuel.
The water flow in the interconnection duct is for cooling
the interconnection duct during the experiment. This is to
prevent any hazard during the experiment because
without coolant it will become very hot and it is really
dangerous. It is also used as an energy converter to burn
the producer gas.

Cooling
/\ water outlet
~ /
Py N\
i P U i
\ AL N
/ N N
( i 3

e )y
Cooling / e .
water inlet B
\Prochcer gas mlet

Figure 5. Layout of the interconnection duct

The dimension of palm oil shell loaded in the gasifier was
about 10-20 mm with a solid density of 1.53 g/cm’ and
1.47 g/cm® apparent density (Guo et al., 2000).

Table 1 shows the proximate and ultimate analysis of the
palm shell waste which shows that it contains high
percentage of volatile matter and carbon but low in ash
(Ani 1992).
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Table 1. Proximate and ultimate analysis of oil palm shell

waste
Proximate analysis (wt. %)
Ash 2.10
Volatile matter 67.0
Fixed carbon 20.3
Ultimate analysis (wt. %)
Carbon 47.62
Hydrogen 6.20
Oxygen 43.38
Nitrogen 0.70
Moisture (wt. % air dry) 9.70
Low Calorific Value (MJ/kg) 19.10

Using the ultimate analysis of the palm shell waste,
the stoichiometic air
requirement for the gasifier. The sample calculation
procedure is outlined in Table 2.

calculations were done for

A Hussain et. al.

required is less than stoichiometric i.e. less than 50%
required.

The experimental work comprised of three distinct
experiments. These were done to compare and analyse the
emission properties of combustion with different fuel
condition and properties. The experiments were as
follows:

i) Combustion of diesel oil

ii) Combustion of producer gas

iii) Co-combustion of diesel oil and producer gas

The mass flow rate of the diesel oil used in the burner was
0.001195 kg/s.

Table 2. Stoichiometric air requirement using oil palm shell waste as fuel

. M?SS O tejiired Product of combustion kg/kg fuel
Constituent constituent kg/ks fucl
kg/kg fuel s CO; H,0 N,
0.4762 x 2 £ 0.4762 x 3 ’
C 0.4762 ¥ i >g proakSs 0.4762 x 8.84 =421
=1.2699 =1.7461

H, 0.062 0.062 x 8 =0.496 0.062 x 9 = 0.558 0.062x 26.5 = 1.643

N, 0.007 =0.007

0, 0.4338 =-0.4338 -0.4338 x 0.768 = -0.3332
Total 1.3321 1.7461 0.558 5.5268

Total O, required = 1.3321 kg air /kg fuel
321

Stoichiometric air = = 5.742 kg air /kg fuel

From the stoichiometric mass of air, it could be converted
to volume flow rate and for gasification the amount of air
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combustion chamber is preheated using the diesel burner
for fifteen minute to prevent heat losses during the
experiment.

The diesel burner was set with different baffle air
opening to get a different equivalent ratio setting. Data
was recorded for equivalence ratio (®) ranging from 0.9-
1.2. The emission data was analyzed using the TELEGAN
gas analyzer.

Combustion of producer gas

After the experiment of diesel fuel combustion was
completed, the diesel fuel burner was turn off to allow the
combustion of producer gas to proceed. Before the
experiment, producer gas was needed to be generated
using the downdraft gasifier. Before starting the
experiment, all connection in the gasifier was checked to
prevent any gas leakage. Gasifier is start up by filling the
bottom of the bed with charcoal to assist for reduction
process to generate producer gas. Then, the gasifier is
filling up with palm oil shell until 1/2 of the gasifier bed.
Then it was ignited by adding a little petrol. After it is
ignited, it is left for 15 minute until it was fully ignited.
Primary air supply valve is open to full and the
windowpane is left opened (Lukeman 2004).

After that. the feeding process is continued by filling the
gasifier with palm oil shell until it is full to about three
quarter. Then the windowpane is closed and properly
tightens. The primary air valve is reduced to 1/4 valve
opening. This is to generate the producer gas because
producer gas is generated when solids burn with less air
supply. Secondary air valve is opened to 1/4 valve
opening. After a few minute one can see white thick
smoke flow to the interconnection duct and then to the
combustion chamber. The producer gas is then ignited
using burning paper through the burner port in the
interconnection duct.

The burning process if left for a few minute to wait it to
become stable before data is recorded. After the burning

process is stable, data is recorded for 1/4 and 1/2
secondary valve opening.

Co-combustion of diesel oil and producer gas

After the experiment on combustion of producer gas, the
experiment is proceeded to the co-combustion of diesel
oil and producer gas experiment. Before starting the
experiment, the gasifier must feed with palm oil shell. It is
because during the experiment of producer gas, it is
burned and turn into ash. This will reduce the amount of
palm oil shell in the gasifier and also reduce the producer
gas generation. After that, the feeding process is
continued by filling the gasifier with palm oil shell until
3/4 full.

The windowpane is closed, and diesel burner is turn on. It
is left for a few minute before data is recorded. Data is
recorded for 1/4 and 1/2 secondary air valve opening and
equivalent ratio (®) equal to 0.9, 1.0 (stoichiometric), 1.1
and 1.2. Graph for value of gas emission, combustion
temperature versus equivalent ratio is plotted.

4. RESULT AND DISCUSSION

Equivalence ratio (®) is used to indicate quantitatively
whether a fuel oxidizer mixture is fuel rich, lean or
stoichiometric. For ®>1 the mixture is fuel rich, ®<I the
fuel is fuel lean, and ®=1 the fuel mixture is
stoichiometric (Stephen 2000). The emissions were
plotted as a function of equivalence ratio for diesel
combustion only as shown in Fig. 6. Also O, and CO,
graph were also plotted as function of equivalence ratio.
It was found that by increasing the equivalence ratio, the
NO,, SO, and CO, formation was increased during the
diesel combustion process. Fig. 7 shows that the O,
percentage decreased with the increase of equivalent ratio.
Fig. 8, shows that with the increase in equivalence ratio
the exhaust temperature also increased. At stoichiometric
condition the exhaust temperature was 680 °C.
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Figure 6. Emissions profile for diesel combustion
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Figure 7. Variation of O, and CO, for diesel combustion
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Figure 8. Temperature profile for the diesel combustion
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For the combustion experiment for producer gas
combustion only, the data was collected based on two
secondary air valve opening, 1/4 and 1/2. The secondary
air valve is used to control the amount of producer gas
flow to the interconnection duct for burn in the
combustion chamber and also as an air supply for the
combustion of producer gas.

The formation of CO, NO, and SO, increased with bigger
valve opening as shown in Fig. 9. For O, and CO, it
shows a very little reduction with the increase of valve
opening as reported in Fig. 10. Compared with CO and
SO,, NO, shows the highest production with 1/4 valve
opening but it shows the lowest with 1/2 valve opening.
This situation may cause of with bigger valve opening,
more air and producer gas is ducted to the combustion
chamber and this mean that more producer gas is burn and
produces more CO, SO, and NO,.

-t -, e
& 3

g8 B

——C0

< —mnNox |mnox

Emissions (ppm)
(o]
(=)

20 |
Y N TS . S
1/5 1/4 277 1/3 2/5 4/9 1/2 59

valve opening

Figure 9. Emissions profile for the combustion of
producer gas from downdraft gasifier
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Figure 10 . Variation of O, and CO, for the producer gas
combustion

From Fig. 11 it can be seen that the combustion
temperature is increased with the increased of secondary
valve opening. It is because with bigger valve opening
more air is ducted through and also more producer gas
flow to the combustion chamber and more heat are
generated through the combustion.

540 -

520
510 4

490 -

Temperature °C
g

470

1w Y4 2r WS 25 .49 2. 58

Valve opening

Figure 11. Temperature (°C) profile for the combustion of
producer gas

Co-combustion of diesel and producer gas was done for
different secondary valve opening and equivalent ratio of
diesel fuel burner. Emission data has been plotted and is
compared with of the combustion of diesel. Fig. 12 shows
that the value of CO is decreased with the increase of

equivalent ratio. However, for the combustion of diesel
only, CO formation is constant at 1 ppm for any value of
equivalence ratio. Co-combustion with 1/4 secondary
valve opening shows higher value of CO gasses emitted.

1/4
Secondary
valve opening
12
Secondary

valve in,
14 o ——— pured?gsea 9

CO (ppm)
N W s N

0.8 1 1.2
Equivalent ratio

Figure 12. Variation of CO in the co-combustion process

From Fig. 13 , the value of NO, emitted from the co-
combustion is increased with the increase of the
equivalence ratio. However diesel combustion it shows a
rapid increase from the equivalent ratio of 0.9 to the
stoichiometric conditinn. When ®>1 NO, emission show
a little increase. Co-combustion with 1/4 secondary valve
opening shows the highest of NO, emission of and the
lowest is pure diesel combustion.

140
1/4 Secondary
120 valve opening

_ 100 1/2 Secondary
§ 80 4 valve opening
§ ] diesel
i pure dies
20 2
0 T . ,
0.9 1 % | 1.2 13

Equivalent ratio

Figure 13. NOx emission behaviour in the co-combustion
process.
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Fig. 14 show the graph for the emission value of SO,
(ppm) versus the equivalent ratio of diesel burner. From
the graph we can see that the SO, formation for the co-
combustion is decreased with the increased of equivalent
ratio but for the combustion of pure diesel is increased
with the increased of equivalent ratio. Highest formation
of SO, is occur at the co-combustion of diesel oil and
producer gas with 1/4 secondary valve opening.
Combustion of pure diesel produce the lowest SO,
emission compared to the combustion of the fuel

combination.
50 - 1/4 Secondary
. valve opening
40
1/2 Secondary
t 30 valve opening
Q .
a pure diesel
o 20
w |
10
0 - : .
0.8 1 1.2 1.4

Equivalent ratio
Figure 14. Variation of SO, in the co-combustion process

From Fig.15, the value of O, emission (%) decreased with
the increased of equivalent ratio. Highest O, emission
occur with the combustion of pure diesel fuel. The lowest
is at 1/4 secondary valve opening. This situation happen
because during the co-combustion process most of the O,
is used for the combustion process and the lowest at 1/4
secondary valve opening because with small valve
opening less air is ducted through which means little O,
flow into the combustion chamber and most of the O, is
used for the combustion process and other reaction which
formed other gasses.

A Hussain et. al.

14 4
12 \
10 { pure diesel
L 8/
< 6 . 1/2 Secondary
6 3 valve opening
1/4 Secondary
£ valve opening
0 T v —
0.8 0.9 1 1.1 1.2 1.3

Equivalent ratio

Figure 15. Variation of O, in the co-combustion process

According to Fig. 16, it shows that the amount of CO,
emitted is increased with the increased of equivalent ratio
value. Equivalent ratio @>1 means that the fuel burn with
less air which cause incomplete combustion. Incomplete
combustion will produce more CO,. The highest CO,
emission is at 1/4 secondary valve opening and the lowest
is during the combustion of pure diesel.

|+ pure diesel —8— 1/4 valve open 12 vaNeop;‘
14
12
10
& 8]
g 6 4 //‘
4.
2 4
0 s :
0.8 1 1.2

Equivalent ratio
Figure 16. CO, variations in the co-combustion process

Fig.17 show the graph of combustion temperature for
pure diesel combustion and the fuel combination versus
the equivalent ratio. From the graph it shows that the
temperature is increased with the increased of equivalent
ratio. Temperature from the co-combustion with producer
gas is higher compared to the temperature for pure diesel
fuel combustion. Highest temperature is 1/2 secondary

QUAID-E-AWAM UNIVERSITY RESEARCH JOURNAL OF ENGINEERING, SCIENCE & TECHNOLOGY, VOLUME 7 NO. 1. JAN-JUN-2006 9
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valve opening, this may cause of with bigger valve
opening more producer gas and air is ducted through and
will produce more heat.

900

1/2 Secondary
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/*__.valve opening

pure diesel
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Figure 17. Temperature (°C) profile for the co-
combustion process

5. ECONOMIC CONSIDERATIONS

It is important to have some basis of the economic
consideration of the co-firing of producer gas and diesel
oil. A recent study from Patel et. al. 2006 shows the
economic evaluation of renewable energy technologies.
Dual fuel operation was compared with conventional light
diesel oil (LDO) fired system. Per day saving in steam
generation in dual fuel operation was determined in a way
shown in Table 4.

Economic analysis of the gasifier system showed that user
could save about RM 31.40 per hour (about 39 % cost
saving) by using dual fuel (60% LDO + 40% producer
gas) for steam generation. This proves the economic
economic viability of the gasifier-based operation. The
pay back period for the gasifier system can be around
1000 h of operation or using the system for about 67 days
(15 hr/day operation).

A similar study from Dasappa et al., 2003 shows that
about 3 kg of biomass replaces about 1 liter of diesel.
Patel et al 2003 suggests that a simple calculation based
on the mass balance would result in the biomass fuel cost
amount to about 25% of the fossil fuel cost. Looking at
the said calculation sin Malaysian perspective based on
the fuel cost, 1 liter of fossil fuel (RM 1.6 per liter) is
replaced by about 3.5 kg of biomass ( RM 30 per ton);
resulting in a net saving of about RM 1.49 per liter of
diesel replaced. The life cycle costing as done by Dasappa
(ibid) is presented in Table 5, assuming 25 years as the
life of the equipment and replacement and maintenance of
the components are considered as required by the design.

Table 4. Comparison of fuel cost: net LDO and dual fuel mode operation (adopted from Patel er al. 2006)

Fuel used LDO consumption | Biomass Total cost of fuel | Saving Saving per day (15 hr of
liter/hr consumption Kg/hr | per hr (RM) (RM./hr) operation per day) RM
LDO
(100%) 50 - 80 - -
LDO(60%)
+ producer 30 78.8 48.8 314 471
gas (40%)

Cost of LDO = RM 1.6 per liter, Cost of palm shell waste
=RM 30/ton, 1 US $ = 3.70 Ringgit

10 QUAID-E-AWAM UNIVERSITY RESEARCH JOURNAL OF ENGINEERING, SCIENCE & TECHNOLOGY, VOLUME 7 NO. 1. JAN-JUN-2006
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Table 5. Economic of the gasifier based operation for
thermal applications (adopted from Dasappa et
al. 2003).

Life cycle cost estimates

Gasifier | Diesel

based based

systems | systems
Initial capital cost (RM per | 445.31 37.50
kW thermal)
Life cycle O&M cost (RM per | 141.82 56.73
kW thermal)
Life cycle fuel cost (RM per | 709.16 4538.50
kW thermal)
Total life cycle cost (RM per | 1296.3 4648.12
kW thermal)
Overall unit cost of energy 3.63 12.82
(cents per kW thermal)

In presenting the economic analysis, various costs are
indicated as the input energy cost. This approach would
eliminate the efficiency factor of the conversion device.
The investment cost of the gasifier based system is RM
412.50 per kW thermal while it is about RM 37.50 per
kW thermal for the fossil fuel based system including the
building cost, the economics of operation are as presented
in Table 4. The economics are fairly attractive even
without the CO, cost benefits. The entire investment is
realized in about 2 years. This proves a strong basis for
utilizing biomass producer gas with LDO in thermal
applications.

6. CONCLUSION

The producer gas generated from the downdraft gasifier
can be used as an alternative fuel for combustion.. It can
be used for power generation such as gas turbine, gas
burner, heating process etc. Experimental results shows
that co-combustion of diesel oil and producer gas emitted
more CO, NOx, SO,, and CO,. For CO, NOx, SO,, and
CO, gasses, the highest gas emitted is with 1/4 secondary
valve opening. Combustion of pure diesel oil has the
highest level of O, gasses compared to the combustion of
fuel combination. The lowest O, emitted is with co-
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combustion with 1/4 secondary valve opening.
Temperature for the co-combustion process is higher than
the combustion of pure diesel oil as the co-combustion
process has more fuel to burn and thus generates more
heat. The economic consideration proves a strong basis
for utilizing biomass producer gas with LDO in thermal
applications.
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EFFECT OF MICROSTRUCTURAL CONSTITUENTS ON ABRASIVE WEAR RESISTANCE
OF CARBURIZED SAE 8822H STEEL

Muhammad Hayat Jokhio", Muhammed Ibrahim Panhwar™ and Mujeeb-u-ddin Memon™"

ABSTRACT

The main object of the present work is to investigate the effect of various
microstructural constituents on the abrasive wear resistance of carburized
SAE 8822H steel. For this purpose the specimens were carburized and heat-
treated at various parameters, so as to obtain different microstructural
phases. Metallographic investigations were carried out using optical
microscope, electron microscope, and x-ray diffractometer. The abrasive
wear resistances were recorded in weight loss in grams method, using 120-
mesh emery paper fixed on rotating disc of the wear-testing machine. The
experimental results shows that the abrasive wear resistance of carburized
SAE 8822H depends upon the presence of various microstructural

constituents as discussed in results.

1. INTRODUCTION

SAE 8822H steel is used for manufacturing tractor’s
transmission parts, which under goes complex-loading
conditions where the fatigue and abrasive wear is also
involved. Therefore the present work is an initial attempt
to investigate the effect of microstructural constituents on
abrasive wear resistance of carburized SAE 8822H steel.

The main object of carburizing is to enhance the fatigue
durability and wear resistance of machine parts made
from various carburizing steels. Carburizing heat
treatment results to produce high hardened fracture
resistance case lying over a soft but tougher core [1-2].
For high fatigue and wear properties required in case and
core structures in carburized parts are usually under goes
various heat treatments followed by quenching and
tempering [3]. As the carburizing process alter the
chemical composition of case and core, therefore, the
proper heat treatment after carburizing is also an essential
parameters for controlling the microstructure in case and
core for high fatigue and wear resistance [4]. The fatigue
and wear damage in carburized case is essentially starts at

the surface. Therefore improvements in fatigue and wear
properties in case structure are still a research-oriented
topic. Most of the previous work consists on fatigue
resistance of carburized components [1-4, 6-9 and 11].
However vary little information is available on wear
resistance of carburized parts. Abrasive wear damage is
involved in most of the rotating machine parts, when a
hard particle slide or roll under pressure across a surface
or in contacting subsurface of parts [5,10]. Some of
previous work was done to investigate the effect of
various treatments on microstructure and fatigue
resistance of carburized parts made from carburizing steel
[3,5,6 and 11].

2. EXPERIMENTAL PROCEDURE
2.1 MATERIAL AND SPECIMEN PREPARATION

SAE 8822H steel which contained 0.25%C, 0.24%Si,
0.78%Mn, 0.012%P, 0.039%S, 0.37%Ni, 0.46%Cr, and
0.36%Mo by weight in hot forged condition in the form

*  Associate Professor, Department of Metallurgy and Materials Engineering, MUET, Jamshoro.
#*  Professor, Department of Mechanical Engineering, MUET, Jamshoro.
*x* Professor, Department of Mechanical Engineering, MUET, Jamshoro.
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of pinion has been used in experimental work. The forged
material was isothermally annealed at 925°C for 60
minutes and slowly cooled through the transformation
range to refine the grain size and to improve
Machinability. Specimens of 20 jnm diameter and 40 mm
length were machined from annealed material.

2.2 HEAT TREATMENT

All specimens were gas carburized to 925°C in
continuous carburizing furnace using endothermic
atmosphere enriched in propane. The carbon potential
during carburizing and diffusion was maintained at 0.15-
0.17 and 0.28-0.3 vol% Co respectively. The specimens
were air cooled after carburizing for further
reaustenitizing treatments. The specimens were grouped
into 5 lots and each lot was given various heat treatments.
The detail of this is given in Table 1.

Table 1: Various Heat Treatment Specimen

l

| Heat treatment operations

S

Cumuriomy  Sosking
ey

!vu'c
-
1 l -— Oil quenched
! Tieme in seconds
Comnmg  Satng
2 \
s Oil quenched
2
Time i seconds

1 Time in seconds
'
— + -—— - -
I g ]
nsc
quenched
|Onl quenched
4
| Time in seconds
|-
| «
925y
o o
Time in seconds

23 MEASUREMENT OF SURFACE CARBON AND
CASE DEPTH

The surface carbon and carbon gradient was measured
from the test bar by machining at 0.2 mm interval. The
chips were collected for the carbon analysis by carbon
combustion method. The surface carbon content of
specimens was found to be 1.1 to 0.8 weight percent. The
effective case depths were also determined using Vickers
hardness tester and measured 513 VHN from surface to
words the core of all specimens using 500 grams load.
The detail of this investigation is given in tables 2,3 and
4.

Table 2: Measurement of Carbon Concentration Gradient

C from
Sp surface | 0. 0. 0. 0. 0. 1 18 1. 1.
No: to core 0 20 | 40 | 60 80 0 20 | 40 | 40
in mm
1 1. 1 9 7 0. 0. 0. 0. 0.
1 1 2 7 65 60 55 46 40
%o % % %o % % % % %
2 0. 0. 0. 0. 0. 0. 0. 0. 0.
85 8O 75 63 55 50 44 40 38
% % % % % % G %o %
34, 1. 0. 0. 0. 0. 0. 0. 0. 0.
3 00| 94| 8 | 70 | 60 | 55 | 52 | 45 | 40
% % % % % % % % %
0.012 =
4 0.01
g 0.008
Z 0.008
§ 0.004
0.002

21828 82888
c,ﬁo]olo“—':v-:'- —
i Carbon content from surfaceto !
i core in mm

Fig. 1: Measurement of Carbon Concentration Gradient
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Table 3: Measurement of Hardness

'| Specimen Bl:::ri:::at Surface Core
No. Hardness Hardness

| Treatment
B 161.35 772 455

2 161.35 805 441

3 161.35 726 434

4 161.35 772 441

5 161.35 778 434

Ty

Hardness in HV

335883388

Sample number

Fig. 2: Measurement of Hardness

Table 4: Measurement of Case Depth

Specimen Effective Total Case Depth
No. Case Depth
1 1.50 1.80
g 1.10 1.60
3 1.60 1.60
4 1.60 1.60
5 1.60 1.60
Case Depths

5 |m Effective Case ‘
Depth ,
g 'IlTotal Case Depth|

|

1 2 3 4 S
Sample number

Fig. 3: Measurement of Case Depth
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24 METELLOGRAPHY AND DETERMINATION OF
MICROSTRUCTURAL CONSTITUENTS

Microstructural constituents were investigated by using
optical microscope, and scanning electron microscope.
The quantities of retained austenite and martensite were
also investigated by using standard x-ray diffraction
techniques. The area under the diffraction peaks (200) for
martensite and (220) for retained austenite was measured
as recommended by Phillips and George, et al [7and 8].
The results of this investigation are shown in Figure 4 to
11.

i R T o
Fig. 4: Shows Ferrite Pearlite Microstructure of SAE 8822H
Steel Before Heat Treatment 2000X

Fig. 5: Shows 30% Retained Austenite White and
Martensite using Optical Microscopes 2000x

Fig. 6: Shows 25% Retained Austenite Martensite using
Optical Microscopes 2000x
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izl

Fig. 8: X-ray Diffraction of Specimen Number 1, Containing
(200) Peaks of Martensite & (220) Peaks of Retained
Austenite, using X-Ray Diffractometer

Wity }

5 b B

: R e RIS o SRk

Fig. 9: X-ray Diffraction of Specimen Number 2, Containing
(200) Peaks of Martensite & (220) Peaks of Retained
Austenite, using X-Ray Diffractometer.

-

-1 i : o

-----

Fig. 10: Microstructure of Specimen 2, Showing Plate
Martensite & Retained Austenite, at the Depth
of 0.Imm from the Carburized Surface, using
Scanning Electron Microscopes at 5000x

5 R

Fig. 11: Microstructure of Specimen 4, Showing Large
Plates Martensite & Small Amount of Retained
Austenite, at the Depth of 0.1 mm from the
Carburized Surface, using Scanning Electron
Microscope at 5000x.

2.5 ABRASIVE WEAR TEST

Carburized face was worn under load on a rotating disk
by using 120-mesh emery paper with aid of rotatory
motor in reverse direction (Fig. 13). The speed of rotating
disk was 3000 rpm and rotatory motor was 12 rpm. The
weight applied was 2680 grams. Each lot was worn at
same parameters. The emery paper was changed after
each hour period of :isting and the weight loss in grams
of each lot was recorded on electron balance. The
abrasive wear test results of each lot vs time are shown in
Figure 14.

Table 5: Measurement of Abrasive Wear

S. No. Wear Test Weight Loss in Gram
1 0.455
2 0.639
3 0.639
4 0.645
5 0.302
Wear Test weight lose in grames
0.7 =
-
O 05
=04
2 0.3
:.§ 0.2
0.1
= (o]
1 2 3 4 5
“ample no

Fig. 12: Measurement of Abrasive Wear Resistance
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Fig. 13: Abrasive Wear Testing Machine
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Fig 14: Abrasive Wear Resistances of Steel Samples

3. RESULTS AND DISCUSSIONS

The microstructure of SAE 8822H steel after normalizing
consists of ferrite and pearlite as shown in Figure 4. The
Microstructural constituents of specimens 1 to 4 consists
the martensite and retained austenite Figure 5 to 11.
However the specimen number 5 containing martensite,
relained austenite and carbide is shown in Figure 7.
Comparison of the abrasive wear profile among the
specimens which contains the retained austenite at surface
shows that the specimen number 1 containing heights
 retained austenite (30%) has lowest weight loss in grams
- as compared to those specimens containing the lower
percentage of surface retained austenite. It was reported in
early literature that retained austenite is soft which would

MH Jokhio et. al.

decrease the abrasive wear resistance and must be avoided
in carburized components, later on it was conventionally
wisdom that it must be present in the carburized
components. The increasing amount of retained austenite
would decrease the fatigue and wear resistance of the
carburized cases [1 and 5]. Fournella, R. A., et al
investigating the effect of retained austenite on fatigue
resistance of carburized components observed that
increasing the amount of retained austenite in the
carburized cases does not decrease the fatigue resistance.
They have also observed that under cyclic loading
condition retained austenitt work hardened and
transforms into martensite provided the additional mode
for surface comprehensive stress, which would result to
increase the fatigue strength of carburized case. Jason J.
Spice and David K. Matlock investigate the effectiveness
of three different techniques, designed to improve the
bending fatigue life in comparison to conventionally
processed gas-carburized 8620 steel. The bending fatigue
samples were machined from forged gear blanks from the
same lot of material used for the pinion gear tests, and all
processing of laboratory samples and gears was done
together. Fatigue data were obtained on standard as
carburized parts and after three special processing
histories: shot peening to increase surface residual
stresses; double heat treating to refined austenite grain
size. He has observea that shot peening also proved to be
the most effective way to improve fatigue life at both
imposed torque levels. The results of this study show that
data on laboratory samples can be used to interpret the
fatigue performance of gears.

The highest weight loss in grams was found in the
specimen containing lowest weight percent of retained
austenite (11%), as the same was reported by Apple, C.A.,
and Krauss, G[3& 6]. They were of the opinion that
martensite contains larger number of submicro cracks
which decreases the fatigue strength of carburized case. In
case of specimen number 5 which shows the fine
martensite, retained austenite and spherical fine carbides
has the lowest weight loss as compared to all other
specimens and resulted the over all highest abrasive wear
resistance [11]. The same effect was observed by number
of investigators [3, 9, and 10). Apple and Krauss have
observed that a double reaustenitizing treatment has
provided fine martensite, which increased the fatigue
strength of carburized case. Siepak, J has observed that
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high-retained austenite is beneficial for contact wear
resistance. Jokhio, et al has investigated the effect of
reaustenitizing treatment on abrasive wear resistance of
carburized steel and found that double reaustenitizing
treatment produced fine martensite with retained austenite
that does not decreased the abrasive wear resistance of
carburized steel.

4. CONCLUSIONS

1. The abrasive wear resistance of carburized SAE
8822H steel does not decrease with increasing carbon
the amount of retained austenite up to 30% by
volume.

2. Retained austenite network hardened and transformed
to martensite thus increased the wear resistance and
provided additional compressive stress.

3. The abrasive wear resistance of carburized
components does not increased with increasing
hardness value but increased with quantity of retained
austenite. It shows that abrasive wear resistance
rather depends on amount of retained austenite and
some other factors like fines of martensite plates,
spherical carbides, and carbon content in the
martensite and retained austenite.

4. The surface carbon content (1.1 weight percent, alloy
content Ni, Cr, Mo), austenitizing conditions
(quenching from 860 °c to 140 °c in oil after
carburizing) and double reaustenitizing had refined
the case structure and increased the abrasive wear
resistance.

5. The double reaustenitizing treatment is reccommended
for the production of carburized components where
the high abrasive wear resistance is to be considered
as the designing factor.
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SOME STEADY PLANE FLOWS OF AN INCOMPRESSIBLE NEWTONIAN FLUID

Rana Khalid Naeem’, Waseem Ahmed Khan™" and Roohi Bano™
ABSTRACT

The equations describing the steady plane motion of an incompressible
Newtonian fluid neglecting viscous dissipation for an arbitrary state
equation are transformed into Martin’s system (¢, y) in which the
coordinate lines y = constant are the streamlines of the flow and the
coordinate lines ¢ = constant are left arbitrary. Some exact integrals of the
transformed equations are determined for radial, vortex and parallel flows.
In some of the solutions the stream function y or the viscosity p or both are
arbitrary, and this arbitrariness indicates that the flow equations have an

infinite set of solutions for an arbitrary state equation,

1. INTRODUCTION

"Martin (1) considered steady plane motion of a viscous
fluid of constant density and viscosity under no external
forces. Martin introduced a curvilinear coordinates ¢, y in
the plane of flow in which the coordinate lines y =
constant are the streamlines of the flow and the
coordinates lines ¢ = constant are left arbitrary. Martin
~ transformed  the flow equations into a new
underdetermined system for vorticity, the energy h, the
- pressure p and the coefficients E, F, G of the first
~ fundamental form ds’ = E d¢* + 2 F d¢ dy + G dy? as
functions of ¢, y. Martin studied some flows by placing
certain conditions a priory on the coefficients E, F, G and
- determined exact solutions for these flows. Nath [2]
extended Martins approach to the plane flows of
- compressible fluids. Nath showed that when the
streamlines y = constant of the steady, plane flow of a
compressible fluid are taken as one set of the coordinate

lines in a curvilinear coordinate system ¢, y in the
physical plane, the equations governing the flow can be
replaced by a new system of equations. Nath proved that
for steady, plane flows of compressible fluids (i) the only
- flows of prim fluids with straight streamlines are either

simple source flows or straight parallel flows (ii) if the
energy is constant along each streamline then the flow
fields are either the general vortex flows or flows in
parallel straight lines (iii) when the velocity magnitude is
constant along each streamline, the flow fields are the
general vortex flows or flows in parallel straight lines.
Naeem [3] generalized Martins method to the viscous
compressible Navier-Stokes equations. Naecem dealt with
viscous compressible non-adiabatic gases which have a
multiplicity of flows for a given streamline pattern, and
obtained various solution sets for a prescribed flow
pattern. Naeem [4], employing one-parameter group of
transformations, determined some exact solutions of the
equations governing the motion of an incompressible
fluid of variable viscosity. Naeem [5] has recently
conducted mathematical study of the Navier-Stokes
equations for incompressible fluid of variable viscosity
using Hodograph method, and determined some exact
solutions.

Pinarbasi and Liakopoulos [6] have studied stability of
plane poiseuille flow for liquids exhibiting exponential

* Department of Mathematics & Basic Sciences, NED University of Engineering & Technology, Karachi.
** Department of Mathematics, University of Karachi, Karachi.
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viscosity temperature dependence. Their study indicated
that the primary flow is affected through the variation of
viscosity with temperature. The critical Reynolds number
decreases considerably compared to isothermal poiseuille
flow and the influence of Prandtl number, temperature
fluctuations, viscosity fluctuations on the flow stability
are small. In the present work, we reconsider their
continuity, momentum balance and energy balance
equations with the objective of obtaining exact integrals
for radial, vortex and'parallel flows for an arbitrary state
equation. ;

2. GOVERNING EQUATIONS

We consider two dimensional steady flow of an
incompressible, Newtonian fluid. The continuity,
momentum balance and energy balance equations
(neglecting viscous dissipation) can be written as [6]:

ou;

oxi

— ou, Op Ot .

Nj—=-—+-—-, =l,2 —(2

B oxi 0X c’?xiJ i

E;i:ﬁ—i e —@3)
oxi pCp Oxi\ Oxi

Where the summation convention is used over index i. In

the equations above, B denotes fluid density, K is the
thermal conductivity, Ep is the specific heat constant at
constant pressure, 5 is the pressure, Gi is the i th
component of the velocity vector, ;ij is the (i, j) — th

component of the deviatoric stress tensor and T denotes
the temperature. For Newtonian incompressible fluid

- dui _ du;
Tij = —_— —’(4)
P ax,- ax,'j

Introducing dimensionless variables based on the
reference velocity U, viscosity M, temperature Tos

characteristic length L, i.e.,

X P u T
o 'ui=u ’p=_p_z ‘u=_L‘T=T_ —’(5)

—L=i0 — (6)

Dy P LIS ~a
. ; ox +Re6x, v &
W1 ofer ~®
ox, ReProx; |\ ox;
In equation (7)
ou, Ou;
i o= —_— e —— _.,9
Ty “(6x,.+6xi} &)

and the Reynolds and Prandtl numbers are defined as

Re=pPL and Pr=p—°E(—:-p—

Ko

The equation of continuity (6) implies the existence of a
stream functions y = y (x, y) such that

oy o —(10)

u=—"0,v=-—

ay ax

We take ¢ (x, y) = constant to be some arbitrary family of
curves which generates with the streamlines y (X, y) =
constant a curvilinear net, so that in the physical plane the
independent variables x, y can be replaced by ¢, .

Let
x=x,¥),y=y (@ v —(11)
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efine a curvilinear net in the (x, y) — plane with the
uared element of arc length along any curve given by

= E(¢, y)d¢* + 2F(, v) db dy + G4, y)dy® — (12)

(3]

e Ao 4
"o oy
dy
= — (13
5] @
ns (11) can be solved to obtain ¢ = ¢(x, y), y =
(x, y) such that
B o _ %
dy'oy oy
Y Y _ R -
vl (14)

,%%-%% =+JEG-F =W —(15)

ollowing Martin [1] and Naeem [3], we transform
quations (6 - 9) into the ¢, y - coordinates and we have
he following theorem:

f the streamlines y (x, y) = constant of an
compressible fluid of variable viscosity is chosen as one
tof coordinate curves in a curvilinear coordinate system
_ yin the physical, then the equations (6 — 9) in the (x, y)
coordinates may be replaced by the system:

RK Naeem et. §l.

2 _g2 2
Jo=-JH, +R¢{(J FE)cos2a+2FJs::n20}

+Rv{Fc052a—Jsin 2(1}

Flcos2o  (F? —J?%)sin2a
+Q‘{ E 2E

-Q, {Jcos’a + Fsinasina } — (16)
JH, =R, {Jsin 20 - Fcos 2} + R ,E cos 2

+Q.{Fsinacosa —Jsin? a}—Q,Esin acosa  —(17)

-2l (5)]
[(m.;ﬂ.l +[ET-J-F1;)'J=RC e o

w w
[(E 1‘,’,)v (? ri l] =0 — (20)

of five equations for seven functions E, F, G, H, T, u and
o of ¢, y. In equations (16 — 20)

_ K . ’
= m[q, (Jsin2a - Feos2a + qa, (Fsin2a + Jcos2at)

+q,Ecos2a - qEsin 2aa ] —(21)
Q= . [(Fsina +J cosa)(q, coso —qa, sinat)
JReVE ) !
- ESina (g, Cosa -qa, Sina) —(22)
JE
W N
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H= p+.1.iz__2£(FSlna+Jcosac
2 W Re JVE

w/Esina
J

(q,cosa—gsinaa,)

= (9, cosa—gsinas )] —(24)
. 1 [ B OF _E

I'l, = W[_ Fg"’ZEa‘EE] —(25)
21 (p0G pOE -
r"_zwz[Eap Faw] (26)

The system of equations (16 — 20) is underdetermined
since it involves two more unknown functions than
number of equations. This is due to the arbitrariness of the
coordinate curves ¢ = (X, y) = constant and the state
equation. We can reduce the unknown functions by one
by choosing the (¢, ) — system to be orthogonal and in
this case F = 0.

In the present work we determine the solutions of the
equations (16 — 20) by placing a prior condition on the
matrices E, F, G. To achieve our objective we introduce
an orthogonal system (§, 7n) such that n = constant
represents streamlines. In (£, n) — net, the first
fundamental element is given by

ds® =gjde’ +gidn’ —(27)

Where g, (§, n) and g, (&, ) are the matrices of the net.
Choosing the (¢, y) — net to be orthogonal, we get F = 0.
Employing F = 0, ¢ = ¢ (§) and y = y (1) in equation
(12), we get

ds’ = E¢” d&? + Gy dn’? —(28)

The equations (27) and (28), on comparison, give

=~

2
E=-g'—2,G=—-zT,W=8"g2' —(29)
v o'y

=

Employing F= 0, y =y (), ¢ = ¢ (§) and the equations
in the theorem 1 can be transformed to the (&, ) — net,
yielding the following theorem:

Theorem 2:

If a natural (&, n) coordinate system is selected, where n =
constant are streamlines and & = constant are the
orthogonal trajectories, the equations governing the flow
of an incompressible fluid of variable viscosity in theorem
1 takes the form:

H ;
" =__,:+ng£ cosZt,x _Rn sm2‘a
Y gy 1
sin 2o cos 20
-8,Q; T - —(30)
2gy v
o R{ sin20+ g R, cos 2o _ngn sino cosa
g2 g
-Qsin’a —(31)
Mgt om (_g"“] —(32)
g282 2
T T,
(gz_ﬁ.] +(g'_"] =RePry'T, —(33)
gl 3 82 n
[g_z:_J +[ﬁ) = —(34)
gl 3 g2 n
Where

R=L _W.(_gz‘Zsin2a+g,“cos2a)+[y'_2] cos 2a —(35)
Re 2.8 g ), v

Q =ﬂ \u‘(—gu cos2o+g,, sinacosu) 4 !i\ sinacosa —(36)
Re 2,2} g)
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B 1y? 2 2 :
- — COS™ O —Qo, SInacosa
P 2 gg chX (qé q 3 )

sin o —q, cos a) —~37)

—(38)

. SOLUTIONS

1 this section we seek the solutions of the equations in
eorem 2 for various prescribed flow geometries.

CIRCULAR FLOW
For circular flow
l’.§=9,g|=r‘g2=1‘a=,9 _'(39)

Substituting equations (39) in equations (30 — 38), we get
Y () 3o B in2o —(40)
T I

H, =B, sin20 + B, +4Bsin’ 0 —(41)

BT, +1T, + Ty, —~rRePry'T, =0 —(42)

Bt

rens (1) =
Re(\v (r) o J (43)

he equations (40 - 42) constitute a system in four
unknown functions H, y, p and T. We require one more
ons to make this system determinate. The equation
is determined by employing the compatibility condition
o = Hg.. This condition provides an equation that must

sfied by the functions y and p. This equation is
3B, +3rB, - By = 0 —(44)

quation (44) possesses solutions for the following cases:

RK Naeem et. al.

Case I B=0
Case II: B#0

We consider these two cases separately.
Case I:

When B = 0, equation (44) is identically satisfied and
equation (43) yields:

rZ
v=e e, —(45)

Where ¢, (# 0) and c, are arbitrary constants. We note that
in this case the viscosity p is arbitrary.

Equation (42), utilizing equation (45), becomes:

r?T, +1T, + Ty —C,r*RePrT, =0 —(46)

The coefficients in equation (46) suggests to seek a
solution of the form :

T=c,0+c,M(r) —(47)

and the solution is

csc,r?
T =c,0+(cs +cglnr) + ——RePr —(48)
C4

Where c3, ¢4 (# 0), cs and cq ( 0) are arbitrary constants.
Equations (40) and (41), on utilizing B = 0 and equation
(45), yield

H=clr’ +h, —(49)
Where h, is an arbitrary constant.
Case II:

When B # 0, we require to solve equations (42) and (44).
The solution of equation (42) depends on the form of the
coefficient of the term Ty A solution of equation (42)
exists when

rRePry’= Constant = A(say) —(50)
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Which gives
A
y = RePrlm+c° —(51)

The solution of equation (44) is
B=c,r " 4o —(52)

Where ¢; (# 0), ¢ (# 0), and ¢y are arbitrary constants.
The equation (42), using equ'ation (50), becomes

r’T, +1T, + Ty = ATy =0 —(53)

This equation has two solutions, and these are

€100
{ Y(r)e —(54)

¢80+ A(r)
Where

c rJ’“m’clzo ‘Jhm"‘n}u ’ A- Cio > 0
Y(r)= 1"

¢,;cos(mlnr)+c, sin(mlnr) ,Ac,, —cf <0

+C),€

Ac,, —¢h =-m’,m>0
—(55)

and
.
A(r)=(c,g +CigInT) +3c|5r —(56)

In equations (54 - 56) ¢; (i=10,..,18) are all non-zero
constants. The viscosity p, in this case, is given by

2
“=_Re Pr 7rl+ﬁ +csrl-ﬁ)

2\ —6N

Since viscosity p is always non-negative, the constant
A<O0 or the constants are simultaneously negative valued.
In this case the function H is given by

H =6(rB, + 2B) - Bsin 0 + ¢, —(58)

Where B is given by equation (52)

3.2 RADIAL FLOW

For this type of flow
n=6£&=rg,=1g,=r,a=0 —(59)

Using equation (59) in equations (30 — 38), we obtain

LT, . 8
’ 2

b SN < W

’

B, + —B", [“\V'cos2 6+ y"sin 29]
v
+ E[ii\y cos? 0 — 4y’sin 20 + y’'sin 29] —(60)
v

B
H, = B,[— 4y’sin® O + y"sin 29]+ —2y"
r

B
+T[_ ayry] —(61)
r’T, + T, —~rRePry’(0)T, + Ty = 0 —(62)
Where
H
B= —(63)
Rer?

Employing integrability condition H = He, and equation
(63), we obtain

2y + 20y H Y Py = —2Re 'y —(64)

Treating equation (64) a differential equation in p, we
obtain

[(5"‘.,—“’7) M(6)do+ b,
M —(65)

B M(0)

Where

M(8) = exp{ [( ‘""\;ﬁ"")de} —(66)

and b,, b, are arbitrary constants. We note that in
equations (65) and (66), the function v is arbitrary at this
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se. We now determine the solutions of the equation
62) which also provide the function y. The equation (62)
solutions for the following two cases:

y"#0
v'=0

4l q
e consider there two cases separately.

hen y" # 0 the coefficients of equations (62) suggests
o seek solution of the form:

K®) =1

‘. ituting equation (67) in equation (62) we get
"+(2RePry’+4)K=0 —(68)

he solutions of (68) depends on the form of the
efficient of K, and some of them are determined as

i) When 6" is an integral part of equation (68), we get

. _1na-!
,:29_"2(';_L"_+b3 —(69)
€

i b‘e-m'l
-2m+1

4 ! 1
| (b,In6+by)82 ey
1
2

+b0" ,m#
iere by, b, bs and be are all non-zero constants.
‘When RePry'+2 = 5)9‘—2 , the solution of equation

A

+c, —(71)
RePr 2RePr

—(70) -

RK Naeem et. al.

1
(cy +¢41n0)02

K ={c,0™ +c,8™
4}
62 (c4 cos(nInB) + ¢, sin(nIn 0))

,X=l,m,2=1*‘h'2)‘
2 2
1-21>0 —(72)

J1-20<0,1-2A=-n%n>0
(iii) For —2RePry’= 0’ —(73)

The solution of equation (68) is

0

\V-‘2RePr+cs —(74)
K=cgJ,(0)+c,J;(0) , —(75)
Where

2_304
J,(6)=2a,(1-6 —ZG it ) —(76)

93
1,(0)= a0(9+—6-+ ....... ) —(17)

and ag # 0 constant.

A

iv) When y’= -—————, the
) ¥ 2RePro?

; ;

PN 1, i
JRePro ! we

W

Where A, (#0) and c,, are arbitrary constants. The
equation (68) utilizing equation (78), becomes

o2K"+(407 -2, K =0 —(19)

On substituting K = D(O)JE_) in equation (79), we get
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OzD"+6D’+[462 - (x, + %)JD =0 —(80)

which is a Bessel equation and its solution is

D(G)=c,21u(26)+c,31_9\26) —(81)
Where

1
B = }\I +Z

and Ji3 (20) are the Bessel functions. The solution of
equation (79), therefore, is

K =6} 1235 20) + ¢35 (20)] —(82)
Case II:

When y" =0, then

Yy =b,0+ by —(83)
Equations (60) and (61), using equation (83), become

4b,
r

H, =-4b,sin’ 6B, -—LB —(84)

Hy =4b,B, cos’ 6 — 4b,Bsin 20 —(85)
Proceeding in the same manner as in circular flow, we get

H=-4b, sin> 6B—4b, [P¥ 4} —(86)
7 7 r 1

B =1jf(r)dr+1, —(87)
r

Where 1, is an arbitrary constant and f(r) is an arbitrary
function. Since f(r) is an arbitrary function, p is also
arbitrary. The temperature distribution T satisfies the
equation

PTo+ (1-Re Prby) r T, + Teo = 0 —(88)

The solution of equation (88) is

b8’ +b,0+b,r—b, (rlnr—r) +b,,

i b,,6° +b,,0+ TR P b
Re Pr RePrb,
J1=RePrb, =0
ePrb, —(89)
J-RePrb, #0

Where by, by;, by, bis, by and bs are all non-zero
arbitrary constants.

3.3 PARALLEL FLOW

For parallel flow
E=x,n=y,ga=1,g=1,a=0 —(90)

Equations (30 - 38), employing equation (90), become

(y" w)x—ReHy + Rey'y" =0 —(91)
(Ly")y-ReH;=0 —(92)
T + Tyy - RePry'(y)Tc =0 —(93)

Using H,y = Hy,, to eliminate H from equations (91) and
(92), we get

(MY = (1 W")yy =0 —(94)

Equation (94) is the equation which the viscosity p and
the stream function y’ must satisfy for parallel flows of an
incompressible fluid of variable viscosity.

We now determine the solutions of equations (91 — 94) as
follows:

On substituting
T=XX+Y(y —(95)
in equation (93), we get

X"+ Y"-RePry'’X'=0 —(96)
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[T}

Differentiating equation (96), w.r.t “x”, we get
X" - RePry'(y)X" = 0 37

This can be re-written as

xx— RePry'(y) =b, (say) —(98)

- provided X" # 0.

- The solution of equation (98) is

‘ X:e""“(b3x+b4)e‘b"‘dx+b5] —(99)
L) ot
w—RePry+b2 (10

- Where by, by, b;, bs, bs are all non-zero constants.
Equation (96), using equations (99) and (100), we get

Y'+by;=0 —(101)
Whose solution is

! 2
Y=—b,y7+n,y+n2 —(102)

- Where n, and n, are non-zero arbitrary constants.
When X" = 0, then

X =bex + by —(103)
“and equation (96) yields

Y =RePrb, [y(y)dy + byy +b, —(104)

where y(y) is an arbitrary function.

us now determine some solutions of equation (94) as
follows:

When y'(y) = b, / Re Pr, the equation (94) is
identically satisfied and p becomes an arbitrary
function, and H turns out to be a constant.

) When y(y) is arbitrary, the equation (94) can be re-
written as:

RK Nakem et. al.

A L TR R —(105)

The solution of this equation is determined as follows:
Differentiating equation (105) w.r.t “x”, we get

[u_) _(“_w) _z[b.] Y7 0,y"20  —(106)
Rodgoolhgiloi B L ¥

This can be re-written as

=
n
: - z"‘—_.[-‘i'-J #0 —(107)
(_u_,) vk,
ks
Since y = y(y), the equation (107) yields
b Y ) —(108)
v}
and
Ha —Hyy —Lip, =pR(y) —(109)

Where 1, (# 0) constant and R(y) is the unknown function
to be determined. The solution of equation (108) is

hy Ay
ve 2 = [y +1y)e 2 dy+1, —(110)

Using equation (108} in equation (105), we get
2

1
“u_pyy—llpy ____41_“ —’(Hl)

Comparing equations (109) and (111), we get

R(y) =~

:
- —(112)

When p = p (x, y), a solution of equation (111) is

. eIsX(l6yn| +l7yllz)- 'ls¢_l_|’nlz=_.l_lj:5
s a1, - aox 2
e (lg+1l,y™) J; =21,
—(113)
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When p = p(y), the solution of equation (111) is

p=(l+1,ye 2 —(114)

In equations (113) and (114) ls, lg, 14, I, lo, 110, 11y are all
non-zero arbitrary constants

Now when y"" = 0, then

Y=ly’ +lay+ 1 —(115)
The equation (105), employing y"'= 0, yields
Hxx = Hyy —(116)
The solution of equation (116) is
A
u=l,<£Ty)+lmx+l,,y —(117)
Where |;s, 116, 1,7 are all non-zero constants.
If we assume
= (mx+m,)Z(y) —(118)
the equation (105) becomes
b T v
Pt gy X g9 —(119)
y y
Whose solution is
o el —(120)
v

Where ms, my are non-zero arbitrary constants. We note
that in equation (120), the function \ is arbitrary. The
expression for the function H, in this case, is given by

2 2
oMt m) VW e,

ke —(121)

Where ms is an arbitrary constant.

4. CONCLUSIONS

In this paper, a mathematical study of two dimensional
steady flow of an incompressible Newtonian fluid of

variable viscosity for an arbitrary state equation is
conducted. The flow equations are transformed into (¢, y)
— system with viscosity p, the stream function vy, the
vorticity o, the energy and transformation matrices as the
unknown functions. Some exact integrals are determined
for circular, redial and parallel flows. In the case of
circular flow when the function B = 0, the viscosity p is
arbitrary, and when B # 0, the solution of the energy
equation depends on the form of the coefficient of Te.
Using some forms the coefficient of Te, the solutions of
the energy equation are determined. The reader, by taking
other forms of the coefficient, can determine more
solutions of the energy function. In case of parallel flows,
when p is defined by equation (118), the stream function
y is arbitrary and this arbitrariness y enables us to
construct a large number of solutions to the flow
equations.
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AMETHODOLOGY FOR PROCESS IMPROVEMENTS USING SPC IN A CONTINUOUS

OR DISCRETE TYPE MANUFACTURING PROCESS
Abdul Sattar Jamali’, Muhammad Sharif Jamali~ and Zameer Ahmed Abro™"
ABSTRACT

A primary objective of statistical process control (SPC) is to maintain
quality characteristics of items generated by a process as close as possible to
target values for as much time, or amount of production, as possible.
Customers view point and expectations have changed significantly in the
past few years. Customers now do not merely expect the products to be
"within specification limits''. They expect, rightly so, the products to be "on
target"'. Uniformity has become more and more important as traditional
goal of "aiming to be within specifications' becomes less and less relevant.
So SPC can help companies cut costs, improve quality, and pursue
continuous improvement and also satisfy the customers. To move towards
the achievement of this objective a methodology has been represented in this
research paper. This proposed methodology has been applied in real case
study of manufacturing environments. As this methodology has been applied
first time in manufacturing industry, so results obtained were not
satisfactory. Because the factory has never been applied statistical
techniques for controlling the process, even they are not taking the
significant advantages from the data collected. However, if they
continuously applied this proposed methodology certainly will bring

Continuous, Defective.

1. INTRODUCTION

The term "quality” is defined as any factor that enhances
the value of product in the eyes of customer [1]. It is the
customer whose needs are being catered to, and
consequently, whose demands have to meet. This
customer-oriented definition of "quality” has changed the
production philosophy in manufacturing environments. It
15 of utmost importance to have a process operating on
larget. Quality control has become key part of every
I ufacturing process (continuous or discrete).

| of process variability plays an important part in
ufacturing because any deviation in the process and

continuous improvements in their manufacturing process.

Key words: Statistical Process Control, Control Charts, Discrete and

resulting product may run the risk of dissatisfying
customers. Process variability is mostly measured by both
mean and variance of the quality characteristic on a
product part. The most implemented techniques to
achieve process control are often referred to as Statistical
Process Control (SPC) [2].

In this paper we have presented a methodology to
improve the manufacturing process (continuous or
discrete) by using SPC. The SPC is widely used process
monitoring technique, especially continuous or discrete
process industries, for the continuous improvements of

Ph.D Student, School of Management and Economics, Beijing Institute of Technology, Beijing, China.
Assistant Professor, Mehran University of Engineering & Technology, Jamshoro.
Assistant Professor, Quaid-e-Awam University of Engineering, Science & Technology, Nawabshah.
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products and process [3]. The primary tool of SPC is
Statistical Control Charts [4]. SPC in the form of control
charts (e.g. Shewhart charts and Cusum charts) is useful
in improving product quality by continually checking the
“stable state” system. When there is a departure from lhe
stable-state of statistical control (due to certain special
events) and detected by control charts, the engineers or
analyst then look for the assignable causes (also called
special causes) and try to eliminate them [3 ].

Quality control techniques are critical activities in
manufacturing  industries when  maintaining and
improving product quality is a priority. In this paper we
use a case study from real life in order to check lhe
suitability of this proposed methodology. The remainder
of this paper is organized as follows. In section 2, we
presented the steps of the proposed methodology. Section
3 provides the results and discussions of the applied
methodology.. Finally the section 4 related to the
concluded part.

2. METHODOLOGY

The methodology represented in Fig.l towards
achievements of continuous process improvements,

r Describe the Total Process I
Y
Which CTQ to Control in the Described Process?
>
Which Process Control Chart Implemented? J
L 2
CTQ Measurement or Collect the Data
L 2
I Analvze the Collected Data l
vy
Control Chart Design ( x & R, CuSum, EWMA)
L 2

I Control Chart Interoretation |

If out of control ‘

l Determine Assignable Causes I
L 2

I Management Action I

Fig.1: Methodology for Continuous
Process Improvement

Following are the Steps of the Methodology,

Step-1: Studying the process of either continuous type or
discrete type of process of company and identifying
which product characteristics or critical characteristics or
critical to quality cha. acteristics (CTQ) to control.

When SPC would be implemented by any manufacturing
Industry first time, the quality engineer (practitioners)
needs to study and understood all steps of manufacturing
process. According to customer requirement the CTQ
would be identified. In this case study, gloss acrylic resin
process was chosen for analysis purpose. There are total
seven steps of the processes where data has been taken at
the online inspection point.

Step-2: Determine where in the process the control charts
should be implemented.

After identification of CTQ at the inspection point, there
is need to make decision which SPC tools would be
implemented. As explained in introduction that control
charts are very popular tool used in SPC. So control
charts implementation decision depends on the shift in
magnitude (larger and smaller) of process.

Step-3: Collecting the data for the determined process of
each company.

In this case study data were collected at the inspection
point covering of total 57 sample numbers in different
days and samples are grouped of size 3 (n=3). This is
fundamental idea of SPC that the subgroup or samples
should be rational. A rational subgroup is a group in
which all observations are generated under conditions in
which only random effects are responsible for the
observed variation. Larger subgroups have more power
than smaller subgroups on Shewhart charts. On the other
hand, smaller subgroups take less time to complete data
collection, so significant changes may be signaled sooner.
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Step-4: Analyzing the collected data to check the
sufficiency of sample, the normal assumption, and
- randomness by applying confidence interval estimation,
test of normality, and runs test of randomness.

From the collected data a global average and process
standard deviation was taken. Normality assumption is
very important in manufacturing process. The data may

AS Jamali et. al.

follow normal distribution. This is not always true in real
case; some time data may not follow normal distribution.
In this case, non-normal data would be translated to
normal as formula suggested in this paper. It was
explained in this paper through analytical calculations in
Table 1 & 2, graphically in Figures 1, 2 & 5 for normality
checking of data through by excel and Minitab quality
software.,

Table 1: The ¥ (Chi-Square Test for Goodness-of-Fit for Normal Distribution of % Non-Volatile

Table 2: % Non-Volatile

Measurements on Gloss Acrylic Resin

Histogram  Calculations  for

ANl
47.5-48.5 48 2
48.5-49.5 49 12
49.5-50.5 50 24
50.5-51.5 51 17
51.5-52.5 52 2
Total 57

Interval hd-popt Dlsenyed Z-lower Z-upper e Frcf::::;e(dEi =
(Xi) Frequency (0O;) P(Zi ***Zu) i)
47.5-48.5 48 2 -2.91 -1.79 0.0349 1.9906
48.5-49.5 49 12 -1.79 -0.66 0.2179 12.4186
49.5-50.5 50 24 -0.66 0.46 0.4226 24.0882
50.5-51.5 51 17 0.46 1.58 0.2658 15.1478
51.5552'5 52 2 1.58 271 0.0537 3.0601
Total 57 0.9948 56.7053
Observed | Expected ©i—
Interval | Frequency | Frequency 2'
©) 2% 1
47.5-49.5 14 14.4092 | 0.0116
49.5-50.5 24 24.0882 | 0.0003
505515 17 151478 | 0.2265 MLy
51.5-52.5 2 3.0601 0.3672
Total 57 56.7053 | 0.6057
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Fig. 2: The Histogram of % Non-volatile Measurement on
Gloss Acrylic Resin (Tablel)

Step-5: Studying how to design the X and R, the
cumulative sum (CUSUM) and the exponentially
weighted moving-average (EWMA) conlrol charts.

As explained in Step-2, the implementation of control
charts depends on the magnitude of process shift. Process
shift may be large and small from the target. When
process shift is large and small, which type of control
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chart is used? In this case study, as process shift was
large, so it was decided to design and Implement
Shewhart X-bar and R-Control charts.

Step-6: Designing the X and R control charts based on
Shewhart control chart concept

Step-7: Designing the optimal X and R control charts.

As the data related with costs were not available, only the
statistical approach was fpcused in this paper. In order to
design a control chart, the objective was to find the
combination of sample size, the control limit width at the
minimum type error. For the sampling frequency, it was
usually not precisely stated in this paper. With a high rate
of loss from operating in an out-of-control state, the
interval between samples would be small. With high
inspection costs, the interval would be large. Considering
the sample size, Montgomery (1997) proposes that n > =
10, the range losses efficiency very rapidly. Therefore this
study only concentrates on the optimal design of X-bar
and R-control charts when n == 3.

Step-8: Analyzing the sensitivity of the results in each
process.

Step-9: Is selected control chart suitable for process
monitoring?

3. RESULTS AND DISCUSSIONS

This Methodology has been applied in a Continuous and
Discrete type manufacturing process for process
improvement.

e The percent precision of the mean and the standard
deviation of all data were calculated as shown in
Table 3. Although the precision of the standard
deviation was large, the precision percent of the mean
was small. Therefore the collected data considered to
be enough to estimate the value of the process

Mostly all the control charts are based on the
assumption that the universe from which a sample is
drawn is normally distributed. To test the
assumptions of normality, this research work used
graphic methods for primary checking and conforms

it by employing they’test for goodness-of-fit as
follows the method shown by Ducan (1986) and
Hines and Montgomery (/990), respectively.

The data from Table 4 was plotted in the form of the
histograms as shown in Figure 2 to check how the
distributions look like. To construct the histogram,
each set of data is grouped into constant intervals and
the number of times in each interval is counted, the
results are the frequency as distribution presented in
Table 1. The graphical representation of the
distribution of % non-volatile measurements on glass
acrylic resin (type 1) represented in Figure,
considered to be unimodel.

From Chi-square (x?) test for goodness-of-fit Table
1, the calculated value of x>, = 0.6051 is less than

table value %705, = 3.84 i.e. (0.6057 < 3.84). Since

the 3.84 was greater than 0.6051 the null hypothesis
can not be rejected at 5% significant level. Therefore
the collected data was normally distributed with
mean equal to 50.09 and a standard deviation equal to
0.89.

Two approaches were used for this research work, the
scatter diagram and runs test of randomness because
when frequency approach applied to probability was
the main concept of randomness.

Blank (1980) recommends a scatter diagram in which
a graph of the data for two variables should be
plotted first to see the pattern of the data. Figure
shows the scatter diagram of % non-volatile
measurements on gloss acrylic resin (type 1). The
scatter diagram as shown in Figure 3 shows no

parameters. pattern. This feature indicates that data are random.
Table 3: 95% Confidence Interval (C.I) and the % Precision
Types of Characteristic - Mean Standard Deviation
Process s il MR X . CI % Precision CI % Precision
Cadiiaionk % 49.839 0.7299
- Df‘ ‘“ i I“‘:'I‘ 1 57 | 50.068 | 0.864 . 0.46 , 22.56
G — 50.297 1.0592
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Table 1: % Non-Volatile Measurement on Gloss Acrylic

Resin (Type 1)

| e | SmeNe | e
1 50.0 31 50.0
2 51.0 32 50.9
3 49.0 33 50.0
4 50.0 34 49.0
5 51.0 35 50.0
6 50.0 36 50.9
7] 50.9 37 51.0
8 50.0 38 50.9
9 49.0 39 50.0
10 48.0 40 49.0
11 51.0 41 50.0
12 51.0 42 50.0
13 50.0 43 51.9
14 50.0 44 48.0
15 50.0 45 50.0
16 50.0 46 50.0
17 49.0 47 49.0
18 49.0 48 50.0
19 50.9 49 49.0
20 51.0 50 50.0
21 50.0 51 50.9
22 50.9 52 50.0
23 50.0 53 50.9
24 51.0 54 52.0
75 49.0 55 50.0
26 49.0 56 50.6
27 50.9 57 49.2
28 50.0
2 2950 Average 50.068

S.D 0.8642
30 51.0

AS Jamali et. al.

Sampie ne.

Fig.

3: The Scatter Diagram Plotted Between Sample no.
VS% Non-volatile Measurements on Gloss
Acrylic (Table 1)

Blank (1980) presents the runs test as a
nonparametric test which is able to accept or reject a
null hypothesis without knowledge of underlying
population and parameters. Usually sample that
taken from a population should be random. The nm
test evaluates the null hypothesis. By applied the
runs test to data in Table 4, the value of Z was within
the acceptance region lzl < 1.96 that the null
hypothesis can ot be rejected. Thus the data was
random.

The R-Chart shown in Figure 4, where the 57
sample ranges were plotted on this chart, there was
no indication of an out of conlrol condition
observed.

R Chart for % non-vo

4 —1 3.05L=4.038

:: \V/\\/—JHVA\J Vr\ N

0 — 3.0SL=0.00(
T I
(] 10 20
Sample Number

Fig. 4: The R-Chart of % Non-volatile Measurements on

Gloss Acrylic Resin When n=3
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e  When preliminary sample averages were plotted on
X-bar Chart as shown in Figure 5, there was also no
indication of an out of conlrol was observed.

X-bar Chart for % non-vo

3.0SL=51.71

:
i 50 — X=50.07
3

-30SL=4843

Fig. 5: The X Chart of % Non-volatile Measurements on
Gloss Acrylic Resin When n=3

e The probability plot shown in Figure 6 to assess the
validity of normal assumption. When all the data
points show a straight line on a normal probability
plot, the data presumed to be the form of normal
distribution. When all data points were drawn
through Minitab, the data were drawn straight line.

Normal Probability Plot

Probabiity
3 8

55 B
01
001
48 49 50 51 52
9% non-vo
Avorage Anderson Daring MNermafly Test
BDov 0.084200 A-Bquared: 2950
NS PAVele: 8.000

Fig. 6: Normal Probability Plot of % Non-volatile
Measurements on Gloss Acrylic Resin

4. CONCLUSIONS

This paper discusses the use of statistical process control
techniques systematically in a practical manufacturing
environment. After the application of proposed
methodology in particular manufacturing process, in a
general way, it was Possible to notice that lot of defective
products were produced during process and which were
very costly for that company. There fore it was suggested
that continuously follow this proposed methodology to
that process in order to minimize the losses. Because the
company never been used SPC tools even they have
significant amount of data.

Based on the analysis of proposed methodology and
results obtained for selected process, the conclusion are
presented as follows:

e At 95 % confidence the true process mean, standard

deviation lie in between limits. If the values of process
mean, standard deviation lies between the limits the
data are considered to be normal. If the data does not
lay in between limits the data is considered to be not
normal i.e. 49 . 8386 < u <50.2974 and 0.7299 <o <
1.0592

e The Histogram plot represented that the data was

normal

e Chi-square test showed the data was normally

distributed on thc basis of the Not rejection of null
hypothesis. Incase if null hypothesis was rejected then
data to be considered not normal.

e If scatter diagram showed some pattern then data may

be considered not normal. But here the pattern was not
random, so data was normal.
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o The process shift was very large, therefore the X-bar
and R-control charts were suitable.

o The sampling of data were taken in different days, but
it was required that data may be taken every two hours
five samples.

¢ Using the small sample size (n = 3), result in a
relatively large be risk for detecting small shifts.
However, there was good chance that the larger shifts
will be detected reasonably quickly.

¢ A larger sample will cause the limits of a control chart
to come closer to the center line on the chart with
fixed value of the width of the control limits. This is
because the standard deviation of the statistics X-bar
and R vary inversely with the square root of sample
size. Hence, the larger sample size, the smaller
standard deviation, and the closer control limits will
be to the center line on the chart. The effect of tighter
control limits is to reduce the risk of not catching a
shift in the process.

e One can design control charts and other calculations
(process capability) after analyzing the data to be
normal.

SUGGESTION

It is also possible practically that one could not get normal
data from real or practical situation. In that case convert
non normal data into normal by following formula

1
XTrans = (11

Raw

Hope this methodology would be beneficial for the
practitioner and educationist in order to implement SPC in
a quality control practice.

AS .lamai' et. al.
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SOME EXACT SOLUTIONS TO EQUATIONS OF MOTION OF A THIRD GRADE FLUID
FOR SELECTED VORTICITY

Rana Khalid Naeem’, Waseem Ahmed Khan'" and Sultan Hussain™"

ABSTRACT

Some exact solutions of the equations governing the steady plane flows of an
incompressible third grade fluid for some selected forms of the vorticity are
determined by using complex variables and complex functions. Some of the
solutions admit, as particular cases, all the solutions of Moro , Siddqui and

Kaloni [1].

Key words: Exact solutions, third grade fluid, complex variable technique,

steady plane flows. MSC code. 76A05.

1. INTRODUCTION

Recently Moro, Siddiqui and Kaloni [1] have determined
some exact solutions of the equations governing the
steady plane motion of an incompressible fluid of third
hodograph and Legendre
transformations. Moro et al transformed the basic flow

grade  employing

equations in the hodograph plane by interchanging the
dependent and independent variables. Then by defining a
Legendre-transformation function of the stream function
recast all the equations interms of this function. They
determined the condition which Legendre-transform
function of the stream function must satisfy employing
~ the integrability condition, and obtained solutions to the
flow equations by assuming forms of the function. The
third grade fluid have been studied successfully for
various types of flow situations. We mention here some of
such studies such as [ 2-5] .

In this paper, we reconsider their flow equations with the
objective of determining some exact solutions. To achieve
our objective, in section (2) we obtain the expression for
the vorticity function w, the stream function in terms of
the complex variables and complex functions. Employing

the compatibility condition for the geheralized energy
function h, we determine the condition which the complex
functions must satisfy. In section (3),' we determine some
analytical solutions. We mention that the solutions
presented in this paper admit, as particular cases, all the
solutions - of Moro, Siddiqui and Kaloni [1] by
appropriately choosing the complex functions or the
arbitrary constants therein.

2. FLOW EQUATIONS

The equations governing the unsteady motion of an
incompressible fluid of third grade are

divv=0 —(1)
p%: pF+divT —(2)

where V is the velocity vector, p the density, and F the

body forces .The’. cauchy stress tensor T for an
incompressible third grade fluid is characterized by the
constitutive equations

- " Department of Mathematics & Basic Sciences, NED University of Engineering & Technology, Karachi.

** Department of Mathematics, University of Karachi, Karachi.
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T = - pl + pA + @A; + LAY + BiA; + By (AlA; +
AA )+ Bs(tr ADA, —(3)

In equation (3), p is the pressure, I the unit tensor, and A,
A, and Aj; are the first three Rivlin-Ericken tensors
defined as

A =VV+(VV)" — (4)
A:=%+A2(VV)+(VV)7A, —(5)
and

A,=%+ A, (VV)+(VV)T A, — (6)

where di the material time derivative.
t

For a steady plane motion in xy- plane ,the equations (1)
and (2) , in the absence of body forces, reduce to

u+Vy=0 - ()
h,=pvw-pwy—a,vVZW-B3(wM)y
+2B5 (1M, v My ) —(8)

hy=-puw+pw,+au Vw + B3 (WM),

+2B3{(uyMy+VyMy)} _’(9)

where

W= Vi —uy —(10)
2

h=p—g——a,(uV’n+vV’v)—%(3a,+2a2)+p —(11)

M = 4(u,)? + 4(v,)? + 2(v,+u,)’ —(12)

g =u+v —>(13)

Equations (7-9) are three non-linear partial differential
equations for three unknowns u, v and p as functions of
(x.y)-

In obtaining equations (8), (9) and (11), it has been taken
into considerations that the viscosity u and the material
constants a;, o By P, Pi, satisfy the following
constraints [6,7]

u20,020 B,=P,=0,B520,

=V24uB; <(a, +a,) < 24up,

Equation (7) implies the existence of a stream function
‘Y(x,y) such that:

u=Y¥,, v=-Y¥, =%(15)

Equations (8) and (9), on utilizing the equation (15) and
the compatibility conition h,, = hy, , yield

PI¥y wo. ¥ Wy - 1 V2w —ay [, (VPW) - W, (VPw), ]

'B}[(WM)xx+(WM)yy]+263[2 \yxy Myx

- Wax Myy-Wyy Mix]=0 —(16)
Where

w= (¥, +¥;,) —(17)
M =8 g +2 (8,5 B —(18)
Let

Z=x+iy, z=x-1y —(19)

Then from Naeem and Stallybrass [8,9]:
2(.)Z_=(.)x+i (‘)y ’ 2(.)z=(.)x'i(.)y
4Im[(.) ; (o)l] = (.)y (o)x' (.) x (o)y _’(20)

Where the notations e, ®, o, represent flow variables of
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interest. Equations (8), (9) and (16), on utilizing equation
(20), become
o 5
hy =(v+ |u)5 —ilz +2P3[uz(Mz + M3) +ivz(Mz - M3)]
—(21)
Koo 198 :
hi =(v+ xu)E + |L,2 - 2[33[u2(MZ + ME) - ‘Vi(Mz - MZ)]
—(22)

Im HJE (pw, - 40, W u;)] - Wz;BJ (Wz;M + W,

M- +WE Mz)+2B3(\PZZM;E +"P;;Mzz)=0

(23}
Where

J=pw-4a, w,-

L=puw + BswM
u=i(‘}‘,-‘¥‘ Z)
V=-(l‘Pl+\P;)

3. SOLUTIONS

On integrating the fifth equation in equation (24), we
obtain

y=_|f %dzd2+A+A' —(25)

where A and A* are complex functions and A* is the
complex conjugate of A. To determine the solution of
equation (23), our strategy will be to specify the vorticity
function w and determine the condition which the
functions A and A* must satisfy. The condition is
obtained from equation (23) utilizing equation (25).

I. When the vorticity is zero, the equation ( 25 ) yields

Y=A+A* —(26)

RK Naeem et. al.

Equation (23), on utilizing Equation (26), yields
Bs (A A™ +A™AM)=0,A"#0,A™#0  —(27)

When B # 0, then equation (27) has two solutions

A=ailnz : —(28)
and
A=a—6'z’+a7zzz+a}z+a4 —(29)

Where a, is a real constant and a, a,, a; and a4 are complex
constants.

The generalized energy function h for A given by
equations (28) and (29) are respectively given by

256,058 —(30)

B
(3 2’z

h=h, —(31)

In equations (30) and (31) h, and h, are arbitrary real
constants. In computing the generalized energy function h
for given A by equation (29), the constant a; turns out to
be zero. If we choose appropriately the constants a, a; and
a3, we get solutions of Moro, Siddiqui and Kaloni [1]. The
pressure p can easily be obtained from equation (11)
using the above expressions for h.

II. When vorticity w is constant say W, then equation
(25) yields

w=—%zZ+A+A' ey ¢ ¥ —(32)

Equation (23), on utilizing Equation (32), yields

Bs(A AT + A2 AY) =0, A" #0,A™ #0 —(33)

When {3;#0, then equation ( 33 ), )./ields

A=%z’+%z’+a,z+a‘ —(34)

QUAID-E-AWAM UNIVERSITY RESEARCH JOURNAL OF ENGINEERING, SCIENCE & TECHNOLOGY, VOLUME 7 NO. 1. JAN-JUN-2006 39



ISSN 1665-8607

interest. Equations (8), (9) and (16), on utilizing equation
(20), become
ey :
hy =(v+ 1u)5 -iLz + 2[53[uZ(MZ - ME) +ivy, (Mg - M-Z-)]
—(21)
o A
hi =(v+|u)5 - |Lz - 2[33[u2(Mz + M2)+|v2(Mz - MZ)]
—(22)

Im [\'PE (PWz = 4ul w zz;)] -H leBi& (WZEM + W,

M- +w- Mz)+2B3(\‘PZZMEE +\P§EMEE)=O

—(23)
Where

J=pw-4a; w,;

L=pw + B;wM
u=10¥-Y =)
V='(\y¢+‘*‘:)

3. SOLUTIONS

On integrating the fifth equation in equation (24), we
obtain

y=_|f %’-dzdz+A+A' —(25)

where A and A* are complex functions and A* is the
complex conjugate of A. To determine the solution of
equation (23), our strategy will be to specify the vorticity
funcion w and determine the condition which the
functions A and A* must satisfy. The condition is
obtained from equation (23) utilizing equation (25).

1. When the vorticity is zero, the equation ( 25 ) yields

Y=A+A* —(26)

RK Naeem et. al.

Equation (23), on utilizing Equation (26), yields
Bs (A A+ A™AM)=0,A"#0,A™#0  —(27)

When B; # 0, then equation (27) has two solutions

A=ailnz } —(28)
and
A=-§6lz’+a—2zzz+ajz+a4 —(29)

Where a, is a real constant and a, a,, a; and a4 are complex
constants.

The generalized energy function h for A given by
equations (28) and (29) are respectively given by

256 Ba’ —(30)

h=( =
3737

h=h, —(31)

In equations'(30) and (31) h, and h, are arbitrary real
constants. In computing the generalized energy function h
for given A by equation (29), the constant a, turns out to
be zero. If we choose appropriately the constants a, a, and
a3, we get solutions of Moro, Siddiqui and Kaloni [1]. The
pressure p can easily be obtained from equation (11)
using the above expressions for h.

II. When vorticity w is constant say W, then equation
(25) yields

w=—%zZ+A+A' by ' —(32)

Equation (23), on utilizing Equation (32), yields

Bs(AA™ + A*2AY)=0,A"#0, A" #0 —(33)

When B;#0, then equation ( 33 ), yields

A=%z’+%’z’+a,z+a, —(34)
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where a, is a real constant and all other as are all
complex constants. We mention here that there are other
solutions of equation (33) and solution in equation (34) is
the only solution that gives constant vorticity. The
velocity components u and v are given by

. z-z |az’-az - - -
u=iw +i| —————|+a,z—a2z+a, —a;
3 ;
P
w. - |az’+aiz =i -
v=T(z+z)— —'2—- +a,z+arz+a, +as —(35)

Equation (32), on utilizing equation (34), yields

- -3 - =2
WoZZ aiz +az’ a2’ +arz — —
Y= + + +(az+a,z)+a, +a,

4 6 2
—(36)

Function A becomes arbitrary. The arbitrariness of A
enables us to construct a large number of stream function
¥ and hence a large number of solutions to the flow
equations .In this case the generalized energy function h is
-p¥w,+ constant. Furthermore, if we take the function A
equal to (¢, + i ¢;) z* or (c; + 1 ¢3) In z and choose
appropriately the constants or apply the appropriate
boundary conditions we get the plane coutte flow, the
flow due to a spiral vortex at the origin and the flows
having streamlines as a family of ellipses, concentric
circles, rectangular hyperbolae. The expression for the
generalized energy function h, for ¥ given by the
equation (36), is

h=—pw0w+%iﬁ,(a,z+al)3 —%iﬁ,(a,h;)’ #h,

—(37)
where h; is a real arbitrary constant. The pressure p can

easily be obtained from equation (11).

III. When w is non-constant, the solutions of equation
(23) are determined  as follows:

(i) Whenw=m, z+ miz, the equation (23) yields

2.2 - - -
lll'{— m,sz + m,A'} =A[2m m2(mz + miz) - 8(m A" + m/ A"

~16(m,*zA""+m;’zA"") + 64(m ,A"A" + m,A""A"")
~4(m*z A™ +mi*2’AY ) +32(m, ZA"A™Y + miZA"A"Y
_64(An2 A"ZAIV )] _.(38)

B

where A = -:;— and m,is a complex constant.

The L.H.S of equation (38) suggests to assume

AV=0Z +h,2+A,

which on putting in equation (38), gives

A = —;“T',x, = 48)8\+i24)24 —n?), A, =d, +id,.m, =& +in

and
nd, +&d, = ~20724%n(E? - %)
The solution of equation (38), therefore, is

7_»123 -):222
= *
3

A 4 Nz ha —(39)

where m, is a complex constant.
Equation (25), using (39) becomes

Z; SRpe 1 s % 1 e 2
Y= —?(m,z +mz) +§(k,z +Mz7) + S(le +A,2%)
+()\.3;+7\,3Z)+7\.4+l4 —(40)

The expression for the generalized energy function h is
too long and we do not given it here. The interested reader
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can easily determine it using equations (21) and (22).

(i) For w = B (z + E). the constant B being real, the
equation (23) becomes

)

Bz~

Im| - +A" =

2B2(z+2)-8B(A " +A")-16B(zA " "+zA" ")
A + 64(A" A*"+A*" A" ") - 4B(Z A"V + 22A™
* 32(ZA"A"Y +2A A ™) = 64(A" 2 A AT AN YE

— (41)

The L.H.S of equation (41) suggests that A” should be a
polynomial of degree two in z and therefore on
substituting

A=17 +1,z+],

in equation (41), we get

Ij= -%13 =24AB%iand1,=0 —(42)
Hence
B-.\
. 4 94542
A == |2\B%z +m, —(43)
24 i

where m; is an arbitrary complex constant.
Using equation (43), equation (25) implies,

Bzz ,- Bz -2 Bz % 2 -

2B 147)- =L 12BiT ——— 4 1B+ m, + W)

v 2 (2+2) 2 ! > iZ°+my+m
The generalized energy function h is given by

LB B otim, B0 |- setp E2AL.
2|8 4 3 2

+piBz+h,

—{44)

where hs is an arbitrary real constant.

(1ii) When w = D (z + Z+E), D and E being real, the
equation (23) yields.

RK Naeem et. al.

Im

2 o
_Dz _DEZ+A.,=
8 4

2D (z+2)-8D(A ""+A" )~ 16D( ZA "'+ 7A" )
M+ 64A" AT AR AT ) —AD(Z ATV 42 AY)
-64(A"1A"v +A'n1 AIV),D+32(;A-'A'IV +ZA-..A|V)

= (45)

Following the same procedure as that of previous case we
find

=-—'+TZ +K,z+m, —(46)

2
_DE_ 1688,D°
4 p
L 12D°Ep,

K,=K
3 El] P

and my is an arbitrary complex constant, and K3, is a real
constant.
The equation (25), on using equation (46), yields

Dzz(z+z+2E) D = DE, _, =2 168p,D* -
+ —i(z

w=_-———-———-(z’+z)-T(z’+z) -z%)

12D’EB,

+K,,(z+2)+ i(z-2)+m,+;4

—(47)
The equations (21) and (__22) yields
h=2p|z+2)* +2E(z+2)° + (B2 =2K, )2+ 2)" 2K, E(z+ 7))
+2ip(z—2)+h4

provided D = 2 and B3 = 0. In equation (48), hy is an
arbitrary real constant.

(iv)Forw:Bln(zE)+D,

the equation (23) is satistied provided
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A'=melIn z +m, —(49)

where mg, B, D,, are real constants and m, is complex
arbitrary constant.

The stream function ¥ for'A' given by equation (49) is

(-Bzz+4m,)In(zz) 2B-D, - -
= 3 + zz+m, +m; —(50)

where m - is the complex conjugate of m,. This stream
function represents the motion whose streamlines are
concentric circles with speed constant along each
streamlines for the appropriate choice of the constants.
The generalized energy function h, in this case, is given
by

2 - I 2
e O R

Shent B &
zzlnzz+(—%+%p -D,Bpp)z +

p|- m,D,1n2z - (BD, - D?)(z+2)?

+zBpi1n[§J+ eDB oD, (z-2)* +h, —(51)
> 8 16

where hs is an arbitrary real constant.
4. CONCLUSIONS

The vorticity function w and the stream function ¥ are
expressed in terms of the complex variables and complex
function. The condition which the complex functions
must satisfy is determined through the equations for the
function h by using the compatibility condition hyy=hy,.
Some exact solutions to the flow equations are determined
using the condition for the complex functions for some
selected forms of the vorticity. Some of the solutions
admit, as particular cases, all the solutions of Moro,
Siddiqui and Kaloni [1]. The plane couette flow, the flow
due to a spiral vortex at the origin and the flows having

streamlines as a family of ellipses, concentric circles,
rectangular hyperbolae are also indicated.
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NICKEL STEEL ROLLING PROBLEMS

*

Muhammad Hayat Jokhio’, Muhammad Ibrahim Panhwar™" and Moinuddin Ali Khan"

ABSTRACT

The main objective of the present work is to study the nickel steels rolling
process and investigate the causes of scaling and distortion problem
occurring in hot rolled nickel steel plates as produced by the peoples steel
mill. For this purpose the study concerned with causes of scaling and
distortion were investigated during the steel processing at Peoples Steel Mills
and its effect on microstructure and mechanical properties were also
investigated. Tensile and hardness test were carried out to determine tensile
strength, yield strength, % elongation, hardness of the rolled plates using
universal tensile machine and Brinell hardness testing machine. The
metallographic investigation was also carried out to investigate the effect of
heat treatment on micro-structural constituents in water quenched and
tempered nickel steel plate samples. Experimental results indicate that high
temperature processing and uncontrolled process parameters were the
major causes for scaling and distortion, which effect the performance of
nickel steels.

1. INTRODUCTION

Additon of nickel to structural steel results in an increase
of strength, without proportionality great decrease of
ductility. Nickel lowers the critical temperatures of steel,
widens the temperature range for successful heat
treatment, retards the decomposition of austenite, & does
not form any carbide, which might be difficult to dissolve
during austenitizing [1]. Nickel also reduces the carbon
content of the eutectoid; therefore the structure of
unhardened nickel steels contains a higher percentage of
pearlite than similarly treated plain carbon steels [2].
Since the pearlite forms at a lower temperature, it is finer
& tougher than the pearlite in alloyed steels. These factors
permit the attainment of given strength levels at lower
carbon contents, thus increasing toughness, plasticity &
fatigue resistance. Nickel steels are highly suited for high-
strength structural steels, which are used in the as rolled
conditions or for large forgings. Because nickel does not

combine with carbon, heat-treaters may work to lower
case carbons in the processing of nickel steels [3]. Since
there is less likelihood of carbon being tied up in carbides,
the availability of case carbon for hardening is increased.
Lower transformation temperatures of nickel steels allow
greater flexibility in heat treatment. Response to
hardening is more uniform & lower quenching
temperatures can result in less distortion [4]. Nickel steels
are widely used for manufacturing gears, cam &
crankshafts, bevel shafts, turbine shafts, axels, connecting
rods, crown wheels, studs, gudgeon pins & for heavy-duty
applications [6-8]. Nickel steel was produced & cast into
slabs. Then these slabs were rolled in two high reversing
mills to achieve the required thickness of the plates.
Before rolling the slabs were heated in 9-ton per hour
pusher type reheating furnace & then discharged from the
furnace for rolling. Due to heating & exposing into open
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**  Professor, Department of Mechanical Engineering, MUET, Jamshoro.
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atmosphere the oxide layer was produced on the surface
of slab which is called as scaling. Before rolling, the scale
formed on the surface of slab should be removed, but
scale formed incase of nickel steel was sticky scale.
Sticky scale caused problems during rolling & produced a
defective plate product containing pits & small cracks. So,
for avoiding the sticky gcale problems, & producing the
defect free plates various coatings were applied on the
surface of the slabs. Initially the slab was coated with
aluminum & then with redoxine but due to high
temperatures these coadings were not effective. Then
coating of "graphite powder" with sodium silicate (Na,
Si0,) was applied on the surface of slab, which gave the
better results in rolled plates. After coating, the slabs were
rolled by making continuous successful passes through
the rolls to achieve the required thicknesses of the plates
(12, 30, 40, 45 mm). For achieving required
microstructure & hardness, the rolled plates were
quenched in water & then tempered to relieve the thermal
stresses. Due to quenching of plates in water, the plates
were become uneven & some waves produced in the
rolled plates. For removing the unevenness or for
straightening of plates some mechanical work was
adopted [9,10]. After straightening various tests like
tensile test, hardness test & folding test were carried out
on the quenched & tempered plates for achieving the
required results in the plates. Finishing was the last step
for the nickel steel plates, where the plates were grinded
& sent for storage purpose. The detail of the experimental
work is given as under: Automobile gears and axles, roller
skates, and many machine and structural components are
made of alloy steels.

2. EXPERIMENTAL PROCEDURE FOR
MANUFACTURING OF NICKEL STEEL

Experimental procedure consists manufacturing of nickel
steel, using electric arc furnace melting and alloying. The
nickel steel was cast into slabs (ingots) & then annealed at
650°c. After annealing, the slabs were heated at 1200°c
for rolling. After rolling, the plates were quenched in
water to achieve the desired microstructure & properties.
Then these plates were tempered for removing the thermal
stresses.

2.1 MANUFACTURING STEPS

Nickel steel was manufactured by charging the scrap in
the electric arc furnace (EAF). In electric arc furnace the
scrap was melted & dephosphorised & alloying additions
were also made in electric arc furnace. Then the molten
metal was transferred to ladle furnace through ladle where
desulphurization & final alloying was carried out to
achieve the required composition of steel as given in the
Table (1). From the ladle furnace the molten metal was
shifted to vacuum degassing (VD) for the removing the
gases from the molten metal by creating the vacuum into
the ladle. After degassing the molten metal was cast into
flat molds, & after solidification the slabs of 1250kg
weight were stripped off from the molds.

Table 1: Composition of Nickel Steel

Elements | %Composition max | % Composition min
e 0.15 0.12
Si 0.25 0.20

Mn 0.50 0.45
P Less than 0.015 -
S Less than 0.01 -
Cr 0.50 0.45

Mo 0.40 0.30
Ni 4.7-48 4.30
\Y 0.09 -

Cu Less than 0.25 -
Al 0.02-0.03 -
Sn Less than 0.025 -

2.2 ANNEALING OF THE SLABS

After being removed from the molds, the slabs were
placed in a furnace for stress relieving annealing. The
slabs were charged in the furnace in hot condition at about
400°c & heated to 660°c at the heating rate of about 20°
per hour [11]. The slabs were held at that temperature for
16 hours for proper homogenization & then air-cooled.
The complete cycle of the annealing is shown in Figurel.
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Since the diffusion coefficient of nickel in iron is low,
nickel does not diffuse rapidly back into the core and its
concentration becomes much higher at the interface than
in the core. Even in relatively dilute Fe-Ni alloys, the
nickel concentration just ahead of this interface can be
very high. This selective oxidation of iron and
concentration of nickel in a thin layer results in
interpenetration of the oxide and metal at the interface
and produces a tight mechanical oxide-metal bond and
substantially increased oxidation resistance. The typical
scale that forms on a nickel steel consists of an outer layer
of mainly iron oxides, an interfyer of oxides interspersed
with a largely continuous three-dimensional filigree of
nickel-rich metal, every rough and indistinct oxide-metal
interface, alone in which large islands of iron-rich oxides
are interspersed in a matrix of nickel-rich metal, and
finally an inner zone of much smaller internal oxide
particles where the more reactive residues such as silicon
and chromium have precipitated as oxides within the steel
[1,14].

Various coatings were applied to nickel steel slabs to
avoid the effect of scaling in rolled plates. Due to scaling
on the surface of slab the pits & small cracks occurred in
the rolled plates. The coating of “graphite powder" with
sodium silicate (Na,Si0,) gave the better results in rolled
plates as compared to coating of aluminum & redoxine

[1].

The mechanical properties of nickel steel specimen such
as tensile strength (1210 MPa), yield strength (1020
MPa), percent elongation (12%) were observed. High
values of tensile strength, & yield strength are due to
quenching & tempering of the plates in water. Percent of
elongation is showing the ductility of the nickel steel
plates, is due to hot working & nickel containing of steel.
The hardness of the 45 mm thick plate sample quenched
at 850°C was observed as (HB 366) & the hardness of the
same thickness plate sample tempered at 600 °c was
observed as (HB 302). The hardness of 30 mm thick plate
quenched at same temperature (850°C) as 45 mm thick
plate, was observed as (HB 360) & the hardness of
tempered plate of same thickness at a temperature of 600

°c was observed as (HB 293). The folding tests of the
nickel steel plates were also carried out & value of 120°
was observed satisfactory.

The microstructure of the quenched & tempered nickel
steel produced by Peoples Steel Mill (PSM) in the form of
plates was observed as shown in Figures (7-10). The
microstructure as shown in Figure 9 is quenched at 850°C
& tempered at 600°C, was taken at 200-magnification
power, showing the large grains of martensite, retained
austenite & may be some amount of ferrite[2,5,14]. The
microstructure as shown in Figure 10 is also quenched &
tempered at same temperature, & was taken at 500--
magnification power is clear than the photograph taken at
200-magnification power. The photograph taken at 700-
magnification power also contains the fine martensite,
retained austenite & may be some amount of ferrite [14].

4. CONCLUSIONS

1. Coating of "graphite powder" with sodium silicate
(Na, SiO,) on the surface of the slab gave the better
results in rolled plates of nickel steel as compared to
coating of aluminum & redoxine.

2. The mechanical properties like "Tensile strength”
(1210 MPa), "Yield strength” (1020 MPa) &
percent elongation (12%) were achieved during
tensile tests.

3. As a result of quenching of nickel steel from 850 °c
in water & tempered at 600 °C, the "Brinell hardness"
(HB 366) of quenched plate of 45 mm thickness was
achieved, & hardness (HB 302) of tempered plate of
same thickness was achieved.

4. The "Brinell hardness" (HB 360) of quenched plate
of 30 mm thickness was achieved, & hardness (HB
293) of tempered plate of same thickness was
achieved at same heat treatment parameters.

5. Fine martensite structure with retained austenite was
observed in the microstructure of water quenched &
tempered nickel steel plate samples.
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