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ABSTRACT

Across the world, the demand for fossil fuel is growing notably because of the growth in
vehicle populace and heavy use in energy generation plants. Vehicle exhaust dangerous
emission is inflicting global warming and heavy health issues. To tackle this issue
developing country like India opted to follow strict BS-VI emission norms. One of the
viable solutions is to shift towards alternate fuel is the need of the hour. In recent years,
predominant attention was to choose fuels that reducing fossil fuel consumption and
pollutant emissions. Natural Gas vehicles are increasing but it has some disadvantages
like low flame speed, low performance, low brake thermal efficiency, and high
emission. Gaseous fuels like methane and hydrogen are the most interesting fuel that
can be used in SI Engine vehicles as an alternative fuel. The burning fleetness of the
mixture is appreciably high, the ignition energy is low, and the lean-burn potentiality is
good. Antiknock property of Hydrogen fuel facilitates to enhance the compression ratio,
which results in thermal efficiency. Hydrogen is a non-carbonaceous fuel therefore; it
does not lead to carbon content emissions. This chaptr offers reviews on HCNG blend
compatibility with SI Engine and its Performance, Emission, and studies the combustion
fundamentals of natural gas, hydrogen, and hydrogen-natural gas mixture.
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Effectiveness of Hydrogen Enrichment in CNG Fuelled SI Engine: A Review

1. INTRODUCTION

Automotive sector and power generation plant facing enormous challenges in
fuel supply and demand chain and its cost in the past 2-4 decades. Fossil fuels
like coal, diesel, natural gas facing a deficiency in various properties to meet the
stricter emission norms and the economy of operations. Chimneys of the power
plant and tailpipe of engines emit dangerous emission that pollutes the system
and the environment. Oil price is very volatile and uncertain. It depends on the
capacity of the originating source. Vehicles with Natural gas are increasing
wherein it has many disadvantages like retarded flame speed, low performance,
below average brake thermal efficiency, and high emission. Gaseous fuels like
methane and hydrogen are the interesting fuel, which will be utilized in SI
Engine vehicles as an alternate fuel. The burning fleetness of the mixture is
interestingly high, the minimum ignition energy is low and the lean-burn
potentiality is nice. Hydrogen's anti-knock characteristic enables it to reinforce
the compression ratio, which ends up within the further enhancement of thermal
efficiency.

To enhance the overall performance of the CNG engines at the lean-burn
conditions, there need to increase its burning velocity, which may be
consummated employing blending hydrogen (Hythane). Hythane has good
flammability limits within the air with minimum ignition energy (0.02 ml).
Roopesh Kumar Mehra et al. [1] studied a mixture of Hythane 10% and 18%,
and then compare it therewith of CNG. He concluded a 6% rise in thermal
efficiency and a 4% reduction in engine emission. The single-cylinder CI engine
is modified and fuelled by HCNG is studied by S. M.V. Sagar et al. [2]. The
engine was tested at a speed of 1500 rpm at 250 BTDC; 30% Hythane blend
confirmed the pleasant anti-knocking characteristics among all HCNG mixtures.
Rohit Singh Lather, Changming Gong et al [3.4], investigated the relation of
ignition timing on combustion and emissions of Hythane fuelled SI engine at
constant engine speeds. They also dealt with the various parameters and
concluded that the rise in IMEP, rise in-cylinder pressure, good heat loss rate,
and increased combustion length at low engine speeds at numerous ignition
timings and excess air ratio of 1.40. Selim Tangoz et al. [5] operated Hythane
blend at 1500, 2000, and 2500 rpm underneath full load conditions on Isuzu
three L engine, having a compression ratio of 12.5, the highest efficiency was
usually obtained with Hythane 5 (five% Hydrogen in natural fuel) gasoline.

The HC and CO emissions usually not up to the Euro-5 and Euro-6 standards.
Liu et al. [6], full-fledged the reduction of the heat loss and increase of indicated
thermal efficiency of HCNG combination of the Atkinson cycle with high
compression ratio and low heat rejection with a 55% hydrogen blend. Due to
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prolonged and quicker flame propagation, wide flammability limits, and low
minimum ignition energy of the gas, it's a perfect condition to mix hydrogen
that enhances lean-burn capabilities [7]. Traditional, hybrid, electric, biofuel,
fuel cell, and hydrogen-fueled ICE vehicles are relatively assessed supported
their carbon dioxide and SO, emissions. Once the engine operates at partial load
the throttle causes high pumping losses that decrease the engine efficiency, it is
often overcome by lean mixture condition ends up in the misfiring of fuel. The
combustion limits can be extended by the addition of hydrogen to the regular
fuel [7, 8].

Spark ignition engine equipped with an indirect injection system with the result
of Hythane addition for PFI and DI configurations was evaluated on an
equivalent engine at 2000 rpm throttled condition [9]. Willian Cezar Nadaleti et
al. [7, 8] experimented on the three cylinders naturally aspirated SI engine.
Throughout the tests, the engine worked with a set speed of 1500 RPM. For all
fuel mix, the engine output power has been 18% of most power (for 1500 RPM)
reached by the engine for ratio combustion of HCNG fuel. Hydrogen Gas
Enrichment is a promising and trending technology within which numerous
researchers are working globally. Hydrogen gas will produce freely by the
unconventional technique and with sustainable sources.

2. FUNDAMENTAL PHYSICOCHEMICAL PROPERTIES OF
HCNG

2.1. Lower heating value

Heat Release rate after the combustion of the fuel when complete combustion is
achieved. Natural gas like Methane, FEthanol, and hydrogen have a
comparatively better value per unit mass than gasoline and diesel-fueled engine,
Lower heating value per unit volume is lower as compared to gasoline which
causes declination in the air-breathing capacity of the engine or volumetric
efficiency. Although the volumetric efficiency of Hydrogen gas is low relative
to methane of gasoline fuel, however, hydrogen requires very less air per unit
volume. Fig.1 represents the volumetric lower heating value of fuel-air mixtures
is compared with hydrogen fraction. For various mixtures and at various excess
air-fuel ratios the hydrogen addition shows the declination in LHV after A -1.6.

2.2. Adiabatic Flame Temperature and Auto-Ignition Temperature

Adiabatic flame temperature (Tad) of the fuel/air mixture having strong
influences on the combustion rates inside the combustion chamber. Elevated
combustion temperature is helpful for more complete combustion and hence
could reduce HC and CO emissions, but it adversely affects by increasing NOx
emission. Theoretical calculation indicated that the Tad of Hythane and the air
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mixture flame goes on increasing with an increasing fraction of Hydrogen. The
upgrading trend of adiabatic flame temperature with hydrogen fractions similar
in the least excess air ratios (A) as shown in Fig.2 Increase of excess air ration A
leads to a drastic decrease in combustion temperature [10]. Although hydrogen
addition can increase the peak flame temperature of Hythane mixtures from a
theoretical point of view, in real engine applications, however, its effects on
maximum in-cylinder gas temperature (Tmax) may depend upon other factors
like charge efficiency, combustion phasing, heat loss, etc.
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Fig. 2. Variation of adiabatic flame Temperature versus hydrogen fraction [5]
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2.3.Minimum Ignition Energy and Flammability Limits

Spark plug supplies the spark to ignite and burn the air and fuel mixture in SI
engines. The least initial energy required for burning and developing the flame
of the fuel in the combustion chamber is termed as Minimum Ignition Energy.
Explosion hazards are defined by this property, hence for designing the chamber
and selects the source of burning is also verified with the property. The various
properties of hydrogen are presented in Table No.1 by comparison with gasoline
and natural gas methane fuel. Hydrogen has a good range of flame development
limits compared to methane as shown in Fig.3. The addition of Hydrogen in
Natural gas has a notable increase in the flame development limit. After burning
and power stroke leftover flue gases are not getting expelled into the atmosphere
even after exhaust stroke, low scavenging, and cylinder wall temperature also
affect flame limit [21].
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Fig. 3. Variation Hydrogen fraction and its effect on upper and lower
flammability limits[5]

Tablel.Hydrogen fuel Properties Compared to Diesel, Methane and Gasoline [1, 5, 7]

Properties of Fuel Methane | Gasoline | Diesel | Hydrogen
Lower Heating Value (MJ/kg) 46.72 44.79 42.5 119.7
Volumetric Low Heating Value MJ/m?) 32.97 216.38 - 10.22
LHV For Stoichiometric mixture (MJ/m?) | 3.13 3.83 - 3.02
Density (kg/m") 0.67 720-775 | 833-881 | 0.08
Molar Mass (kg/Mol) 16.04 100-105 | 204 2.02
Diffusion Coefficient (cm?/s) 0.189 - - 0.61
Flammability Limits (Vol%) 5.3-15 1.2-6 0.7-5 4-75
Laminar Flame Speed (m/s) 0.38 0.37-043 | - 2.65-3.25
Auto Ignition Temperature (K) 813 500-750 | 553 858
Adiabatic Flame Temperature (K) 2224 2470 2327 2379
Minimum Ignition Energy(m)J) 0.28 0.25 - 0.02
Quenching Distance (mm) 2.03 2 - 0.64
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The lean burning ability of CNG or Natural Gas engine is very poor and leads to
misfiring due to insufficient fuel, this can be overcome by adding the fast
burning and highest lean-burn ability fuel, i.e. Hydrogen that can increase the
thermal efficiency and emits low emission as plotted on the graph in Fig.4.
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Fig. 4. Effects of hydrogen fraction on Equivalence ratio [5]

2.4. Quenching Distance

During the combustion in SI engine fuel is atomized by injector or design of
intake manifold, after burning which controls the motion of the flame
propagation. Due to the intricate shape of the combustion chamber when the
flame is reaching towards faraway space where relatively the cold surface is
observed, it may shorten the length of the flame. This phenomenon is called
Flame Quenching and it results in the heat loosed at those surfaces, which are
the sources of incomplete combustion and finally produce the unburned HC and
CO in the SI engine. As plotted in Fig. 5, in the fixed excess air ratio condition,
as hydrogen fraction increases three is a decrease in the quenching distance. It
also verified by various researchers as pointed out in the property Table no.1.
Hydrogen has less quenching distance (0.64 mm) as compared to that of
methane (2.03 mm).
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Quenching distance [mm]
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Fig. 5. Quenching Distances and its variation with Hydrogen Fraction [5]
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Fig. 6. Effect of hydrogen fraction on ignition delay at 0.5 Equivalence ratio [5]

2.5.Ignition Delay and Laminar Flame Speed

Inside SI Engine, the flame front compresses burnt gases, which results in the
rise of pressure and temperature of the unburnt charge, which transfers the heat
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to the remaining charge and auto-ignition takes place. This delay of flame
reaches the farthest end where a charge is waiting for the flame that can be
defined as ignition delay in the combustion chamber. To overcome this
undesirable phenomenon laminar speed or streamline flame flow is necessary.
Hydrogen addition in the CNG can increase the laminar speed of the flame
propagation

2.6. Wobbe Index and Methane Number

When utilizing gases in a thermal system, a parameter “Wobbe Index” can be
defined, this indicates the interchangeability of gaseous fuels. If two gases have
the same Wobbe Index, it is possible to directly substitute either of the gas,
without any change in the fuel system [4]. The Wobbe Index of natural gas does
not vary much when blended with small percentages of hydrogen, by volume.
The knocking characteristics of gaseous fuels for internal combustion engines
are measured using Methane Number (MN). The MN of Methane is 100, and of
hydrogen, MN is 0. A higher value of MN indicates good anti-knocking
characteristics [5]. Increasing the hydrogen percentage of methane, decrease the
MN. Therefore, it is observed that hydrogen more than 20% by volume in CNG
will not produce the desired performance in internal combustion engines [4].

3. FACTORS INFLUENCING PERFORMANCE AND EMISSION
CHARACTERISTICS OF HCNG ENGINES

3.1. Lean Burn Combustion

It is the combustion process, in which the air percentage is more as compared to
the standard stoichiometric value of the air and fuel mixture. Hythane SI
engines work smoothly with a very less misfire. Ultra-lean and lean burning
upper and lower limit of natural gas is elevated by the addition of hydrogen in
natural gas. The Upper lean burn limit can achieve higher performance
efficiency by reaching peak cylinder pressure and less coefficient of Variation.

3.2. Exhaust Gas Recirculation (EGR)

The Addition of hydrogen increases the heat generation and subsequently
increases the temperature, which results in the emission of NOx species in the
tailpipe. To tackle the emission of NOx exhaust gas recirculation method is a
viable solution.

3.3. Direct Fuel Injection System

In the SI engine recently, direct injection system increases the fuel economy.
Port fuel injection and direct fuel injection are the modern methods of fuel
injection in IC engines, but the complexity in the process increases. Ignition
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timing and injection timing are the key parameters on which the performance of
the engine can be judged. Hythanefuelled SI engine are very much depends on
the direct fuel injection system from a homogeneous mixture of hydrogen and
natural gas [10].

3.4. Stoichiometric A/F Mixture

The theoretical air-fuel mixture is called a stoichiometric air-fuel ratio when the
excess air-fuel ratio having value one. Exhaust emissions like CO and HC need
to convert into CO2 and water vapors by using a three-way catalytic converter
in the exhaust tailpipe. However, the limitations to the use of a three-way
catalytic converter for reduction of emission are that the engine should run at a
stoichiometric air-fuel ratio. Overall, thermal efficiency depends on the
conversion of these harmful products by the complete combustion of fresh
charge or converting it into final less harmful products like CO2 [6].

3.5. Ignition Timings

If the ignition is extremely early, and therefore the combustion occurs before the
compression stroke is ended, because of which the developed pressure opposes
the piston motion and lowers the engine power. If the ignition is just too late,
the piston would have already completed some a part of the expansion stroke
before the pressure rise occurs, which resulted in a significant loss
in engine power [3].

3.6. Engine Speed

Brake thermal efficiency, indicated thermal efficiency, as well as the power
output, is having a linear relation with engine speed. But we can run the engine
at a higher speed because it will deteriorate the combustion process by
producing very high unburnt charges. To get a higher speed without affecting
the combustion process requires high quality of fuel, higher lean-burn ability,
good scavenging, and precise ignition and injection timing [3].

4. PERFORMANCE AND EMISSION OF HCNG ENGINE

Mechanical Power, thermal efficiency, power/torque output of the engine are
the most important performance parameters of the engine.

4.1. Energy Consumption, Power Output, and Engine Torque

The minimum ignition energy of hydrogen fuel is on the higher side than the
gasoline and natural gas fuels, which results in a higher amount of energy
consumption as hydrogen percentage increases in addition to natural gas. From
Fig. 7 at different excess ratio variations in the energy consumption due to the
availability of oxygen for complete combustion higher energy is required.
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Fig. 7. Energy Consumption at different hydrogen fraction with different air-fuel ratio
(26]

Hythane blend fuelled engines prominently signifies the better results compared
to natural gas engines. The high heat dissipation rate from the cylinder
compartment results in higher thermal efficiency and power output. Fig. 8.
Shows the relation of the power output versus different hydrogen fractions at
various RPM and it shows the increasing trend in power.The Power output at a
different fraction of hydrogen from 0 to 50% at different excess ratios also

shows an increasing trend with an increase in hydrogen percentage as shown in
Fig. 9.
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Fig. 8. Effect on the Hydrogen different percentage of power output [5]
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Fig. 11. Indicated thermal efficiency at different excess air ratio at different hydrogen
fraction [5]

Torque output defines the load levitating capacity as within the graph shown in
Fig.10 Relation between excess air ratios, hydrogen fraction, compression ratio,
and torque of the engines at the shaft. The lean-burn ability of the hydrogen
fraction is nice and it can help to extend the compression ratio of the engine for
better power output performance and thermal efficiency.

Fig.11 represents the relation between the surplus air ratios and indicated
thermal efficiency at a different fraction of the hydrogen. As hydrogen
percentage increases the indicated thermal efficiency increases with the good
lean-burn ability [5].

4.2. Emission Performances

The most fascinating and deserving property of the Hythane blend has the
power to supply low levels of carbon monoxide, Hydrocarbon, CO2, and sulfur
dioxide emissions as compared to Diesel, NG, and Gasoline engines. But there
are chances of a rise within the level of the NOx because of high burning
temperature. The graph is shown in Fig.12 ad 13 at 50% Hydrogen blends the
best NOx emission. Ignition timing also plays a crucial role as an immediate
relation with the retardation and NOx emission [5, 6].

12
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Fig. 13. NOx emission at different Excess Air Ratio and Hydrogen Fraction [5]
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4.2.1 Total HCs Emissions

The predominant causes of hydrocarbon emissions in S.I. engines are that the
incompletely burned fuel trapped within the combustion chamber’s intricate
spaces where flame cannotreach. Incomplete burning of fuel by flame
quenching within the vicinity of the cold combustion chamber wall or nearby
spaces as well as air-fuel homogeneity is another source [53]. A mix of Hythane
can effectively reduce the flame atomization distance and extend the

flammability region.

4.2.2 CO Emissions, Particulates, and Other Unregulated Emissions

The addition of hydrogen in natural gas reduces the emissions of carbon
monoxide and it has a decreased trend if the continuous addition of increased
hydrogen percentage [39]. Particulate matter emission is very less in the case of
Hythane as compared to gasoline and natural gas engines. Fig.14 and 15 shows,
emission trend compared with A by adding a special fraction of hydrogen, it

shows that the addition of hydrogen decreases the overall emission species.
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Fig. 14. Hydrocarbon emission at different excess ratio and different hydrogen fraction

(5]
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4.3.Lean Burn Limit

Hydrogen addition to natural gas is one of the key reasons to increase the lean-
burn ability which signifies the rise of power output and a reduction in the
engine emission. The fuel economy has also increased because of higher lean-

burn ability, but it may result in frequent misfires.

60
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w
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Fig. 15. Carbon Monoxide emission at different excess ratio and different hydrogen
fraction [5]

4.4. Excess air ratio (1)

It is the quotient of the actual air-fuel mixture to the standard stoichiometric air-
fuel ratio, it is denoted by A. When the value of A is more than one, then it is the
rich air-fuel mixture and if it is less than one, then the mixture of air and
fuel is taken as lean. Stable engine combustion is the function of the variation of
the various properties at peak cylinder pressure and effective pressure on

indicated power.
Figure 16 shows the mass of the particulate size at different percentages of

Hythane Fraction like 0, 10, 20, and 30Percent at various engine loads. Table 2,
3 & 4 gives detailed information about the parameters that need to consider

while studying Hythane Blend.
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Table2.Engine Parameter needs to study

Parameters of Engine to
Control or Optimized

Parameters of study to
meet objectives

Instrument for
Measurement

Equivalence ratio(A), Air-
fuel ratio

Maximum brake torque
(MBT),

Suitable Lambda
Sensor, customized
high volume flow rate
solenoid injectors

Brake torque, Fuel mass
flow rate, Engine speed,
Exhaust gas temperature,
Calorific values of the test
fuels, and volumetric energy
density of the test fuel.

Indicated thermal
efficiency (ITE)

HCNG Vol %

Brake thermal efficiency
(ITE), brake power

Dynamometer

Pressure-crank angle, Crank
Angle Degree, Spark, and

Maximum in-cylinder
pressure

Injection Timing

Peak cylinder pressure

Heat release rate (HRR),
Rich A/F Ratio

Brake specific fuel
consumption (BSFC),
Brake mean Effective
Pressure (BMEP), Brake
Specific energy (BSEC),
Volumetric efficiency

Pressure Transducer,
Data acquisition
system, Flowmeter,
Gas sensor

Table3.Operating Parameters to be focused

Parameters of Engine to
Change or Optimized

objectives

Parameters of study to meet

Instrument for
Measurement

Wide-open throttle, valve
overlap timing, RAFR, port fuel
injection, engine loads

Octane Number

Engine backfire, Research

Precision shaft

Port injection system, injection
timing

Lean Burn Limits

encoder

CR, crank angle position for
various test fuels, shorter
burning duration

Heat release rate
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Fuel injection pressure, fuel
injection system, compression
ratio

Peak pressure, coefficient of
variation of indicated mean
effective pressure

Decreased Combustion Duration
with an increase in BMEP

Mass fraction burned,
Effective Pressure

Coefficient of variation
knock's tendency

Flame speed, adiabatic flame
temperature

Peak cylinder temperature

Thermocouples

Table 4. Emission Parameters under consideration

Parameters of Engine to

Parameters of study to meet

Instrument for

Valve overlap angle, low
carbon content

Total Hydrocarbon(THC)

Hydrogen-to-carbon ratio

Greenhouse

gas emissions

Incomplete combustion,
misfire, insufficient oxygen

HC, CO, NOx,

Change or Optimized objectives Measurement
Optimizing Compression
p, £ P . Reduce HC, NOx and CO
ratio, Lean combustion. L.
E i+ rati d Teniti Emissions, unburned
xcess-air ratio and Ignition .
o hydrocarbons, CO2, particulate
timing, EGR rates, exhaust y p Measurement
matter .
gas temperature and Plotting
Graph by

exhaust gas
emission
analyzer, Nitric
Oxide sensor

Table 5.Summary of the Literature

Authors Findings Research Gap Ref.
Hydrogen addition allows | Finding perfect mixture
the engine to works on | proportion is major
Roopesh higher compression ratio | problem with
Kumar without any combustion | implementing HCNG fuel

Mehra instability compared to

[2017] CNG, which

thermal efficiency.

improves

performance

Optimum spark timing and
A/F  ratio for  best

Delayed ignition

(1]

timing
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and lean combustion are
the area should be focused
in future to regulate NOx
emissions level.

Investigate particulate

emissions from HCNG

Very little research has
been done on particulate

S.M.V. Sagar . emissions from gaseous
fueled prototype engine, for . 2]
[2018] . fuels, especially HCNG
diverse test fuel )
mixtures
mixture compositions
This paper is | It is necessary to develop a
comprehensive overview of | strategy to control the NOx
combustion fundamentals | emissions under the
o of hydrogen-natural gas | promise of successful start
Rohit Singh . . . .
Lath mixture in SI Engine, The | of engine.
ather.
[2018] air-fuel ratio, the time of (3]
injection, the compression
ratio and speed play a
major role in blending
HCNG in an SI engine
Experimentally The relationship between
investigated the effects of | NOX and soot emissions
. ignition timing on | with added hydrogen needs
Changming

Gong [2019]

combustion and emissions
of an SI methanol engine
with added hydrogen at
different engine speeds

to be clarified on future
research work

(4]

The
properties of hydrogen and

physicochemical

The
need to be optimized and

hydrogen fractions

Fuwu Yan | its mixture with natural gas | corresponding adjustments
[2017] were firstly are required for various (5]

Analyzed othér engine operating and

design parameters

hydrogen-fueled internal | Hydrogen widespread use

combustion engines have | is still likely to be hindered

the lowest GHG emissions, | by many practical

Canan Acar | hydrogen fueled internal | difficulties of large scale
[2018] combustion engines have | hydrogen production, [6]

the lowest social cost of | storage, fueling

carbon

infrastructures as well as

engine abnormal
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combustion.

Willian
C_ezar
Nadaleti
[2017]

Experimental study of H-
CNG fuel with partial load
analysis of SI engine for
road transport application.

The combustion duration
had a significant effect on
both
emission characteristics of

performance  and

the engine. It is another
that should be
carefully to

factor
designed
achieve the best results
from the engine's work

(7]

S.M.V.
Sagar, [2017]

Experiment was conducted
on SI using various % of
HCNG mixtures having 0,
10, 20, 30, 50, 70 and
100%.The performance and
combustion characteristics
of these test fuels were

compared with that of
baseline CNG, versatile
dynamic HCNG mixing

System is used for correct
composition

In order to conduct a
comprehensive study and
make sound conclusions, it
is necessary to investigate
entire span (0 to 100%) of
hydrogen fraction in the

HCNG mixtures.

(8]

This paper is comparison
between CH4 and different
CH4/H2 mixtures in a

Further improvement can
be obtained reducing the
duration of injection by

F. Catapano | single-cylinder Port | using higher injection
[2016] Fuel/Direct Injection spark | pressure. (9]
ignition (PFI/DISI) engine
operating under steady state
conditions.
This analysis considers | Comprehensive study can
engine  load  variation | be expanded to identify
through a variable | engine configurations and
GM. equivalence ratio, with the | strategies for reducing
. application of an in-house | pollutant emissions
Kosmadakis . .
research, three-dimensional [11]
[2016]

computational fluid
dynamics code (3DCFD)
for detailed
simulations

in-cylinder
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fuel
consumption by 14.04%.

Decrement of

The operating parameter
and design parameter such

Bar;;/é;:;l;goz Taking into account the | as spark timing and [13]
power costs, the fuel saving | Compression ratio should
is 8.03%. be optimized.
Isuzu 3.9 L engine having a | Optimization of Hydrogen
12.5 compression ratio CNG mixture need to
at 1500, 2000 and 2500 select. carefully anq the
rpm using ignition timings .sele.:c.tlon. _Of optimum
Selim | of 5. 10, 15 and 20 deg. CA | 80N Himing:
Tangoz BTDC fuelled by pure (4]
[2017] CNG, HCNGS, HCNGI1O0,
HCNG20. The HC values
were generally obtained as
lowest values at HCNGS
for given engine speeds and
advance.
Engine investigations were | HCNG engine fueled with
carried out at constant | a higher hydrogen fraction
engine speed of 1500 rpm | may  cause  abnormal
42 for different H/C ratios, | combustion such as pre-
Spark timing and RAFR | ignition, knock and
sil D kept constant. It shows | backfire
ilvana Di :
Torio [2015] i;%vheerrmla)l i?rlilulr); essure, but Numerical mode.ling and | [15]
CFD analysis of
Brake torque (MBT), BTE | combustion model and fuel
was higher and NOx | injection timing are having
emissions also big scope for the analysis
of combustion
performance.
Combination of Atkinson | Validation by Software is
cycle with high | need to study n depth
compression ratio and low
Yang Liu heat rejection on the
[2019] hydrogen-enriched [16]
Compressed natural gas
prototype engine with 55%
hydrogen blend
B.G. Agaie Investigated the effects of | Production and storage of
[2018] hydrogen on the | hydrogen can be made | [18]

combustion stability and

completely sustainable
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thermal efficiency of a T-
GDI
stoichiometric ~ to

engine in
lean
conditions with low to high
loads

which
dramatically enhance the

also could
contribution of fuel cell

and hydrogen internal
combustion engines in the

transportation sector.

Deymi
Dashtebayaz
[2016]

Engine's work is important
factor need to improve by
using different mixtures of
methane and hydrogen

Engine's work is important
factor need to improve by
using different mixtures of
methane and hydrogen.

[21]

Tadveer
Singh Hora
[2015]

were
study the
effect of varying content of
hydrogen in HCNG. Effect
of 0%, 10%, 20% and 30%
(v/iv) of HCNG
experimentally analyzed at

Experiments
performed to

was

constant engine speed 1500
rpm

Optimization HCNG blend
composition

[23]

Saheed
Wasiu
[2018]

An experimental study has
been performed to study
the brake specific energy
consumption (BSEC) and
exhaust emission
characteristics of the direct
injection hydrogen
enriched compressed
natural gas engine (DI-
HCNG) at various air-fuel
ratios., BSEC increases,
BSCO decreases, BSNOx
BSUHC

Decreases as H2 %

Decreases and

increases

Brake
Consumption

Specific  Energy
need to

calculate accurately

[26]

Santiago
Martinez
[2018]

900 rpm and WOT, with
methane as baseline fuel,
25%vol and 50%vol of
hydrogen  addition to
methane, and finally two
syngas equivalent

Mixtures, with 50%vol and
75% vol hydrogen content

Spark timing re-calibration
is required in order to fully
take of fuel
properties such as higher

advantage

laminar flame speed and
increased stability

[32]
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Investigated the effect of | Addition of H2 in the
initial CvCC filling | HCNG blends must be
pressure, k and H2 | optimized to get superior

percentage in the HCNG | engine combustion,
Rajesh mixture on flame kernel | depending on the
Kumar evolution, peak cylinder | application.
Prasad pressure during [34]
[2016] combustion, and

combustion duration, when
laser ignition was used to
initiate the combustion in
the CVCC.

For stoichiometric | Engine characterization
operation, the addition of | should not be made on the
hydrogen to CNG has | basis of one cylinder only
produced a brake-specific
Javad Zareei | fuel combustion (bsfc)
[2018] reduction ranging between [38]
2% and 7% and a brake-
specific  total unburned
hydrocarbons (bsTHCs)
decrease up to 40%.

S. CONCLUSION

This study reviews the compatibility of the Hythane blend in SI Engines.
Hydrogen has good characteristic sort of a lean mixture burning ability,
minimum ignition energy, and a wide range of flammability and when blended
with natural gas it elevates laminar and streamlines burning velocity of the
combustion which caused high flame travel for complete combustion of fuel.
Because of complete combustion and streamline flame velocity lower fuel
combustion to brake power of the engine. Various studies concluded that overall
thermal efficiency increases with compared natural gas-fueled SI engines,
considering the parameters like lean mixture and different sparking timing.
Variation in natural gas operations in the process is more and unstable
operations of the engine. Hythane predominantly decreases this instability of
vehicle performance. Due to high flame speed and more amount of energy
produced during power strong results in temperature rise at the end which
causes NOx emission. Other species of tailpipe emissions like HC, CO, CO2,
and SO2 significantly reduces due to carbon-free hydrogen gas. Due to the high
auto-ignition temperature of the Hythane and air mixture compared to diesel and
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gasoline fuel compression of the engines is often increased to urge the higher
power output. The methane number of Hydrogen is zero as a Hydrogen fraction
increases over 40%, then it's having limits to use as a fuel in engines. Currently,

hydrogen generation and storage are facing huge challenging issues which are
the scope for future studies. CNG infrastructure is insufficient for the extensive
use of hydrogen.

NOMENCLATURE
BSEC Brake Specific Energy Consumption
BSECO Brake Specific Emission Carbon Monoxide
BSFC Brake specific fuel consumption
BTE Brake thermal efficiency
CFD computational fluid dynamics
CNG Compressed natural gas
co carbon monoxide
CO, carbon dioxide
EGR Exhaust Gas Recirculation
HC hydrocarbon
HCNG Hydrogen and Compressed natural gas
Hythane Hydrogen and Compressed Natural Gas Blend
IC internal combustion
NOx Nitrogen Oxides
SI spark ignition
Noih Brake thermal efficiency
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ABSTRACT

The heavy-duty diesel engines play a significant role in agricultural production.
However, the lower efficiency, higher fuel consumption, and environmental pollution
put a barrier to their effective utilization in the farmland. Hence, there is an urgent need
to effectively enhance efficiency by tapping the rejected heat, which is otherwise
directly expelled into the atmosphere. The present work proposes an entropy generation
analysis of the heat recovery system. The conventional energy analysis is not sufficient
to detect the sources/components for maximum exergy destruction. Hence, entropy
generation analysis based on the second law is implemented to obtain the exergetic
efficiency. The organic Rankine cycle using R-245fa as working fluid is used to recover
the rejected heat discharged from coolant, lubricating oil and intercooler. The total
exergy input to ORC system is calculated as 545 kW. The maximum irreversibilities are
found in the evaporator (137kW) which is approximately 25% of the total exergy input
followed by turbine, condenser and pump. The total exergy loss is higher in condenser
as compared to turbine whereas irreversibilities are more in turbine than condenser. It
means that a huge available work is lost in the cooling water.
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Waste Heat Power Generation System Integrated with the Agricultural Machinery

1. INTRODUCTION

The continuous depletion of fossil fuels, high-energy cost, and energy
dependent society along with stringent environment legislations demands for
highly efficient systems/ technologies. The agriculture sector is heavily relying
upon the high-grade energy in the form of heavy-duty diesel engine (HDDE)
[1]. These engines produce a lot of environmental pollution and possess lower
efficiencies. There is a huge amount of rejected heat is being discharged directly
into the atmosphere. Broadly, the rejected heat is categorized as high
temperature and low-temperature heat sources [2-3]. The exhaust gas from the
HDDE is a high temperature heat source whereas heat recovered from the
lubricating oil, coolant, etc. are low temperature heat sources. There is a need to
tap the rejected heat by implementing various thermodynamic technologies like
organic Rankine cycle (ORC), supercritical Co, cycle, Kalina cycle,
trigeneration cycle, thermo-acoustic power generators, etc. [4-5]. The waste heat
can be further utilized for district heating, heat pumps, and power generation,
etc. [6]. The rejected heat has a huge work potential, which further reduces the
system operating cost by using heat recovery technologies.

The technologies for recovering the high temperature heat have already been
commercialized. However, there is much less information on the low
temperature waste heat recovery integrated with HDDE. Sayedkavoosi et al.[7]
presented an exergy optimization of ORC for recovering rejected heat from IC
engine. It was concluded that R-123 is the best working fluid under the set
conditions and generated 468 kW power. Kumar and Shukla [8] presented the
ORC for solar thermal power plant using Benzene as working fluid. Li et al. [9]
studied the thermal performance of the ORC using R-245fa and carbon dioxide.
Kaska [10] presented a rejected heat recovery system from a steel industry using
an ORC. It was concluded that boiler pressure has a great impact on the exergy
and energy performance. The literature suggests that R-245fa has excellent
thermos-physical properties, which makes it suitable for low temperature
applications.

In order to evaluate the work potential of the rejected heat, second law analysis
is required based on energy and irreversibility rate. For a real process, entropy is
generated due to internal and external irreversibilities. An effort has been made
to evaluate the thermodynamic efficiency of the recovery system for the heavy-
duty agricultural engines. The ORC system was installed driven by rejected heat
of recover the low-temperature waste heat discharged from coolant, lubricating
oil, and intercooler.
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2. METHODOLOGY

The line diagram of the ORC is shown in Fig. 1. Hot heat transfer fluid
(Therminol 66) was obtained after circulating through the engine compartment.
The properties of R-245fa is given in the Table 1 [11]. An easy step-by-step
general procedure to study the performance of a heat recovery system is also

presented.
Therminol_66 :
= Therminol_66,
iia 140C
— AA—
Evaporator
4
Pl"“p R-245fa Turhinc
34.9 °C
3
Condenser
VWM —
;" 7
Cold water, Inlet 32 °C
27°C, Cold water,Outlet
Fig. 1. Organic Rankine cycle system [10]
Table 1. Properties of working fluids
Refrigerant | Critical Critical Boiling Molecular ODP GWP
Temp. Pressure Temp mass (g/mol)
°C) (bar) °C)
R-245fa 154.2 36.4 15.05 134.05 0 950

Input Conditions

1. Ambient conditions are assumed as 25°C; 1 bar.

The working fluid R-245fa is dry saturated at the inlet of turbine.

2.
3. The efficiency of turbine and pump is 75 %.
4. Condenser temperature is 34.9°C and the corresponding pressure is 3.28

bar.

5. Therminol-66 is used as heat transfer fluid flowing at 25 kg/s.
The first step is to evaluate the optimum evaporator pressure based on the

constant PPTD of 6.8°C.
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Pinch Point temperature,

oss = Toou) gy, T, (M)

14

T, =

Pinch point temperature difference,
AT, =Ty, —T; 2

Second step is to use the energy balance in condenser.

. Cy(T = T.0,)=mn(hy =) ®
where, m. and my are the flow rate of cold water and working fluid respectively,
T.ouw and T, are the outlet and inlet of cold water,h, and h; are the inlet and
outlet enthalpies in the condenser. Third step is to evaluate the waste heat flow

rate into the evaporator.

h’lﬂ (hl - h4) = thp (T;z,in - T ) (4)

h,out

where, my, is the mass flow rate of waste steam, T}, ;, and T, o, are the inlet &
outlet temperature of steam.

AT,

Y 1

Temperature
co
\'

th

—
Q (W)

Fig. 2. Temperature-Heat Transfer Diagram for Evaporator

Fourth step is to evaluate the exergy rate at all the state points using the basic
equation given by second law of thermodynamics

Exergy rate,

E=me=mx[h—h —T,(s—s,)] ®)
where, e is specific flow exergy,
Fifth step is to calculate the rate of exergy destruction
For an unsteady control volume system with single inlet and outlet

irreversibility rate is given as,
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7 ) q dssys
I=munT)|\s,, —S,)t—+— (6)
S |:( t ) T dt :|
For steady flow,
dsvys‘
— 0 @)
dt
Each component in ORC is described with the following equations Process 3-4
(Pump)
n = Wp,ideal — hg _h4a (8)
g Wp,act I/Lj - h4
154 :’hﬂTo(szt _53) ©)
Process 1-2 (Turbine),
77 _ m,uct (10)
=
‘/Vt,ideal
112=n.1f1T0(s2—S1) (in
VVlZ :mﬂ To(hz_hl) (12)
Process 4-1 (Evaporator),
Exergy balance in evaporator,
I;“+ EngE‘l =E'7+E1 (13)
Exergetic Efficiency, Evaporator,
E —-E,
ex,eva, = T = (14)
Tevur ( E,—Ey J
Heat transfer in the evaporator,
Q. =m,(h~h,) (15)
Process 2-3 (Condenser)
Exergy balance in Condenser,
I§3+ E, +E10 :E.9+E2 (16)

Exergetic Efficiency, Condenser,
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ElO — E9
ex.cond — (17)
N ox cond ( E,E,
Total Irreversibility,
jtotal:I$4+I'41+112.+I'23 (18)
Net Work done,
Wnet = W _Wp = E'in - Eloss (19)
Exergy Input to the evaporator by the furnace cooling water,
Ein = E7_E8 (20)
Energy Efficiency of ORC,
w-w
Moy == @1
0,
Exergetic Efficiency of ORC,
_ net
nexerg - . 22)
E.

m

3. RESULTS AND DISCUSSION

The mathematical model is solved to evaluate the exergy efficiency of the
combined system. The heat transfer fluid supplied 2359 kW of heat to the ORC
which generates a gross power of 222 kW at turbine shaft. The pump work is
negligibly small (11 kW) as compared to turbine output. The net first law
efficiency of the ORC system is 9 % at a fixed pinch point temperature of 6.8°C
using R-245fa as a working fluid. The total exergy input to ORC system is
calculated as 545.2 kW. The maximum irreversibilities are found in the
evaporator (137kW) which is approximately 25% of the total exergy input
followed by condenser, turbine, and pump. The total exergy loss is higher in
condenser as compared to turbine where irreversibilities are more. It means that
a huge work potential is lost in the condenser cooling water.

The effect of waste heat source temperature on the energy and exergy efficiency
is given in Fig. 3. The energy efficiency decreases from 44 % to 23 % at the
heat source temperature of 135 °C and 165 °C, respectively. Also, the exergy
efficiency also decreases with the rise in heat source temperature. The
maximum exergetic efficiency of 85% is obtained at 135°C. The higher
temperature of the heat source reflects the large destruction of exergy. The
effect of evaporator pressure on energy and exergy efficiency is shown in Fig. 4.
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The energy and exergy efficiency of the ORC rises with an increase in
evaporator pressure. The increased pressure at the evaporator inlet produces
more turbine work and hence gives the higher potential for the available work.
The exergy efficiency rises from 36% to 49% when the evaporator pressure
increases from 750 kPa to 1200 kPa.

Table 2. Thermal performance data based on Energy and Exergy analysis

Component | Process Irreversibility | Exergy Heat Exergy
(kW) Efficiency | transfer Losses®
/Work
(kW)
Turbine Isentropic(ideally) | 4.5 80.67 % 2224 1.8 %
Condenser | Isobaric 107.4 23.7% 2219 42.97 %
Evaporator | Isobaric 137 74.9% 2359 55 %
Pump Isentropic(ideally) | 0.26 72% 11 0.1 %
Total - 249 Energy Efficiency----- 9.1%
(Cycle) Exergy Efficiency ----- 38.7%
0,9 0,5
—@— Exergy efficiency
z Energy efficiency S
c c
206 - 04 .9
2 é
@ ©
> >
20,3 L 03 &
@ ]
x c
w w
0 L 0,2
135 140 145 150 155 160 165
Heat source temperature (°C)
Fig. 3. Effect of heat source temperature on thermal efficiency
0,6 I 0,11
05 P i
.§ 0'4 ./.M_**-*_- B 0/1 >
(%] (%)
£ 0,3 3
[ Igd —_
& £
5 0,2 - 0,09;:0
w
0,1 E
0 | 0,08"
750 850 950 1050 1150

Evaporator pressure (kPa)

Fig. 4. Effect of boiler pressure on energy and exergy efficiency
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Fig. 5. Effect of evaporator pressure on irreversibilities of individual components
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Fig. 6. Influence of condenser pressure on energy and exergy efficiency

The irreversibilities in the individual components with the rise in evaporator
pressure are shown in Fig. 5. The exergy loss decreases with the rise in
evaporator pressure due to increased turbine work. The irreversibilities in other
components like turbine, pump and condenser are unaffected with the change in
evaporator pressure. The maximum exergy destruction of 225 kW is observed at
an evaporator pressure of 750 kPa. The influence of condenser pressure on the
energy and exergy efficiency is shown in Fig. 6. Both the energy and exergy
efficiency decreases with the rise in condenser pressure. The rise in condenser
pressure reduces the new work obtained at the turbine shaft, which is
responsible for the reduction in efficiencies. The exergy efficiency reduces from
47.7 % to 13.6% when the condenser pressure increases from 200 kPa to 700
kPa.
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4. CONCLUSION

The thermodynamic model is built based on the entropy generation for low

temperature waste heat recovery system integrated with agricultural engines.

The following conclusions have been drawn from the work.

The net energy and exergy efficiency of the system is 9% & 39%,
respectively.

Energy and exergy efficiency falls with the rise in heat source
temperature.

The rise in evaporator pressure increases the net work output which
further enhances the thermodynamic efficiency of the ORC.

The irreversibilities increase in the evaporator with the rise in pressure.

The rise in condenser pressure adversely affects the system efficiencies.

The presented results provide a detailed insight into enhancing the exergy

efficiency of low-temperature ORC integrated with agricultural, heavy-duty

diesel engines.

NOMENCLATURE

SEUEE

s

~
s=8N

Specific exergy flow
Exergy rate (kW)

Exergy input (kW)
Irreversibility (kW)
Temperature (C)

Pinch point temperature (C)
Pump work (kW)

Turbine work (kW)
Effieciency
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ABSTRACT

Water shortage is a serious issue that cripples agricultural production worldwide. One of
the most important technologies for the arid and semi-arid regions is drip irrigation. In
designing and maintaining the drip irrigation system, knowledge on the depths and
widths of the wet soil zone plays a major role. There is a lack of models under soil-
based growing media to predict wetting patterns, since the applicability of available
models was limited to soil only. Therefore, the objective of this study was to construct a
dimensional analysis model to estimate the depth and width of wetting patterns under
various growing media. Therefore, a model was developed to determine the geometry of
the wetted root area under different growing media using a semi-empirical model and
dimension analysis method. The predicted values of wetted zones were compared with
those obtained from field experiments performed on the same soil. The experiment
included the determination of the maximum wetted zone depths and widths under
various growing media. Based on RMSE, ME, and ModEF parameters, model
performance was highly valued. It is therefore possible to use established models to
predict wetting patterns under soil, soil + sawdust, and soil + coirpith with water source
line application. Model developed in this study for different growing media was highly
recommended based on ModEF. Therefore, estimated model can be best fitted to desire
the emitter spacing in designing of drip irrigation system under soil, soil + sawdust and
soil + coirpith. Thus, helps in efficient application irrigation and therefore it will
increases in water use efficiency.

Keywords: Buckingham Pi Theorem, Drip irrigation, Dimensional analysis, Depth of
wetting, Width of wetting
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1. INTRODUCTION

The demand for water is steadily growing owing to population growth,
industrial development and improved living standards. The per capita water
allocation has decreased substantially due to population growth, and is
perceived to be the limit of water poverty. Water shortages are thus the main
issue and a significant limiting factor for implementing the potential economic
growth plans of the country. Drip irrigation only helps to increase the efficiency
of water use if the system is built to suit the conditions of the soil and plants.
The information on the zones of wetting patterns under emitters is a prerequisite
for designing and operating system of drip irrigation[1]. This will ensure that
the water and fertiliser in the root zone of the crops are uniformly distributed.
Among the various inherent problems with drip irrigation, deep percolation
water losses and small horizontal wetted width are often considered a issue
when applying drip irrigation. Alternative method has been shouted to conserve
moisture, such as soilless media, soil based growing media and mulching etc[2].
Now-days artificial growing media getting popularized because of their easy
handling, reduced weight, long-lasting moisture storage, easy exchange of
media - once the soil born problem arises [11]. [7] A simplified semi-empirical
approach has been developed to evaluate the geometry of wetted soil zones in
line water sources where the geometry of wet soil (wetting width and depth at
the end of irrigation) depends on the form of soil, the discharge of the emitter
per unit of lateral length and the content of soil water in the soil. The saturated
hydraulic conductivity was represented as the soil type [5]. Only as a function
of applied water and basic soil properties such as saturated hydraulic
conductivity under surface drip irrigation systems, this model predicts wetting
front position [4]. The complexities inherent in computational and analytical
approaches for the purpose of design are therefore reduced. For most field
conditions, information on the distribution of matric potential or water content
within the wet soil zone is not needed[9]. However, knowledge of the depths
and widths of the wetted soil region should perform the purpose [3]. There
seems to be a lack of model available for estimation of wetting patterns under
different soil-based growing media, as the applicability of the above model was
restricted to soil-based predictions only. Therefore, there is a necessity to
develop a new model to predict wetting patterns under soil-based growing
media with a water application line source[10]. The objective of the study was
therefore to establish a model of dimensional analysis to predict wetted depth
and width under various growing media.
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2. METHODOLOGY

The investigation was performed on sandy loam soil using pit method and for
artificial soil based growing media (soil + sawdust (2:1) and soil + coirpith
(2:1)) using flexi glass container. Trench of depth x width x lengthin 1 x 1 x 1
meter were dug and 0.3 x 0.6 x 0.6 meter flexi glass were used. The flexi glass
container had transparent front wall and was filled with the media (soil +
sawdust (2:1) and soil + coirpith (2:1)) it was dried by air and passed through a
2 mm sieve. The packing of 5 cm layers of pre-weighed media has ensured
standardized bulk density. A dripper test set up consisted a 16 mm OD lateral
with a tap valve and end cap. Once the dripper test set up was connected to the
water source (from bucket) the dripper discharge rate was measured prior to the
start of experiment. To avoid error due to pressure head difference the constant
water level was maintained throughout the experiment and it was checked
through placing the measuring cylinder below the emitter. Thus, the rate of
dripper discharge was regulated accurately by means of measuring cylinder and
time before starting the experiment. Therefore, once the dripper discharge was
assured to be constant, the lateral tube with dripper was placed on any one side
of the pit and the container. Immediately after water flow started dripping on the
soil surface, the timer was put ON. The position of wetting depth & width was
measured at a fixed time interval until the end of experiment.

2.1. Model Development

To estimate the wet geometry of the soil, dimensional analysis is used.
Dimensional analysis establishes the relationship between physical variables as
one of the methods of establishing numerical models in physics, using the data
given by the dimensions of physical variables according to the consistency of
dimension theory[6].More precisely, the n-theorem of Buckingham is used for
dimension consistency analysis. The theorem states as “If there are n variables
(dependent and independent ones) in a dimensionally homogeneous equation
and if these variables contain m fundamental dimensions, then the variables are
arranged into (n-m) dimensionless terms and these dimensionless terms are
called @ terms”. The wetting pattern dimensions depend on the total volume
water (V), the rate of discharge of the emitter (q) and the saturated hydraulic
conductivity of the soil (Ks) [10]. The two functions can be written as follows:
There were two different functional relationships of a wetted soil volume, one
for wetted soil depth (D) and the other for wetted soil width (W).

W= f,(V,q,Ks) (1)
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D= f,(V,q,Ks) 2)

Where f) and f, are function sign

Three-dimensional independent terms were formed using dimensional analysis
that are expressed as the basic dimension of each variable and can be written as

follows,
W=L,D=L,q=LT", Ks=LT", V=L’
By rule no.1 the number of 7 terms (free variables) is equal to (n-m).
Whereas,
n = Total no. of variables in the experiment
m = Number of reference dimensions
Free variables =n-m=5-2=3

F(r,,7,,m,)=0 3

The repeating variables were chosen as q and KS, which include all

fundamental dimensions, according to rule no. 3.
First = term

The dimensionless terms were developed by combining one of the free variables
with all dependent variables, beginning with free variable W, by incorporating
W with dependent variables, so that the first term can be developed by
incorporating W with dependent variables as follows,

7w, = KsqW )
Estimating a; andb,(Combination of a; andb; is dimensionless)
(LT-H% (3T YHbr.L = LOT°
So: a;1+3b;=-1 (for L)
-a;-b;=0 (forT)

Therefore,

1 1
asy n={3)

Hence the First 7 term is
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1

7 =W (ﬁjz )
q

Second 7T term

The second term can be written as follows by following the previous steps.
7, = Ks.q.D (6)
Estimating a, andb,(Combination of a, andb, is dimensionless)
(Lr)" (£T) L=LT"
So: a;+3b;=-1 (forL)
-a;-by=0 (forT)

Therefore,

1
2
z, = D(ﬁj )
q
Third r term
Repeating the preceding steps, the third term can be obtained as follows
7, =Ks.qV (8)

Estimating a; andb;(Combination of a; and b, is dimensionless)
a “1\h
(Lr)" (1) L =71
So: a;+3b;=-3 (for L)

-ap - b1 =0 (fOI' T)

Therefore,

el

Hence the third m term is
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3

7, :v(ﬁjz ©)

q
From eq. 5, 7 and 9 the dimensionless variables are formed as
1
2
W =W(ﬁ] (10)
q
1
2
D*:Diﬁj an
q
3
2
V¥=V (ﬁj (12)
q

From graphical representation of the dimensionless variables following power

relationship existbetween dimensionless parameters.
W* = A1 (V *)”l (13)

D*=A,(V*)" (14)
Where, in above equations n; and n, are exponents, A; and A, are constants

Substitute the equation (10) and (12) in Eq. (13) for wetted width,

1 3\
Ks 2 Ks 2
q q
(15)
3m-1
K 2
W=AV" (—S
q
Substitute the equation (11) & (12) in Eq. (14) for wetted depth
1 3\"
Ks |2 Ks |2
q q
(16)
3n,-1
2
D ay" (gj
q

To estimate the width and depth of the wetted pattern, Eq (15 & 16) can be used

and will result in an appropriate range.
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2.2. Performance of the Model

Model output was measured based on a comparison between the statistical
parameters of the simulated data and the data observed. Mean error (ME), root
mean square error (RMSE) and model efficiency (Mod EF) were the parameters
used[5]. The statistical parameter ME is used for the estimation of the accuracy
of simulated data in relation to observed data.The positive value of ME is
indication of overestimated and the negative value is underestimated.The RMSE
magnitude was representative of the model 's efficiency but does not indicate
the degree of simulated values being over or underestimated.Another parameter

to measure the efficiency of the model was the Mod EF [8].

N
ME:%Z(Csi—Coi) (17)
i=1
1 N 1/2
RMSE:{N (Csi—Coi)ﬂ (18)
i=1
ul 2
Z(Cs —Co)
Mod . =1- b}':] (19)
Z(Co — Com)2
i=1
Where as

N = Total number of data, Cs = i Simulated values, Co = i Observed values

Com = Observed mean

3. RESULT AND DISCUSSION

The constant discharge rates were applied in the dripper to know the
performance of simulation model. The simulation steps for wetted zone (W) and
(D) are mentioned in the following outlines for the given g, Ks and t, the W and
D values have been observed. The simulation steps for wetted zone (W) and
(D) are mentioned in the following outlines for the given q, Ks and t, the W and
D values have been observed. During the time intervals (t), the volume of water
(V) obtained was determined. Applying eq. 10, 11 and 12 the non-dimensional
parameters, W *, D * V * were computed along with the observed data. The
simulation steps for wetted zone (W) and (D) are mentioned in the following
outlines for the given g, Ks and t, the W and D values have been observed.
During the time intervals (t), the volume of water (V) obtained was determined.
Applying eq. 10, 11 and 12 the non-dimensional parameters, W *, D * and V *
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were computed along with the observed data. A graphical relationship between
dimensionless variables (W*, V* and D*, V*) were developed for the growing
media soil, soil + sawdust and soil +coirpith and are presented in Fig.1 (a, b, c,
d, e and f). Moreover, verifiability of the model for all three growing media is
also carried out by plotting observed and simulated values of wetted soil widths
and depths for given volume of water and they were illustrated in Fig. 2 (a, b
and C) respectively.

The power equations (W* & D*) and simulation equation (W & D) were
attempted to relate with W*, V* and D*. The developed relationships were
given below for all the three growing media.

3.1.For soil as growing media

410250
W = 2.842(V ) 20)
+10.546
D*=1.848(V ) Q1)
K -0.125
W = 2.842V/02%0 [—sj 22)
q
K 0.319
D =1.8482)°5% [—S] 23)
q
3.2 For soil + sawdust as growing media
W=8.450(v')" 24)
K 0.28
W =8.459y052 (—sj (25)
q
10371
D*=0.978(V") (26)
K 0.056
D =0.978V°%"! [—SJ @7)
q

3.3 For soil + Coirpith as growing media

0.550

W= 7.398(v*) (28)

D* = 0.905(v*

)0.389 (29)
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d) Growing Media - Soil + Sawdust (D* vs V*)
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Fig. 1. (a, b, c, d, e and f) Relationship between dimensionless variables W* vs V* and
D* vs V* for the growing media Soil, Soil + Sawdust and Soil + Coirpith
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Table. 1: Model performance of wetted zone of growing media

Growing ME ME RMSE RMSE Mod EF | Mod EF
media (Width) | (Depth) | (Width) | (Depth) (Width) (Depth)

Soil 0.0002 -0.0027 | 0.0301 0.0192 0.9596 0.9610

Soil + | 0.0012 | 0.00003 | 0.0426 0.0043 0.8654 0.9515

Sawdust

Soil + | 0.0272 0.0022 0.0327 0.0028 0.8609 0.9662

Coirpith

3.4 Performance of model

For the derived model, statistical parameters such as mean error (ME), root
mean square error (RMSE) and model efficiency (ModEF) were determined
using the formula given in eq. 17, 18 and 19 respectively. The degree of RMSE
values was reflective of model efficiency, but there was no degree of over-or
under-estimation by the models of the estimated values.The statistical
parameter, mean error (ME), was used to compare the precision quantification
of calculated and observed soil wetting depth and width values. The positive
value of ME is the overestimation indicator and the negative value is the
underestimation indicator [12].The absolute ME value is a measure of model
efficiency.The model showed slight under estimation, as presented in Table
1.The performance of the models was found to be strong. The models can also
be used to define the depth and width of the water for drip irrigation. [8] Results
of the study reported that model predictability of wetted width and depth was
estimated as 96.4 and 98.4%, respectively. However, the model efficiency was
calculated as 87 percent and 95 percent for soil+sawdust, respectively. At the
same time, the model efficiency was measured as 86 percent and 97 percent for
soil+coirpith, respectively. This demonstrates that established models (eq. 22,
23, 26, 27, 30 and 31) can be used for the three-growing media with line source
of water application to predict wetting pattern.

4. CONCLUSION

Experiment was conducted in three different type of growing media. The
developed dimensional models were able to predict wetted zones under line
source of water application. Model performance evaluated by RMSE and Mod
EF. Values predicted were correlated with values observed. Model predictability
was expressed for wetted depth and width prediction under soil in terms of
model performance, which was calculated to be 96 percent and 96 percent
respectively. The model performance, however, was estimated to be 87 percent
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and 95 percent respectively for wetted depth and width prediction under soil +
sawdust. The model efficiency of wetted depth and width prediction was
estimated at 86 percent and 97 percent respectively under soil+coirpith. For
efficient design, operation and management of the drip irrigation system, the
results of the study would have been helpful.

NOMENCLATURE
oD : Outer Diameter
n Total number of variables in the experiment
m Number of reference dimensions
\%4 Total volume water
q Rate of discharge of the emitter
t Time interval
K Saturated hydraulic conductivity of the soil
D Wetted soil depth
w Wetted soil width
L Length
T Time
W D* V * :  Non-dimensional parameters
a b, A n : Constants
ME : Mean error
RMSE : Root Mean Square Error
Mod EF 1 Model efficiency
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ABSTRACT

Utilization of waste materials in geopolymerization enhances the sustainability of
construction. This chaptr investigates the feasibility of utilizing waste materials in the
production of high strength geopolymer building blocks.Suitability of locally available
brick waste as a source material for geopolymer binder and the feasibility of ground
granulated blast furnace slag in improving the strength characteristics of geopolymer
binder was investigated. After optimizing the influencing parameters of
geopolymerization, suitability of the proposed geopolymer binder in high strength
concrete building blocks was verif ied with respect to strength and durability
charecterstics. Results indicate promising outcomes with respect to strength and
durability characterstics and suitability for load bearing construction with high strength
requirements.
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Feasibility of Waste Materials In High Strength Geopolymer Building Blocks

1. INTRODUCTION

Production of ordinary Portland cement (OPC) is highly resource intensive and
results in the emission of large amounts of carbon dioxide and greenhouse
gases.Geopolymers, an ideal alternative to OPC,can be produced by the
chemical action of alumino silicate materials rich in silica and alumina. On
interacting with alkaline solution, it produces alumino silicate gel with binding
properties [1][2]. In the past years, many research works have been carried out
to investigate the suitability of using waste materials as source materials to
produce geopolymer cements [3][4].

Burnt clay bricks are extensively used in construction and its wastes are plenty
available during the demolition of old structures and also as unburnt / over burnt
wastes near the premises of brick industries. It can be used as a raw material for
geopolymer binder. Brick waste contains high levels of silica and alumina
which are the essential constituents for geopolymerization process. In brick
based geopolymer, geopolymerization process continues in much faster rate
with finer fractions of brick. [5][6].

Ground granulated blast-furnace slag (GGBS) is a good alumino silicate source
as it contains high amounts of alumina and silica which are necessary for the
geopolymerisation reaction to take place. The geopolymeric binder produced by
the alkali activation of GGBS requires reasonably lower alkali activator
concentration than flyash and metakaoline based geopolymer [7]. The inclusion
of GGBS in the waste fire clay bricks based geopolymer leads to improvement
in the physico-mechanical properties of the geopolymer composite [8][9][10].
Since the production of geopolymeric building components consist of low cost
raw materials and consumes less energy, development of which give better
performance and environmental friendly materials for construction [11].
Geopolymer building blocks possess easy setting and fast drying, achieve
considerable compressive strength gain at early ages which makes easy handling
of the blocks and hence the geopolymer technology is feasible for use in
construction[12][13]. This chapter investigates the suitability of brick waste and
GGBS based geopolymer composite in high strength concrete building blocks.

2. METHODOLOGY

The concept of Hybrid Dynamic Simulation is that it injects the external signals
into the simulation process and it allows interacting with the conventional
simulation loops, which interact with the external signals. The Term "Hybrid"
refers to sagacity of associating the Real Time Measurements with the
Simulation Measurements.

54



Shamon K K and Deepa G Nair

The materials used for this study are brick waste, Ground granulated blast
furnace slag (GGBS), sodium silicate solution and sodium hydroxide pellets, M
sand (zone II) and coarse aggregate of size 12mm. Brick waste was collected
from the dismantled waste of a building near Kothamangalam, Kerala. The
brick waste was crushed and powdered manually and sieved through 90um IS
sieve. GGBS wused in this study was locally purchased. Tablelshows the
percentage by weight of Silica, Alumina and Calciumin brick powder and
GGBS. The properties of the constituent materials used in the study are given in
Table 2.

Table 1. % by weight of Silica, Alumina and Calcium

% by weight
Compound .

Brick powder GGBS
Si0, 50.7 13.68
Ca 24.6 23.96
Al O; 15 9.63

Table 2. Properties of the constituent materials

Material Property Value
Specific Gravity 2.6
M sand -
Fineness Modulus 4.05
Specific Gravity 2.85
Coarse aggregate (12mm) -
Fineness Modulus 7.17
. . Purity 97%
Sodium Hydroxide Pellet
Grade Extra pure
, N Density 1.39g/cm’
Sodium Silicate
pH 11.2

2.1.Optimization of influencing parameters for geopolymer binder

The optimization of the influencing parameters i.e. concentration of NaOH,
percentage of GGBS, A/B ratio and SS/SH ratio were done by analyzing the
compressive strength of geopolymer binder at different ages of curing under
ambient and elevated temperature (60°C for 24 hours). For this geopolymer
mortar cube specimens of size 50mm x 50mm x 50mm were prepared. The
specimens were prepared by mixing all the materials in the laboratory at room
temperature. As a preliminary study, to optimize the molarity, specimens were
cast with brick powder alone by varying the molarity from 8 to 14. In the next
step geopolymer mortar cube specimen were prepared by replacing brick
powder (BP) with various percentages of GGBS (0%, 20%, 40%, 60%, and
80%). The optimum molarity of NaOH for the geopolymer composite with BP
and GGBs was then confirmed. Further, optimization of A/B ratio was done by

55



Feasibility of Waste Materials In High Strength Geopolymer Building Blocks

investigating the results varying from 0.3 to 0.9. Finally the SS/SH ratio was
optimized by conducting experiment with different ratios varying from 1 to 2.5.

2.2. Application of geopolymer composite in building blocks

Cement concrete blocks (CCB) andgeopolymer concrete blocks (GCB) of size
300mmx200mmx 150mmwere cast withmix proportion 1:3:6 using a hydraulic
block making machine. The mix proportion for producing one building block is
shown in Table 3. Figure 1 shows the geopolymer concrete blocks.

Fig. 1. Geopolymer concrete blocks

2.3. Tests on geopolymer building blocks

The building blocks were tested for strength and durability characteristics in
accordance with IS: 2185 (Part I) — 2005 and ASTM C 67 to confirm the
suitability as a building material [14],[15].

2.3.1 Strength Characteristics

The block density and compressive strength properties of the building blocks
were tested (IS: 2185 (Part I) — 2005) and tabulated in Table 4.For block
density average of three blocks were considered and for compressive strength,
eight blocks were tested and took the average.

Table 3. Mix proportion of concrete building blocks

Material Cement | BP | GGBS | CA FA | SS SH | Water
Cement Concrete 2.18 0 0 13.08 | 6.54 | O 0 1.09
Building

Geopolymer concrete 0 0.85 | 1.28 12.78 | 6.39 | 0.77 | 0.17 | 0.35
blocks
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Table 4. Mechanical properties of Building Blocks

Block  Densit Avg. compressive strength
oc cnstty (Average of 8 blocks in
Type of Block (Average of 3 5
: 5 N/mm”)
blocks in kg/m”) = o
7" day 28"day
Cement concrete block 2425.5 6.74 9.3
G 1 t
COPOLYIET  CONCIEE | 2366.11 10.83 15.16
block

2.3.2 Durability Characteristics
Durability characteristics were verified bywater absorptiontest (IS: 2185 (Part I)
— 2005 ) and initial rate of absorption (IRA) test(tASTM C 67). Initial rate of
absorption (IRA) is considered as the amount of water absorbed in 1minute
through the bed face of the block. Average test results of three samples were
taken for both the tests and the results obtained are tabulated in Table 5.

Table 5. Durability properties of Building Blocks

% water . :
b . Initial rate of absorption
absorption
Type of Block P (Average of 3 blocks in
(Average of 3 ke/m/min)
'm“/min
blocks) &
Cement concrete
4.4 1.19
block
G 1
COPOYINEL. 1 355 1.02

concrete block

3. RESULTS AND DISCUSSIONS

3.1. Optimization of influencing parameters

The variation in compressive strength of brick powder based geopolymer
specimens for various molarities (8 to 14) cured under both elevated and

ambient curing conditions are is shown in Figure 2. The compressive strength

increases with increase in molarity of NaOH up to 12M and then decreases with

further increase in molarity. The maximum compressive strength obtained are

6MPa and 5.1 MPa respectively for elevated and ambiet temperature curing.

This shows that the compressive strength values obtained are very less.
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Fig. 3. Influence of GGBS percentage

Figure 3 shows the variations in compressive strength of specimens (with
optimized molarity) observed on replacing BP with GGBS. Significant increase
in compressive strength was observed with a maximum strength at 60%
replacement for both ambient curing and elevated curing .These results are in
concurrence with the studies conducted by Zawrah et.al [8].

For reconfirming the optimum molarity, tests were again conducted on
specimens (BP -40% & GGBS — 60%)with varying molarities from 8 to 14.
Results (Figure 4) shows the variations in compressive strength under the
ambient curing and elevated curing confirming the molarity (12M).The highest
compressive strengths (32.15MPa and 30.12MPa) were obtained at molarity 12
and the values were found decreasing after that.
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Fig. 5. Influence of alkali activator to binder ratio

The influence of activator to binder (A/B) ratio was evaluated by testing
samples with varying A/B ratios (0.30, 0.45, 0.60, 0.75 and 0.90). Figure 5
shows the variations. The highest values (41.42MPa and 39.2MPa) were
observedwiththe A/B ratio 0.6 for both the curing conditions.

The influence of sodium silicate to sodium hydroxide (SS/SH) ratio was
evaluated with the optimized values of molarity and A/ B ratio by varying
SS/SH ratios ( 1, 1.5, 2, and 2.5 ). Compressive strength was (Figure 6)found
increasing up to SS/SH ratio of 1.5 and then decreasing in both the curing
conditions.
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Even though, higher strength values were obtained for specimens cured at
elevated temperature (60°C for 24 hours) than that under ambient curing
condition , ambient cured samples can be suggested for practical applications as
the results are comparable. 28th day strength of the geopolymer composite with
ambient curing was even better (39.2MPa) than that of OPC 33 grade cement.

3.2. Application of geopolymer composite in building blocks

3.2.1. Strength and Durability

Figure 7 shows the comparison of compressive strength results for cement
concentrate blocks and geopolymer blocks. Higher compressive strength of the
proposed geopolymer blocks ( 15.16MPa) indicate its suitability for load
bearing masonry with high strength requirements over cement concrete blocks
(9.3 MPa) . Early strength of proposed geopolymer blocks (7th day compressive
strength - 10.83MPa) can be considered as a positive feature in practical
applications

Block density of geopolymer blocks (2366.11 kg/m®) and cement concrete
blocks (2425.5 kg/m’) were found satisfying the IS code requirements.
Comparing the block densities, geopolymer blocks were lighter than the
corresponding cement concrete block.

The durability properties of geopolymer blocks and cement concrete blocks
with respect to water absorption and initial rate of absorption were found
satisfying the standards and verifying the better performance of proposed
geopolymer blocks .
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4. CONCLUSION

This research has confirmed the potential of using a combination of brick waste
and GGBS (40 :60) in high strength geopolymer building blocks. The
optimized condition for this combination was arrived as, molarity of NaOH -
12M, alkali activator to binder ratio - 0.60, sodium silicate to sodium hydroxide
solution ratio - 1.5, curing condition- ambient temperature. The proposed
geopolymer blocks exhibited superior strength and durability over cement
concrete blocks and proved its suitability for load bearing masonry with high
strength requirements. Utilization of waste brick powder and GGBS as source
materials in geopolymer building blocks also established the environmental
sustainability of the proposed blocks. Comparatively lower block density,
better dimensional qualities and surface finishes over cement concrete blocks
add to its sustainability characteristics.
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ABSTRACT

Tyre waste is produced in large amounts and demands proper management as its
disposal is associated with concern for the environment and public health. Proper
management of tyre waste can result in material recovery, energy recovery and other
value added products. This chapter discusses about the problems associated with waste
tyre disposal, waste tyre pyrolysis products and application of pyrolysis products in
circular economy. Pyrolysis of the tyre can be considered one of the most suitable due to
the possibility of maximum benefits regarding economy circulation, environment, and
sustainability. Through waste tyre pyrolysis, we can produce quality products such as
oil, char, steel, and gas that have high commercial demand in industrial applications and
have societal impact. With this, it is possible to circulate economy and there are almost
negligible waste products by ultimately ending the life of tyre with a positive impact on
the environment and society. Therefore, the end life of waste tyre through pyrolysis
resulting in sustainable waste tyre management with minimum environmental impacts
and maximum economic benefits.

Keywords: Waste tyre, pyrolysis, value-added products
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Pyrolysis of Tyre Waste: A Sustainable Waste Management Approach

1. INTRODUCTION

Dumping of the waste tyre has been a serious concern globally due to its
aesthetic, environmental and health issues. Almost 1.6 billion new tyres per year
are produced, and at the same time, 1.5 billion scrap tyres per year are generated
[1]. Because of non-biodegradability, the scrap tyre can persist in the
environment for many years and can potentially impact the environment and
human health. Accidental fire hazards, toxicants leaching, vector breeding and
associated epidemics and wastage of land, are the common problems associated
with waste tyre disposal. Therefore, for environment and human health safety,
disposal of scrap tyre should be replaced with other alternative routes to
mitigate these issues. Different methods have been adopted to manage the scrap
tyre, including reducing or reuse, recycling (civil engineering applications and
thermochemical treatments (combustion, gasification and pyrolysis)) and
landfilling.

According to waste tyre management global statistics- 2011, 77% of the waste
goes to dump sites illegally, 7% for recycling and 11% treated for fuel
production. But the above statistics are drastically changing due to rigid
environmental policies and standards and also innovations in the technologies
even though all these methods (reduce, reuse and recycling) have some
economic and non-economic barriers. Majority (25-60%) of the waste tyre is
sutilised for energy recovery, 5-23% is reused, 3-15% is recycled and 20-30%
goes to landfills [2]. Recycling is the most recommended feasible way of waste
tyre management, which mainly include recovery of materials (for civil
engineering applications), energy (by thermochemical treatments) and value-
added products (through pyrolysis) in a sustainable way. In this economy-
oriented world, among these options again, the most appropriate route for
obtaining the maximum benefits concerning circular economy, environment and
sustainability from the waste tyre is the recovery of the value-added products.
These products have high commercial demand in various industrial and societal
applications. This main objective of this chaptr is to discuss about problems
associated with waste tyre disposal, application of pyrolysis process for
management of tyre waste and the uses of waste tyre pyrolytic products.

2. SCHARACTERISATION OF WASTE TYRE

Before using any process for managing scrap tyre, it is crucial to understand the
composition and characteristics of the tyre. The material composition of tyre
mainly contain natural rubber (NR), synthetic rubber (SR) (BR: butadiene
rubber and SBR: styrene-butadiene rubber), carbon black, additives like sulphur
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and zinc oxide, steel, textiles and fillers. This composition varies depending
upon the type of tyre and ranges in between 14-48% of NR, 10-27% of SR, 11-
28% of carbon black, 14-25% of steel, and 12-17% of fabric, fillers and
accelerators [3]. Various materials are added to the tyre to enhance its
properties. For example use of natural rubber improves the cracking resistance,
synthetic rubber improves the rolling resistance, carbon black increases tire
resistance against abrasion and improves the strength, steel improves wear
performance and tire handling and sulphur and zinc oxide are used for rubber
svulcanisation [4, 5]. According to elemental composition, the tyre contains
carbon, hydrogen, nitrogen, sulphur, oxygen and other metals, and this
composition also varies depending on the type of tyre [4, 5].

3. PROBLEMS ASSOCIATED WITH WASTE TYRE DISPOSAL

Due to non-biodegradability, longer life span and chemical composition of the
waste tyre, disposal is associated with various serious problems such as fire
hazards, leaching, vector-borne diseases and large space requirements creating
negative impacts on both environment as well as public health.

3.1.Fire Hazards

Many studies have revealed that tyre fires are the most dangerous than any other
problems associated with tyre waste as the tyre fires can pollute the environment
at every stage in tyre fire dynamics [6].

3.1.1 Air pollution

Tyre fires release more toxic air pollutants that include particulates, carbon
monoxide (CO), sulfur oxides (SOx ), oxides of nitrogen (NOx ), and volatile
organic compounds (VOCs); hazardous air pollutants (HAPs), such as
polycyclic aromatic hydrocarbons (PAHs), dioxins, hydrogen chloride, benzene,
polychlorinated biphenyls (PCBs); and metals such as arsenic, cadmium, nickel,
zinc, mercury, chromium, and vanadium into the environment [7, 8]. The
potential health impacts can be short term or long term and include cancer,
asthma, lung and heart diseases, respiratory effects, and irritation to skin, eye,
nose and throat [7, 6].

3.1.2 Water pollution

During tyre combustion, high internal temperature of around 2000°C can lead to
oil runoff into surface water and other areas depending upon the location of the
tyre fire [7]. Various combustion residues like zinc, cadmium and lead can also
be carried into the water.

3.1.3 Soil pollution
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Tyre fires can leads to soil pollution in two ways. The oil from the tyre fire may
penetrate into the soil and the ash left after the tyre fire can enter into the soil
through rainfall or any other means [9].

3.2.Leachate

Another most prominent problem with tyre waste is the leaching of chemicals
and heavy metals into the ground. The leachate from the scrap tyre contains
both organic and inorganic compounds and contaminates the groundwater and
the soil. The organic compounds from the tyre leachate include polycyclic
aromatic hydrocarbons (PAH), nitrogen and sulphur containing organic
compounds, aromatic compounds (ketones) and volatile organics (benzene,
toluene, carbon disulphide and methyl ethyl ketone), whereas the inorganic
compounds (like metals) include arsenic, barium, cadmium, calcium, chromium,
iron, lead, manganese, selenium and zinc . These toxicants can get transported
to other locations that can potentially harm the animals and human health when
they contact these toxicants through various means [10]. The quality
(contaminants) and quantity (concentration) of the tyre leachate in the soil and
water ( ground and surface) depends upon various factors, which include the
type of tyre (based on size: scrap or whole tyre; based on composition: low
vehicle, medium vehicle or heavy vehicle tire), chemical conditions (acidic or
basic: under acidic environment leaching of metals is quick whereas in alkaline
environment leaching of organic compounds is faster), soil characteristics (like
soil permeability), and horizontal distance from tyre storage site to the
downstream direction and vertical distance to groundwater table [9].

3.3. Vector breeding

The whole tyre can hold the rain water inside the tyre space and can retain the
temperature for a longer period that provides a better environment for
mosquitoes to breed [11]. In addition to this, the leaves filled in the tyre provide
energy for mosquitoes. These mosquitoes can seasily spread the diseases, such
as malaria, Zika virus, West Nile virus, and Encephalitis [12].

3.4.Large space requirement

For any waste to be disposed , compaction is a crucial factor to be considered
due to land scarcity. Scrap tyre are difficult to compact and therefore its disposal
demands larger space requirement. On the other hand, its size reduction for
disposal is not cost-effective. Another concern about storing waste tyres in large
quantity can cause injury to workers or even death.
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4. WASTE TYRE PYROLYSIS

The term pyrolysis defines the thermal degradation of carbonaceous waste
material under certain operating conditions, mainly in the absence of oxygen by
heating resulting in the conversion of waste material into liquid, solid and
gaseous phases. Although, the pyrolysis process seems to be a straightforward
phenomenon, but involves several complex, simultaneous on-going reactions.
Initially, moisture present in the waste material is evaporate and then de-
volatilisation takes place. The non-volatile fraction will be left as a solid
residue. Further, the volatiles convert into lighter molecules depending upon the
residence time. These volatiles further condense into liquid and the non-
condensed volatiles leave the system as gases.

The product distribution in terms of quality and the quantity will mainly depend
on temperature, residence time (RT) and reactor pressure. Also, feed material
composition, size of feed material, heating rate (HR) and gas flow rate influence
the product distribution. The variation of the optimum yield of tyre pyrolytic
products with the various operating conditions are listed in Table 1. For
example, in case of waste tyre pyrolysis, depending upon type of tyre products,
distribution varies for the same operating conditions. Smaller particle size leads
to faster heat transfer inside the material, resulting in more gas yield whereas for
larger particles yield of char is more because of slower heat transfer. For higher
heating rate accelerates the process and producemore volatile fraction than less
heating rates . The higher temperature inside the reactor leads to a higher
gaseous fraction, and less char than the lower temperature. If the pressure inside
the reactor is vacuum condition, then the yield of liquid fraction is more and
requires less pyrolysis temperature than the atmospheric pressure inside the
reactor. If the residence time for volatiles inside the reactor is large, more
gaseous products are produced due to further disintegration of volatiles into
lighter molecules whereas less volatile residence time results in more liquid
yield. Also, the flow rate of carrier gas influences the residence time for
volatiles which inturn influence the yield distribution.

Different types of reactors and various technologies in pyrolysis process have
shown significant variation in the distribution of the product. Fixed bed reactor,
fluidised bed reactor, moving bed reactor, conical spouted bed reactor, rotary
kiln reactor, and microwave reactor are the different reactors used in the waste
tyre pyrolysis process. Thermal pyrolysis, catalytic pyrolysis, microwave
pyrolysis and vacuum pyrolysis are the different type of pyrolysis technologies
used for the waste tyre pyrolysis process. Each of these reactor types and
technologies targeted to improve the process for optimum quality and quantity
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of the products. All the three products (oil, char and gas) resulting from the
waste tyre pyrolysis can be sutilised for various applications as shown in Figure
1, which indicates that pyrolysis process is nearly zero waste products
discharge. Based on the quality of the product the process can be
scommercialised, and multiple uses of these products are detailed below. Also,
pyrolysis process can provide employment opportunities for plant operation and
maintenance.

* Petrochemicals
* CNIs

* Process fuel
* Hydrogen

BN O: free atm.

U
il
Gas
.
" & “’* * Solid fuel
oy o * Carbon black
* Activated carbon
Waste tyre  Pyrolysis * Catalyst for
pyrolysis process
Stee a + Steelmaking
Al industry

Fig. 1. Uses of products obtained from pyrolysis of waste tyre

Products

4.1. Tyre pyrolytic oil

The tyre derived pyrolytic oil contains both lighter and heavier fractions known
as gasoline-like fuels and diesel-like fuels, respectively [22]. These have
properties (density, viscosity, calorific value, carbon and hydrogen content)
almost similar to standard commercial fuels such as diesel and petrol [13, 14].
Therefore it is suitable to blend this oil with conventional diesel [24] or may be
used as alternative fuel [14]. But more than 50% blending is not recommended
for direct use in a diesel engine as it releases more CO, HC, SO, and smoke
emissions [25]. The presence of sulphur restricts the direct use as diesel fuel or
oil for direct combustion in standard engines without changes in engine
configuration, but this can be possible after its quality improvement [13, 15].
The use of suitable catalysts can reduce the sulphur and ash content in the oil
fraction [17, 18]. Tyre pyrolytic oil is a complex mixture of compounds largely
aromatics and aliphatic and small amounts of nitrogenated and benzothiazol
[27]. The high aromatics content in pyrolytic oil makes it suitable for industrial
purposes [20, 21]. Improvements in technology, mainly catalytic pyrolysis, can
improve the oil quality by increasing the lighter hydrocarbons content due to
catalytic activity [29]. Benzene, toluene, xylene, ethylbenzene and styrene
which are mostly used in the production of petrochemicals and plastics and in
chemical industries can also be extracted from high quality pyrolysis oil [23,
24]. Tyre pyrolytic oil can also be suitable for the production of quality Carbon
Nano Tubes CNTs [32].
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4.2. Tyre pyrolytic solid residue

The solid residue in the tyre pyrolysis products comprises steel and char. The
recovered steel can used by steel industries for metal recycling. Char has fixed
carbon, ash, sulphur and other impurities. Because of high fixed carbon content
this char can be used as a raw material for category-A briquettes production
[33]. The char can also be used to manufacture various rubber items (footwear,
conveyor belts, dock fenders etc.), which requires even low-quality carbon
black [27]. Because of the reasonable amount of energy content, it is suitable to
use as a solid fuel. It may also use in the manufacturing of new tyre [34]. The
produced char with the high surface area can be comparable with commercially
available activated carbons. With further treatments, the char can be used as an
activated carbon catalyst for wastewater treatment [28, 18]. It can also be used
as a pigment in printing inks [33]. The pyrolytic tyre char can also be suitable as
a catalyst in the tyre pyrolysis process to produce petrochemicals [36].

4.3. Tyre pyrolytic gas

The tyre pyrolysis gas consists of CO, CO,, hydrocarbons (HC), H,, and sulphur
and nitrogen compounds [37]. Because of its high energy content it can be used
as fuel in the pyrolysis plant processes [19, 31] and also suitable as liquefied
petroleum gas (LPG) [34]. The pyrolysis gas has high energy content but its
sutilisation as a fuel require equipment to control SOy and other emission [39].
Selection of optimum process conditions and suitable catalyst to minimize
sulphur content in the gas phase can result in less polluting flue gas emissions.
Using of suitable catalyst can result in more H, production [25, 33]. Higher
temperature can result in higher gas yield but can affect the economy of the
pyrolysis process [37]. Therefore, to recover maximum energy at viable
conditions, it is recommended to target more than one product type [41].

5. CONCLUSION

Literatures suggest that pyrolysis of the waste tyre can significantly reduce the
mass and volume of the waste and recover energy and value—added products.
Energy production through waste tyre pyrolysis can decrease energy demand
from fossil fuels. End of life of tyre can be possible through the pyrolysis
process to completely eliminate the problems associated with waste tyre . The
pyrolysis process emits less pollutant than burning and the gas obtained in the
process can be used as fuel to fulfil the energy demand. Among all three tyre
pyrolytic products, oil and solid products have significant advantages. Oil
recovered in the process has several applications mainly as a liquid fuel because
of its high calorific value after adequate purifications. Also, tyre pyrolytic oil
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comprises chemicals used for synthesis of petrochemicals and plastics and even

carbon nano tubes. Solid residue from the tyre pyrolysis can be used as a solid

fuel, and the carbon present in the soot can be converted into activated carbon.

Hence all these products have high commercial applications. Pyrolysis process

itself demand the human resources for plant operation and maintenance, which

ensures new employment opportunities. Therefore, from the literatures it can be

concluded that waste tyre pyrolysis can be considered a sustainable approach for

circular economy for waste tyres. However, an in-depth research is still required

to soptimise the process to produce maximum benefits.
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ABSTRACT

Industrial structures are used in power, petrochemical, agriculture and manufacturing
sectors. The function of industrial structures is to encounter the extreme variations in
loads that are likely to occur during manufacturing and finishing process of any industry
such as temperature variation, variation in internal pressure and exposure to highly toxic
and corrosive materials. Hence, it is important to have detailed information regarding
the industrial processes and their effects, as this may guide to compute the loads in order
to design a stable industrial structure. In the present work an existing industrial building
subjected to different loading and having two strengthening methods: provision of
secondary beams normal to the primary beams and providing knee bracings. The
analysis has been performed using STAAD Pro V8i.Time history analysis is carried out
for machine loading. For earthquake loading, both linear static and linear dynamic
methods are used. The results indicate that the fundamental time period reduces with
strengthening techniques and overall stiffness of the structure increases. The resonance
frequency can be eliminated. Further, the provision of secondary beams normal to the
primary beams gives better results.

Keywords: Bracings, Dynamic Loads, Industrial Structures, STAAD PRO, Steel
Structures
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Analysis of Strengthened Industrial Structure under Seismic Loading

1. INTRODUCTION

Industrial structures are different from general buildings as depicted through
their forms and functions. They are well suited for power, petrochemical,
agriculture and other manufacturing sectors. These structures encounter the
extreme variations in loads, that is likely to occur during various processes in
any industry. The loads include those due to temperature variation, variation in
internal pressure and exposure to highly toxic and corrosive materials in
addition to external loads. Because of the dynamic nature of the loads, the
design of industrial structure is complex and challenging. Therefore, it is
important to have detailed information regarding the various specific industrial
processes and their effects, as this may become guide in planning and structural
framing operations as well as in computing the loads for the stable design.
Further, it is important that the plan shall be flexible as the service conditions
diverge usually in these structures and provision shall be available for future
extension without altering the present manufacturing layout [1].

The flooring systems commonly used in any industrial structure are composite
steel deck concrete floor and steel chequered plate floor. Chequered plate is
rolled steel plate with non-slippery patterns. The thickness of the plate varies
from 3mm to 12mm (approximately weighing 287 to 990 N/m?). The patterns
project approximately 1.5 mm above the plain plate. Fig.1 shows the typical
chequered plate. Composite deck slab consists of reinforced concrete slab on top
of steel sheeting and are connected by shear connectors. The deck slab is
supported by secondary beams at the bottom forming the composite slab as
illustrated in Fig. 2.

Fig. 1. Chequered plate
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Fig. 2. Composite Deck Slab

In addition, an efficient bracing system provided in both transverse and
longitudinal direction facilitate in preventing the deformations of the industrial
structure caused due to the actions of wind, seismic loads and machine loads
[2]. Iervolino et al. [3] presented natural procedure for seismic vulnerability
assessment of industrial construction considering the large range of structural
type. They related fragility curves with parameters in the design domain of
structural design using regression method. Subramanian [4] has detailed several
methods of analysis that accurately determine the forces and moments in
various elements of steel structures along with behavior of the structure when
bracings are provided in longitudinal and transverse direction.

Richard et al. [5] studied the seismic behavior of a heavy industrial building
with highly irregular geometry, mass and stiffness distribution using STAAD
Pro software. The building considered was braced with low ductility
concentrically braced steel frames. They concluded that response spectrum
analysis provides appropriate prediction of the seismic response of the industrial
building. They further analysed seismic response of regular mill type crane
supporting steel structures and irregular heavy industrial building using elastic
time-history dynamic analyses and validated through equivalent static force
procedure and the response spectrum analysis method [6].

Liberatore et al. [7] compared the damages observed at Emilia Region of
Northern Italy during May 2012 earthquake with that of L’ Aquila (central Italy),
earthquake of 2009. The area affected by earthquake was higly densed with
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industrial buildings. They considered seven main types of damage related to:
column base, short column failure, column top, shed beam, roof element,
cladding/infill panel, and steel stand. The results of the analyses highlight the
directionality of damage, the relevance of the vertical component of earthquake
excitation, along with the significant inelastic rotation induced in the columns.

Hong Hao [8] presented the predictions of structural response under dynamic
loads with different loading rates. He discussed the basic concepts of structural
dynamics, differences in influence by low-rate dynamic and high-rate blast
loadings the structures. The single-degree-of-freedom analysis is proved to ve
more accurate in structural response analysis to blast loadings. Ramesh and
Vinothkumar [9] used SAP to numerically analyze an industrial structure
subjected to wind, earthquake and blast load. They reported that the provision of
shear walls reduce the stress under dynamic loading. In addition to columns, the
structure shall be modified with shear walls. Adin et al. [10] adopted X-bracing,
eccentric bracing, diagonal bracing alongwith dampers in their analysis to find
the most suitable lateral supporting system for an industrial building subjected
to seismic loading. They found that the x bracing and damper with mass ratio
2% are suitable to improve the performance of the building under earthquake
load and wind load.

Mubhsina et al. [11] used STAAD Pro software to find out the ideal property of
the machine foundation that can be placed at each story of an industrial building
to safely resist the loads transmitted by machines. They employed response
spectrum method for seismic analysis to analyze nuclear power plant (G+2)
building. The machines were placed on different floor levels and the response of
the machinery on each floor were obtained. Floor response spectrum is
generated to study the overall response of the industrial building. Michael
Angelides [12] presented the design consideration for industrial structures such
as chimneys, bunkers, silos, cooling towers and ducts. He used Americal (ACI),
German ((CICIND) and Belgium (CEN) code of practices for the study.
Fabrizio [13] evaluated the intensity of non-structural damage in single-storeyed
industrial steel buildings using different levels of cladding panels. Ravali and
Poluraju [14] employed SAP 2000 and ETABS to carry out response spectrum
analysis of 3D pre-engineered industrial structures. They used X-bracings and
dampers as the lateral supporting system. They reported that X-bracings are
more suitable than dampers as they are effective in reducing the seismic effect
as well as economical, while dampers require regular maintenance.

Brunet et al. [15] performed nonlinear response history analyses to examine and
compare the seismic response using seismic provisions of Canadian standards.
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The suggested the modifications to mobilize higher brace inelastic response,
mitigate storey drift concentrations, along with ensuring that the columns can
safely resist the seismic induced axial and flexural demands.

The present study attempts to obtain the response of an existing industrial
building substantiated with different strengthening methods that are used to
withstand heavy loads. The analysis has been performed using STAAD Pro
V8i.Time history analysis is carried out for machine loading. For earthquake
loading, both linear static and linear dynamic methods are used.

2. STRUCTURAL MODELLING

The G+3 storey steel building is considered in the present analysis. The building
consists of composite steel deck floor system on which different machine setups
are resting. The column spacing is 5 m in both the directions. The plan,
elevation and three dimensional views are shown in the Figs. 3 to 5. Table 1
furnishes details of the building.
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Fig. 3. Machine Loading Points
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Fig. 5. Elevation of the Building
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Fig. 7. Model 2 for Industrial Structure under Seismic Loading
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Table 1. Building Data

Particulars Details

Type of structure Steel

No. of floors G+3

Floor Height 3m

Plan dimension 15m x 30m
Column ISMB 500
Beam ISMB 250
Bracings ISA 75x75x6

Type of flooring system

Composite steel deck

Thickness of profiled steel sheeting 10 mm
Profile height 75 mm
Thickness of concrete slab 100 mm
Spacing of secondary beams 1.6 m

2.1. Machine Data

Table 2 gives the details of the machines considered for the present study.

Table 2. Loading details of Machine Type-1 (Forces at points of support in kgf)

Static Dynamic

In operating condition During start & end
Vertical Vertical Horizontal | Vertical Horizontal
F1 =3500 Fl=+ 135 Fl=+ 112 | F1=+3825 | Fl=+220
F2 =3500 F2=+ 135 F2=+ 112 | F2=+3825 | F2=+220
Frequency = 29.84 Hz No of load cycles = 30
Maximum allowable displacement = 0.08 mm

2.2. Developed Model

The analysis is performed on an existing industrial building on which heavy
machine setups are planned to be placed at different stories such as Ist, IInd and
IIIrd floor. The machines that are going to be used in the industry are Rotating
machines. On all floor levels three machines are operating with different loads
and frequency. To resist these heavy loads, different types of strengthening
methods are employed. To study the response of the building when different
strengthening methods are used, 2 models were analysed and their behavior is
observed. Model 1is with the secondary beams normal to the primary beams
having the section of ISMC 100 while Model 2 is with provision of knee
bracing of section ISA 50 x 50 x 6.
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3. ANALYSIS AND RESULTS

The industrial structure taken up for the present work is subjected to varying
combinations of static and dynamic loads. The results analyzed using STAAD
Pro v8i are used to compare the response the structure when different

strengthening techniques that are employed. The results obtained are presented
in the following sub-sections.

3.1. Results of Model 1 — Provision of Secondary Beams Normal to
Primary Beams

In this study, secondary beams having section of ISMC 100 are provided
perpendicular to the primary beams to control the displacement and avoid the
failure of certain columns and beams. The exterior columns are provided with
bracings. Results for this model are as follows:
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Fig. 9. Variation of frequency with Period
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Figure 8 presents the increase trend in frequency with an increase in modes.
However, the frequency-period variation is given in Figure 9. Further, Figures
presented in Table 3 illustrate the displacements in x-, y-, and z-direction of
stories I to III. The maximum value of storey displacement in z-direction occurs
in floor III and is 3.376 mm. This maximum value is for the load case EQX
(Earthquake in x-direction). The maximum values for joint displacements are
0.052 mm, 0.12 mm and 0.15 mm (in Z — direction) for first, second and third
floor respectively. The permissible joint displacements are 0.008 mm, 0.2 mm
and 0.2 mm for first, second and third floor respectively. The joint
displacements are within the permissible limits. For third storey the value is
0.646 mm (in Z- direction). But the permissible limit is 0.2 mm. These results
indicate that the building is resisting the applied loads efficiently and the
displacements are within the limits.

Table 3. Displacements due to Model 1

Floor Direction Displacement plot

K-Disp.(E-3 mm) - Node: 47

X-direction

Time - Displacement

Y-Disp.fmm) - Node: 47

I Y -direction

Time - Displacement

Z-Disp.imm) - Hode: 47

Z-direction

Time - Displacement
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X-direction
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100 9.3 100
%U
I Y-direction Rtpns
[ J
g 4 Bep
100 h 00

nC 4

Time - Displacement
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3.2. Results of Model 2 — Provision of Knee Bracing

In this model, knee bracings of section ISA 50x50x6 are used and the exterior
columns are provided with bracings. Results for this model are as given below:

Figure 10 presents the increase trend in frequency with an increase in modes.
However, the frequency-period variation is given in Figure 11. Further, Figures
listed in Table 4 illustrate the displacements in x-, y-, and z-direction of stories I
to III. The maximum value of story displacement is 3.67 mm. This maximum
value is for the load case EQX. The maximum values for joint displacements are
0.092 mm, 0.218 mm and 0.295 mm (in Z — direction) for first, second and third
floor respectively. The permissible joint displacements are 0.008 mm, 0.2 mm
and 0.2 mm for first, second and third floor respectively. The joint
displacements are slightly exceeding the permissible limits. From the analysis
results, we can say that the building is resisting the applied loads efficiently and
the displacements are also within the limits.
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Table 4. Displacements due to Model 2

Floor Direction Displacement plot
X-Dizp.(E-3 mm) - Node: 197
X-direction
Time - Displacement
¥-Disp.(E-3 mm) - Node: 197
I Y -direction
Z-direction
Time - Displacement
X-Disp.[E-3 mm) - Node: 87
X-direction
Time - Displacement
11

Y-Disp.(E-3 mm) - Hode: 87
300 235

Y -direction

Time - Displacement
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Z-Dizp.imm) - Node: &7

Z-direction

Time - Displacement

X-Disgp.(E-3 mm) - Node: 389

X-direction

Time - Dizplacement

Y-Disp.(E-3 mm) - Node: 389
100 79.5 100

III Y -direction

Time - Displacement

Z-Dizp.[mm) - Hode: 389

Z-direction

Time - Displacement

4. CONCLUSION

In the present work, the study is done on an existing industrial structure with
machines under dynamic loads. To resist the applied loads efficiently different
strengthening methods are adopted and their behavior is studied. The results of
the present study lead to the following conclusions:
1. Base shear and axial force which are the values of response parameters
increases with strengthening methods.
2. The fundamental time period reduces with the adoption of strengthening
techniques and the value is least by providing bracings to the exterior
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columns and strengthening of existing columns by adding T section to
the web of the column.

The overall stiffness of the building increases by providing
strengthening methods and thus the natural period decreases.

Accept in case of bracings provided to the exterior columns the joint
displacement values are reduced to permissible limits than the allowable
joint displacement.

The occurrence of resonance is avoided as the natural frequency of the
structure is away from the operating frequency of the machines by at
least 20%.

Both the models with strengthening methods are resisting the applied
loads such as gravity loads, machine loads and seismic loads
effectively. The displacements obtained are also within the allowable
limits (slightly higher for model-2). Model-1 is the most suitable
strengthening option.
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ABSTRACT

The present research aims to generate strategies for the distribution of uses and
allocation of land occupation characteristics, supported by geostatistical analyzes in the
search to generate an interaction more adjusted to reality, to understand the dynamics of
urban spaces, the forms occupation of space by the population (relationships between
human beings and the physical space of their habitat), as well as the dynamics generated
by certain elements and the impact on their immediate context.
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Strategies for the Distribution of Uses, Occupation and Allocation of Land

1. INTRODUCTION

The uses of the land, and their physical expression, constitute the main element
of modification of the landscape, being the socioeconomic structures those that
determine the direction and tendencies of land uses that transform the natural
environment.[1]- [5].

From the socioeconomic point of view, the land uses of a territory make up the
landscape where the secular and current relationships of man with the
environment are expressed in a characteristic way [6][7]-[10], on the other
hand, the land use patterns derived from the influence of the Human activities,
in certain cases constitute a series of threats to natural and productive systems,
due to environmental degradation [11], [12].

Factors such as: subdivision (morphology of land occupation), urbanization
(construction of urban infrastructure) and building (construction of buildings
according to typologies and in response to the activities carried out in it).

They can be analyzed in consolidated areas that experience dynamism such as
city occupation, transformation of urban space and its growth and consolidation;
in such a way that the city itself becomes a space on which it is possible to carry
out several analyzes that support future actions [13]- [16].

The research proposes generate strategies for the distribution of uses and
allocation of land occupation characteristics, as specific objectives we seek:

Identify and characterize the relevant urban elements of the study area.
Analyze and identify the spatial patterns of land use and occupation in
the study area.

e Prepare a synthesis based on the relationship between behavior patterns
and relevant urban element.

New form of analysis of land uses, which, although the same results are
obtained from traditional analyzes, as an advantage, the deduction that many of
the times is obtained empirically, from the application of tools, has been
rigorously proven. Geostatistics available in the ArcGIS [17], [18] geographic
information system, whose calculation basis is the distance variable, which is
different according to the location of one use versus another.

The study area has an area of 150 Ha, around Av. Paseo de los Canaris, which is
an area made up of important road axes such as Av. Huayna Cépac, Max Uhle,
Av. Pumapungo and Av. Gonzélez Suérez, which due to its dynamics allows us
to analyze the impact of the use and occupation of land around them. In order to
have quality data, the property census of the study area was carried out, using a
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form applied to all the properties of the study area to collect information on both
land use and occupation characteristics per building, to From the survey, the
database is prepared, which contains all the information collected in the field.

The content of the information is presented in four sections, first theoretical
references and research related to the subject, then the relevant urban elements
of the study area are identified and analyzed, in the third section an analysis of
the distribution of the groups of uses is presented. of soil present in the study
area and the evaluation of current regulations. Subsequently, the spatial analysis
of land use I thus determining the concentration, trend, and existing patterns
through the application of methods such as Kriging, the Moran index and LISA.
Finally, strategic objectives are established for the balanced development of the
area according to the predominant factor that influenced its conformation.

2. METHODOLOGY

This research is of a mixed type that has a qualitative and quantitative,
exploitative, descriptive and documentary space. Territorial planning is
developed in three stages: diagnosis, territorial planning, and management of the
plan. The geographical spaces must be studied to understand the functioning of
the territorial system to design adequate plans for the conditions of each region.
This work indicates the procedures used to determine the urban land
management categories as a territorial planning mechanism. In the study the
following methodology is used, composed of four phases, in the first one a data
collection is carried out, in phase two characterization of the relevant elements,
in phase three selection of the geostatistical tool and we end with phase 4 that
includes the proposed study and system. The methodology that was carried out
in the investigation is described through Figure 1.

The main source of information was the in-situ survey of land uses at the farm
level in the city of Cuenca. The study is carried out in an area consisting of 150
Ha located to the Southeast of the city of Cuenca, around Av. Paseo de los
Canaris, which is an area made up of major road axes such as Av. Huayna
Cépac, Av. Max Uhle, Av. Pumapungo and Av. Gonzdlez Sudrez, which due to
their dynamics will allow to analyze the impact of the use and occupation of the
land around them, in addition this area is characterized by having a
homogeneous topography.

Being part of the urban area of the city of Cuenca, the occupation process has
been completed almost entirely, presenting particularities in terms of the
diversity of land use and occupation. For the delimitation, the following aspects
were considered:
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e Incorporate the area of influence of the Paseo de los Caiiaris.

Incorporate the road axes, Av. Huayna Cédpac, Av. Max Uhle, Av.
Pumapungo and Av. Gonzélez Sudrez.

After defining the limit of the study area, the sectorization of the same is carried
out under criteria and conditions of land use, topographic characteristics and
road axes, obtaining as a result 6 sectors distributed as follows.

2.1. Facilities
In the study area, 151 facilities were identified distributed throughout the study

area, the most numerous being those considered in the classification figure 2:
administration and management (51), followed by health facilities (39), social

welfare facilities, religious, education, security and supply.
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Fig. 2. Equipment of the study area. Prepared by the authors with data from the
Property Census, 2015

2.2.1 Education Equipment

This type of equipment is legally governed by the Ministry of Education
through the Zonal Directorate 6 of Education of Azuay. For the analysis of the
educational facilities located in the study area, the buildings in which the
different levels of education work established by the Ministry of Education with

regard to the Initial, Basic and Baccalaureate levels and by the SENESCYT
were identified as regards the Superior level, figure 3.

2.2.2 Health Equipment

They are mostly for public use and make up the comprehensive public health
network, whose policies are attributed to the Ministries of Health. For the
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classification of health facilities, the one carried out in the diagnosis phase of
the Cuenca Urban Planning Plan (2015) 6 has been considered, where the
“typology to standardize Health establishments by levels of National System
Care has been taken of Health”, corresponding to agreement N ° 001203 of the
corresponding Ministry. The study area has both public and private health
facilities that are framed within the different levels of care provided by the
Ministry of Health.

Fumnte: Caneo Pradial, 2015

Fig. 3. Location of educational facilities in the study area. Prepared by the authors with

data from the Property Census, 2015

2.2.3 Provisioning

The supply equipment is understood as the adequate buildings and
infrastructures to promote exchange, where the suppliers (producers or sellers)
and demanders (consumers or buyers) enter into a close commercial relationship
in order to carry out abundant commercial transactions of perishable products
and not perishable In addition, this facility has free parking and security guards.
Likewise, it has a Comprehensive Development Center (CDI), so that all
children (children of merchants) can do their homework supported by
professionals.

2.2.4 Social Welfare Facilities

Governed by the Ministry of Social Welfare or by local governments, in charge
of formulating, directing and executing state policies regarding the protection of
the most vulnerable sectors of society (minors, youth, older adults, people with
disabilities, indigenous people and peasants) with in order to promote good
living. Considering the classification defined by the Ministry of Social Inclusion
(2010) [8] in the study area, 18 social welfare facilities have been identified, of
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which 16 correspond to nurseries, 1 nursing home and 1 Social reintegration
centers.

2.2.5 Safety Equipment

Buildings whose objective is to contribute to citizen security and public order.
The study area has a Community Police Unit (UPC), located to the south
between Av. Pumapungo and José de la Cuadra street. This facility has police
on permanent duty, 24 hours a day in 8-hour shifts.Recreation equipment: urban
spaces, equipped, preserved and mainly animated for leisure and recreation,
which has social importance since they are places of meeting and coexistence.
Based on the information collected in the field, the parks, which are mostly
neighborhood and children's parks (17) and the fields (2), have been considered
as green areas. Cult equipment: eln the study area, 13 religious facilities have
been identified, which preach various types of religions.

2.2. Roads

After the field review of the road hierarchy carried out by the Municipal GAD
of the Cuenca [6] canton, adjustments have been considered, since the
hierarchical level does not respond to the reality of the operation of the road
system in the study area. Taking into account the above, the road network has
been classified as follows:

e Arterial roads: their main characteristic is to carry traffic between
different areas of the city, they support a high traffic flow.

e Collector roads: with the function of absorbing the traffic of the local
roads, taking the vehicular flows towards the main system. In the study
area there are 12 collector routes,

o [ocal roads: constituted by those roads that give access to adjacent
properties, also facilitate local traffic. They are directly connected to the
collector and / or arterial routes. These pathways are the most quantity
in the study area.

2.3. Transport

The Public Transport Network forms a mesh of transport channels, which
allows the flow of users between their places of origin and destination, in an
efficient, comfortable and safe way. The proper functioning of the components
of this network guarantees the fulfillment of its objective [9]. According to the
information available in the Municipal Transit Office (DMT) [10]; The study
area has the service of 13 bus lines, which move users to other sectors of the
city.

97



Strategies for the Distribution of Uses, Occupation and Allocation of Land

2.4. Spatial Analysis of Land Use

The classification and identification of the land uses that are presented in the
study area, was carried out based on the table of land uses existing in the
Reform, Update, Complementation and Codification of the Ordinance that
sanctions the Land Use Plan of the Cuenca canton [7]. The results are found in
Table 1.

Table 1. Land uses according to the codification of the Ordinance that sanctions
the Territorial Ordinance Plan of the Canton Cuenca

Code Code Description

100 Occasional trade in retail housing supply products

200 Artisanal production and manufacture of goods compatible with housing

310 Security services

320 Financial services

340 | Transport and communications service

350 Tourism and recreation services

360 Food services

380 Professional services

400 Personal and housing-related services

500 | Daily trade of food and non-food supply products for housing

520 | Retail trade in inputs for agricultural and forestry production

540 | Retail trade in inputs for agricultural and forestry production

540 | Trade Of Light Machinery And Equipment In General And Spare Parts
And Accessories And Vehicles And Machinery

570 Trade in construction materials and accessory elements

600 | Community and neighborhood equipment

700 | living place

900 | Special uses

1000 | Management and administration

Ordinance that sanctions the Territorial Ordinance Plan of the Cuenca Canton, 2011.7

2.5. Analysis and Evaluation of Geostatistical Tools

For the evaluation of the geostatistical tools, the occasional trade land use group
is used, since it has a similar amount of data to the other land use groups and
above all it exceeds the minimum data required by the tools to be executed.[19]

98



Carla Siguencia, Marco Avila and Yonimiler Castillo

As a first measure, a preliminary analysis of the data to be studied is carried out,
this process is of vital importance since a good result depends on this. For this,
different existing tools in ArcGIS are used and compared, such as Kernel and
Kriging. Finally, the two tools were analyzed: Kernel Density and Kriging[20]
[21][20]

The Kriging method is chosen because this method relies on mathematical and
statistical models that include probability. That is, when the prediction is made,
it is associated with a probability and the prediction error is calculated.
Furthermore, this method allows spatially assessing the trend and concentration
of land uses in the study area. Additionally, it was important to study the
behavior of the land uses present in the study area, to understand the dynamics
they generate. Although it is possible to have a general idea of the dynamics that
land uses generate through cartographic representation or simply with data from
the field survey, such analysis continues to be subjective, while statistical
calculation allows to mathematically determine the behavior of land uses floor.

2.6. Tools used
2.6.1 Kriging tool

This analysis tool allows us to know: ¢ Trend analysis, * Concentration
Analysis, *Pattern[22]—[24] The figure 4 below shows the procedure carried out
for the evaluation and application of this tool.

2.6.2 Global Moran Index (spatial autocorrelation)

It makes it possible to know if the distribution of land uses in the different
categories is shaping patterns of grouped, dispersed or random spatial
distribution.Spatial autocorrelation allows a simultaneous analysis of the
distance between the location of the uses and the values of the sum of the
number of land uses per block.It can be interpreted as a standardized
measurement ranging from -1.0 to +1.0.[25]-[28]
Types of patterns that land use groups may be generating shown in Figure 5:

o LISA test (Local Indicators of Spatial Association)
It varies between -1 and +1, representing the degree of correlation. As a result,
the index identifies disaggregated territorial units, where high or low analysis
values are spatially grouped.

e [Evaluation and Application of the LISA Test.

® [and use occasional trade in retail housing supply products.
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The figure 6 shows Moran's Spatial Autocorrelation Test I of the use of
occasional trade in supply products to retail housing. [25], [27]— [29]

Moran's | Index =014
Z Score = 1,7 standard deviations

Dispersed % @ Clustered

Significance Level: 001 005 0.10 RANDOM 010 005 0O
Criticsl Values:  (-258) (-196) (-165) (165) (196) (258)

There is a 5-10%lkelihood that this clustered pattern is the
result of random chance.

Global Moran's I Summary
Moran's Index: 0,136633
Expected Index: -0,013333

Variance: 0,007782
Z Score: 1,699977
p-value: 0,089135

Fig. 6. Moran's Spatial Autocorrelation Test |

3. RESULTS

The research generated strategies for the distribution of uses and allocation of
land occupation characteristics.

e The relevant elements of the study area that have a direct impact on the
behavior of land use and occupation were identified and characterized
through diagnoses based on the data obtained from the field survey.

e Land use patterns were analyzed and identified through the application
of geostatistical tools such as Kriging, Moran-Lisa, which allowed
obtaining results of trend, concentration and distribution of land use
patterns based on mathematical bases that make this rigorous. study.
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e The synthesis was made from relating the results obtained from the
spatial analysis of land use and the relevant urban elements, through the
crossing of variables obtaining information on the current situation of
the study area in relation to land use and characteristics Of occupation.

o A model was generated based on the graphical application (corema),
explicit in the work, which can be complemented with the Shannon
diversity index.

Concluding that, the presence of strong urban elements with important road
equipment or axis for the city, generate intense dynamics in terms of variety of
land uses and in turn these uses maintain a close relationship with certain
patterns in terms of occupancy characteristics even above what is established by
the regulations; situation that can be made visible from a model resulting from
the application of geostatistical analysis with the support of Geographic
Information Systems.

Based on the results obtained from the different analyzes carried out to study the
behavior of land use and occupation characteristics, the following strategies
have been established to generate favorable land use dynamics in the study area:

e Adequate distribution of land uses related to housing, so that the uses of
service, commerce, and equipment compatible with housing are
diversified and in turn enhance the dynamics that are generated between
them. Avoiding in this way reaching an extreme specialization of uses,
which increases displacements due to the need for supply. A spatial
behavior like that of the study area should be sought, since there is a
supply from points of concentration of different land uses or by areas
with medium and high diversity indices, which allow the resident to
acquire goods and services on foot.

e Maintain the purpose of retreats in a building, through proper use of
these spaces, without altering the type of implantation assigned. Thus,
avoiding sudden changes in the reading of the urban landscape

e Strategic location of influential facilities in the study area to promote
areas with a high diversity of land uses. Similar to what happens, for
example, around the supply equipment of the study area, the same that
directly influences the concentration, diversification and probable trends
in the location of land uses related to each other and to the home, thus
avoiding cause incompatibilities.
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4. DISCUSSION

Make use of the study of trends in the location of commercial and service land

uses to plan a parking system that does not affect the operation of the road
system. That is, to identify the roads that host or will host a high number of

these types of uses through the Kriging tool that provides information on the

likelihood of location of groups of land uses and thus provide parking systems

on roads that require it, strategy that could be applied in already occupied areas.

Promote commercial road axes that have a variety of land uses related
to commerce and the provision of services, which supplies an area,
without chaotizing vehicular traffic, or altering the characteristics of the
road. This strategy is feasible to apply both in occupied areas and in the
process of occupation, after carrying out a study of both concentration,
location trend and diversity of land uses in their immediate context.

Locate supply equipment in strategic areas that require diversity of uses
related to housing. As a strategy to energize areas where residential use
is high and uses need to be diversified. Strategy that was verified in the
present study, since as observed in the commerce and service coremas,
around the supply equipment, high diversity and dynamics are
generated between land uses, without causing incompatibilities.

Prevent commercial and service uses from replacing the main housing
use, since they must be distributed in a balanced way and complement
each other, to avoid dispersion, a phenomenon that on a larger scale
translates into an unnecessary growth of the cities. Hence the
importance of having statistical data that verify the concentration, trend
and the conformation of behavior patterns of land uses to take the
necessary measures.

Enhance the dynamism of land use, in areas where densification is
required. Because the diversification of land uses increases the
population that resides in the surroundings, causing the area to densify,
regardless of the height of the building. This could be verified through
the coremas of service, commerce, and housing, where in an area with
high concentration, conformation of patterns and probability of location
of land uses, are causally related to non-compliance with the rules
established by the Autonomous Decentralized Municipal Government.

It is necessary to develop the concept of allocation, in a more precise and

forceful way, with the social and economic reality of the population without

distorting the criteria for the control of impacts, involving concepts of
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accessibility, functionality, habitability, security, relation public space, space
private, demand, among others.

e Faced with the limitations that exist in certain land uses at the time of
applying the Kriging 11 tool, it is recommended to perform the analysis
by means of graphs that contain the count of the uses present in the
study area, thus, in this way It solved this inconvenience, bearing in
mind that this procedure approximates an empirical way, since it is
visually determined where they are concentrated and where there is a
trend of these land uses.

Finally, it would be important to extend the analysis to the rest of the city,
taking different areas of different growth moments and in this way see the
changes that have occurred over time, measure the effect of commercial and
service concentration on the demand for public and private transport (vehicle
flow). Validate if the behavior of land uses is more regular, while they are closer
to the city center. Finally, to promote the use of geostatistical tools in studies of
land use and occupation, to obtain objective results supported by mathematical
relationships, which contribute to the planning of a city and study the
relationship of land uses with other factors such as frequencies. of trips,
displacements, areas of occupation, among others.

5. CONCLUSIONS

The objective of the research is aimed at transcending the diagnosis of land use
and occupation beyond the basic mapping of the characteristics of land
occupation, buildability, forms and number of uses, which are usually carried
out, for later based on observations and subjective analysis, make decisions to
organize the use and occupation of the territory.

This research is a first link towards the search for a methodology that allows
studying the behavior of land use and occupation through geostatistical tools
that allow to mathematically support the concentrations, dispersions, behavior
patterns, occupation trends that support decision-making in matter of policies of
ordering, control, and regulation of the ordering of the use and occupation of
land.

It could be said that since the use and occupation of land are expressions of
human activities in the territory, these actions are changing and complex, so it is
necessary to expand the studies looking for methodologies that allow being
precise in the diagnosis of the dynamics that are generated in their immediate
surroundings to promote or regulate the activities that are concentrated or
dispersed in the study area.
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It is important that the results of the application of geostatistical tools in the
study of land use and occupation are compared with variables of the relevant
elements such as equipment, roads, physical environment that complement the
diagnoses for land use plans. In addition, initiatives focused on creating
ordinances must be rigorous and consistent with the economic, social, and
environmental reality of the territory, involving concepts of accessibility,
functionality, habitability, security, relationship between public and private
space, cultural, among others.
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