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ABSTRACT

The considerable increase in energy demand, the strengthened requirements of
new emission norms and the limited fuel resources are the major challenges
for researchers over the world. The use of biodiesel produced from waste
cooking oil is a promising solution. In the current study, the transesterification
process used to convert waste cooking oil into a Waste Cooking Oil Methyl
Ester (WCOME) has been modified and the production time is reduced with
the help of ultrasonication. Then extensive study on combustor cold flow as
well as flame characteristics had been carried out.

In the first set of experiments, the study compares the cold flow conditions
(air), flame structure, combustion, and emission of Jet A-1 via the use of two
swirl burners having different configurations and identical geometric swirl
number (SN=0.55). The first configuration is a typical High Swirl Burner
(HSB) with a central bluff body while the second one is a Low Swirl Burner
(LSB) with central perforated plate allows relatively axial flow to pass through

the burner center.

In the second set of experiments, the study identifies the effect of biodiesel
blending ratio within mixtures of biodiesel/Jet A-1 fuel burned in a confined
combustor on the flame characteristics and exhaust emissions. The Jet A-1 fuel
is blended with WCOME with volume fraction of 5, 10, 15 and 20%,
symbolized as B5, B10, B15, and B20 respectively. For all tested cases the
Lean Pre-vaporized Premixed (LPP) turbulent flames are examined keeping
the same equivalence ratio ¢ = 0.75 and the temperature of premixed fuel/air
mixtures entering the combustion chamber at 250 °C.

The main results indicated that the flow field of the LSB is free of a central

recirculation zone while HSB has a large central recirculation region. The lean



pre-vaporized premixed Jet A-1 and air can sustain steady combustion at HSB
and LSB with comparable global combustion quality. The HSB can generate
an attached blue cone-shaped flame while the LSB can generate a blue lift-off
“W” type flame. The HSB flame temperature distribution shows a high-
temperature zone at the burner edge which represent a hot spot region while
the LSB shows a more uniform flame temperature distribution. The CO and
NOx concentrations of the HSB through the flame are approximately 50 %
higher than those for LSB. The local flame temperature distribution of the
biodiesel/Jet A-1 fuel shows a similar behavior like that of Jet A-1. Biodiesel
(oxygenated fuel) addition to Jet A-1 has a great effect on the emission
characteristics of LPP combustion. There was remarkable emissions reduction
due to biodiesel blending, the maximum reduction in CO was achieved for B20
as 30% lower than Jet A-1 and the maximum reduction for NOx was achieved
at B5 as 45% lower than Jet A-1. The Jet A-1 fuel can be replaced by
biodiesel/Jet A-1 fuel without any modifications in the combustor design as

they have similar temperature distribution and great emission reduction.
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Chapter 1: INTRODUCTION

1.1  Overview

The intensive consumption of fossil fuels in all sectors such as power
generation, industrial processes, and transportation has engendered extensive
research to find new alternative fuels. Fossil fuels are non-renewable sources
of energy which generate environmental pollutants that are related to global
warming, climate change, and even some incurable diseases. The use of
biofuels and their mixtures with fossil fuels to provide energy demands is one
of the notable options. Unlike fossil fuels, which are finite, the biofuels are
renewable, environmentally friendly and economically competitive. Biodiesel
is the general name for the like-diesel compounds which can be produced from
edible and non-edible vegetable-based oils, animal’s fats and even waste
cooking oil. Biodiesel has gained considerable attention since it is renewable,
biodegradable, non-toxic, higher cetane number, higher flash point, lower
emission of carbon monoxide, particulate matters, unburnt hydrocarbon, sulfur

and volatile organic compounds as compared to conventional diesel [1].

The feedstocks used for biodiesel production can be categorized into three
generations as shown in Table 1-1. The edible oils like soybean, rapeseed,
palm, castor etc. are categorized as first-generation feedstocks of biodiesel. Of
course, the first-generation feedstocks are available but their use as biofuel
feedstock is of great concern because they contend with food materials. So,
researchers started to use oils derived from non-edible crops like Jatropha and
Jojoba categorized as second-generation feedstocks of biodiesel. The main
advantage of using second-generation feedstocks is that there will be no food
issue and they can be grown in non-agricultural land in the desert and irrigated

by waste water. The problem of the second generation is that a few farmers are



cultivating the second-generation crops. The third-generation feedstocks
overcome the difficulties faced by previous generation feedstocks such as

affecting food chain, economic feasibility, and availability [2].

Table 1-1 Feedstocks for biodiesel production.

Edible oil Non-edible oil Other sources
(1%t generation) (2" generation) (3" generation)
Rapeseed oil [3] Jatropha curcus [6] Waste cooking oil [8]
Palm oil [4] Jojoba [7] Chicken fat oil [9]
Castor oil [5] Fish oil [10]
Soybean oil [6] Micro algae [10]

Neat biodiesel and its blends with fossil fuels in various proportions reduced
the unwanted toxic emissions like Unburned Hydrocarbons (UHC), Carbon
Monoxide (CO) and smoke level where as it augmented the emissions like
Carbon Dioxide (CO2) and Nitrogen Oxides (NOx) [2]. Further reduction in
pollutant emissions can be also attained with the help of combustion improving
techniques. One of these techniques is the lean pre-vaporized premixed (LPP)
combustion. In this concept, the liquid fuels are burned via premixed
combustion rather than diffusion combustion and so the corresponding
complexities in diffusion flames are removed. At the case of lean combustion,
the flame temperatures become lower leading to reducing the formation of
thermal NOyx. Unfortunately, lean combustion operates near the lean
flammability limit, where the flame approaches the conditions of its instability.
Flame stabilization is usually accomplished by using a swirl burner. In order

to operate gas turbine engines with biodiesel, the flame structure and the



combustion characteristics inside gas turbine combustion chambers must first

be well understood.

1.1 Obijectives of the Present Study

The present study aims to provide a detailed experimental comparison of the
cold flow, the combustion and the emissions characteristics for two swirl
burners having the same swirl number but having different designs
configurations using LPP combustion technique. The study also aims to
produce biodiesel from waste cooking oil to get waste cooking oil methyl ester
(WCOME) following the transesterification process using ultrasonic and
experimentally study the combustion characteristics of different Jet A-1/
WCOME blends on the combustion and the emissions characteristics of LPP

flame. These objectives can be realized by performing the following tasks:

1- Collecting waste cooking oil as feedstock for biodiesel production

2- Make the necessary filtration and cleaning of the collected waste oils

3- Produce the biodiesel from waste cooking oil under optimal conditions
to get the highest yield and the acceptable biofuel viscosity.

4- Design low swirl and high swirl burners having the same swirl number.

5- Carry out extensive studies on the combustor cold flow as well as flame
characteristics.

1.2 Thesis Layout

The thesis comprises five chapters, including the present one as an
introduction. In Chapter 2, a detailed review of previous investigations related
to gas turbine swirl stabilized combustors, gas turbine emissions, and the effect
of biodiesel on the gas turbine emissions. This chapter is concluded with a
detailed aim of the present investigation. Chapter 3 describes the experimental



apparatus and the measuring techniques used. Error analysis, as well as the
required analysis of the measured values, are presented in this chapter.
Chapter 4 is devoted to the description of the experimental program,
presentation, and discussion of the experimental results. Chapter 5 presents a
summary and conclusions of the present investigation together with

recommendations for future studies.



Chapter 2: LITERATURE REVIEW

A detailed study was performed to review the past research as well as to extend
knowledge in the area of lean pre-vaporized premixed swirl stabilized
biodiesel combustion. In this chapter, the past work related to gas turbine swirl
stabilized combustors are reviewed. Then the motivations of biodiesel,
biodiesel production, gas turbine emissions and the effect of biodiesel on gas
turbine emissions will be discussed. After that, a review about lean pre-
vaporized premixed combustion will be introduced. Finally, the research aims
will be formulated.

2.1  Swirl Stabilized Combustors

The gas turbine is an internal combustion engine that is used for power
generation and aircraft propulsion. A lot of researches and developments have
been done to satisfy a wide range of combustor design and its functional
requirements including high combustion efficiency, wide range of flame
stability, low pressure loss, low emissions and pollutant species, durability,
maintainability, and avoidance of combustion instabilities [11]. Two major
combustion modes are used in gas turbines combustors, diffusion mode, and
premixed mode. In the diffusion combustion mode, fuel and air entered the
combustor in separate streams (without mixing) and the combustion occurred
near stoichiometric air to fuel ratios at high temperatures. Any improper
mixing between incoming reactants leads to the incomplete combustion.
Moreover, as combustion temperature is close to the adiabatic flame
temperature, there is a great tendency for the formation of thermal NOx. The
incomplete combustion, as well as the NOx emissions, can be reduced if the

premixed combustion mode is used where air and fuel are mixed upstream of



the combustor. The use of lean fuel conditions leads to combustion at lower
temperatures and so lower thermal NOx formation. However, the use of a very
lean mixture near the lean blow-off limit can lead to unstable combustion.
Maintaining flame stability is an important requirement for gas turbine
combustors. A flame is locally stabilized when the flame speed equals the local
mean velocity, which means that the flame is stationary at the desired location
and is resistant to blowoff, flashback, and liftoff [12]. Swirl stabilization is the
predominant mechanism to control flame stability as well as combustion
intensity. Swirl can be produced geometrically by vane swirler, mechanically
by rotation or aerodynamically by tangential injection into a flow stream [13].
Swirl flow can be characterized by the swirl number (SN), representing the
ratio of the axial flux of angular momentum to the axial flux of axial
momentum [14]. For swirl number higher than 0.6, the swirl is strong enough
to create a toroidal reversal flow along the axis of the flow [11]. The reverse
flow entrains and recirculates a portion of the hot combustion products to mix
with the incoming reactants to stabilize the flame [11]. The recirculation zone
provides good mixing and strong shear region, high turbulence, rapid mixing
rates and long residence time [14]. The flow recirculation is generated by the
low static pressure in the central core of the combustor downstream of the
swirler. The swirl burners where recirculation zones are clearly formed are
called high swirl burners (HSB) characterized by high swirl flow and the
existing of center cylindrical solid body and the corresponding swirl number
can be expressed as [14]:

%] tan 6 Equation 2-1



Where, Dy, is center body radius, Dgy, is the swirler radius and 8 is the swirl
vane angle. High swirl burner can operate with both non-premixed and
premixed combustion. In the non-premixed combustion, the recirculation zone
is the primary mechanism for enhancing the mixing of the fuel and air. For the
premixed combustion, the recirculation zone entrains the incomplete
combustion products to the primary reaction zone and mixes them with the
fresh reactants. The flow field of a confined high swirl burner consists of six
main fluid mechanic features which are identified by Chterev et al. [15] as
shown in Figure 2-1. (A) outer recirculation zone (ORZ), (B) inner
recirculation zone (IRZ), (C) A high velocity swirling jet that divides these
recirculation zones, (D) the inner shear layer (ISL) that separates the swirling
jet and the inner recirculation zone, (E) the outer shear layer (OSL) that
separates the swirling jet and the outer recirculation zone. (F) The center body

wake.

Figure 2-1 Flow field of confined HSB, Chterev et al. [15]

A promising alternative for the high swirl combustion is low swirl combustion
where the swirl number is lower than 0.6. The low swirl burners (LSB) are the
designed configuration to produce weak swirl flow where the low axial
pressure gradient is not strong enough to cause recirculation of the flow. The

essential flame stabilization mechanism of LSB is divergent flow rather than



recirculation zones. The LSB consists of two concentric cylinders, the outer
annulus provides swirl to the flow, and the central jet allows relatively
undisturbed flow to pass through. A perforated sheet serves as the blockage in
the center of the burner that controls the flow split between the inner (un-
swirled) and outer (swirled) region. Generally, the SN of LSB can be
determined depending on three main geometrical parameters; including the
ratio of the center channel radius to the burner radius (R = R./Ry,), the vanes’
angle (0), and the ratio of the mass flux of the unswirled flow to the mass flux
of swirled flow (known as mass flow split m = m./m) [16] using the
following relation [17]:

1-R3
2
1-R2+m?2((1/R?)—1)"R2

SN = %tan 0 Equation 2-2

A schematic representation of the LSB flow fields is shown in Figure 2-2. The
flow field is divided into an outer swirling region and a non-swirling inner
region. A portion of the flow enters the central channel and flow in the axial
direction (x-direction), the remaining flow crossing the outer swirling annulus
of the burner which directed it in tangential and radial direction. This creates a

divergent flow that generates a decaying velocity profile along the centerline.



.....

LVV'

r
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Figure 2-2 Flow field of LSB, Colorado[18]

Figure 2-3 provides schematics representation of a comparison between the
aerodynamics of a confined HSB and LSB [19]. As mentioned before, the HSB
has a central recirculation zone (CRZ) while the LSB has a central divergent

zone (CDZ).



10

Figure 2-3 Schematic representation of the aerodynamics of a confined (a)
HSB, (b) LSB, Therkelsen [19].

Johnson et al. [20] carried out a comparison between high swirl burner (HSB)
(SN=0.73) and the same burner modified for operation as a low swirl burner
(LSB) (SN=0.5). The measurements of the flow fields were performed at
atmospheric conditions and also at gas turbine relevant conditions of elevated
temperature and pressure using PIV. The measurements of the flow fields for
both burners demonstrated that the LSB is free of recirculation while the HSB
has large recirculation zones. Littlejohn et al. [21] conducted laboratory
experiments to investigate the fuel effects on the turbulent premixed flames
produced by a gas turbine LSB. The analysis of the normalized velocity
statistics showed that the non-reacting and reacting flow fields of the LSB have
similar features. Legrand et al. [22] performed stereoscopic PIV measurements
for both a conventional HSB and LSB. The results indicated that the LSB has

a reduced recirculation zone in comparison with the HSB configuration. The
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authors concluded that the flame in the LSB is stabilized by means of a low
velocity zone more than by the recirculation zone. Authors also noted that
asymmetries were presented in the mean flow fields of low swirl flames due to
the rotation of low-velocity structures about the inner core axial flow. It can be
concluded that the use of HSB would be more effective for diffusion flames
rather than for premixed flames to get better mixing but there will be a zone of

intense shear and so expected higher local temperature.

2.1.1 Review on the geometry of low swirl burner

The following section presents some of the design constraints of LSB used in

the previous studies as well as a brief description of its configurations.

Therkelsen, et al.[16], performed a parametric study on different geometrical
configuration of LSB for methane burned in the open atmosphere to conclude
the constraint for LSB design. The results demonstrated that SN should be
between 0.4 and 0.55. The swirler can have straight or curved vanes with angle
a from 37° to 45°. The optimum center channel to burner radius ratios R can
be from 0.5 to 0.8. In addition, the exit length L can be from 2 to 3 times the
burner radius R;,. Data summarized in Table 2-1 collects the design parameters

of LSB used in previous studies cited in the literature.

Table 2-1 Review on the values of the swirler design variables

Number | Vane D, | Blockage )
Ref R= D—“ ) Swirl number
of vanes | angle a sw ratio
Therkelsen et al. 6 32,37 | 0.52,0.67 From 0.4 to
[16] and 42 and 0.8 0.55
Cheng et al. [23] 16 40 0.63 58% 0.51
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Number | Vane D, | Blockage )
Ref R= D—“ ) Swirl number
of vanes | angle a sw ratio
Littlejohn et al.
8 37 0.776 71% 0.4
[24]
Cheng et al. [25] 16 40 0.66 - 0.5
Johnson et al. [20] 16 45 0.63 58% 0.5
Day et al. [26] 8 37 0.76 78% 0.55

Feyz et al [27] investigated the effect of burner exit length on the combustion
characteristics of LSB operating on natural gas. The results showed that, the
increase in the exit length from 1 Dgy, to 1.5 Dgyy significantly improves the
temperature uniformity, increases the flame heat exchange to the walls
relatively by 4.9% and limits the stack losses at 28%.

Cheng et al [23] studied the effects of combustor geometry on the flame and
flow field properties of a LSB configured for burning of hydrocarbon and
hydrogen fuels in gas turbines by changing the diameter of the confined tube
attached at the exit plane of the burner. The PIV measurements result reported
that the supply of un-swirled flow through the center channel of LSB retards
the formation of a central recirculation zone occurred at combustor exit and
promotes the formation of flow divergence occurred above burner rim. The
optimum expansion ratio needed to decrease the recirculation zones occurred
when the enclosure radius is about three times larger than the burner radius i.e.
3:1.

2.1.2 Review on low swirl burner emissions

From the literature, it can be noticed limited works cited where the emissions
using LSB are investigated. Among the available literature, Johnson et al. [20]
carried out a comparison between emissions formed using HSB (SN=0.73) and
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that of using LSB (SN=0.5). The measurements demonstrated that the NOx
emissions of LSB were 60% lower than those of HSB, but the CO emissions
were comparable under the same operating range. Koyama et al. [28]
investigated the adaptation of the liquid-fueled LSB for industrial gas turbine
combustor application over a wide range of inlet conditions and equivalence
ratios. The results revealed that the NOx emissions were reduced and met the
Japanese regulation limits for liquid-fueled burners. Sequera et al [29] reported
emissions measurements for a LSB operated by combustible gaseous mixtures
of methane (CHa), hydrogen (H.), and carbon monoxide (CO) to simulate
synthetic gas produced by coal gasification. The experiments were conducted
at atmospheric pressure and the reactants were at room temperature (T=293K).
Results showed, that the NOx emissions for simulated syngas fuel mixtures are
correlated with the adiabatic flame temperature. The CO emissions increased
with the increase in the adiabatic flame temperature. Measured NOx and CO
emissions profiles show that the structure of turbulent flames from the LSB are
similar to those for laminar premixed flames. From these limited works, it can
be concluded that the use of LSB has a great effect on emission reduction
globally better than that of HSB.

2.2 Biodiesel

The limitation of fossil fuel resources such as coal, petroleum oil, natural gas,
etc. and the increase of environmental pollution force the scientific community
to find alternative fuels with low emissions to be used in different combustion
devices. One of the promising alternatives that can substitute petroleum diesel
fuels is the biodiesel. Biodiesel is the general name for the like-diesel biofuel
produced from edible and non-edible vegetable-based oils, animal’s fats and

even waste cooking oil.
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Waste cooking oils biodiesel offer great potential beside its closed-loop energy
cycle due to its substantial economic and environmental benefits. One of the
most advantageous of burning waste cooking oil biodiesel is that it releases
purely biogenic carbon, as it is derived from plant matter. When these plants
uptake carbon from the atmosphere, it is stored until they are burned or used
as feedstock for biodiesel production. Thus, the combustion of this biodiesel

only returns the carbon the plants took out of the atmosphere initially [30].

The main problems that prevent the direct use of the raw waste cooking oils in
different combustion systems are its high molecular weight, high viscosity and
low volatility which lead to poor atomization in the combustion chamber [31].
The conversion of raw waste cooking oils into biodiesel is an efficient way to
overcome these problems. Pyrolysis, emulsification, and transesterification are
the popular techniques used to produce biodiesel. However, the use of

transesterification is the most common economic and effective technique.

221 Transesterification reaction

In the transesterification process, the triglyceride molecules of vegetable oils
are converted into smaller, straight chain molecules (almost similar in size to
the molecules of the species present in diesel fuel). Figure 2-4 shows

transesterification schematic representation.

. Biodiesel
Qil
ICH2 — OCOR, Alcoho Glycerol iRlCOO — CH;
CH, — OCOR, + m C{"z = CIH = sz + R,C00 — CH,4
I 3 CHy0H I
CH, — OCOR; OH OH OH R3C00 — CHj

Figure 2-4 Stoichiometric transesterification reaction



15

The following subsections represent the main parameters affecting the
transesterification reaction of biodiesel and then review about the biodiesel

production researches via transesterification of vegetable oils will be stated.

2.2.2 The parameters affecting the transesterification reaction

Transesterification is the reaction of triglyceride molecules of vegetable oils
and alcohol to produce esters and glycerol. The most critical parameters that

influence the transesterification reaction time and conversion are: -
e Catalyst type and concentration

Alkalis, acids, or enzymes can catalyze the biodiesel in the
transesterification reaction. Alkali-catalyzed (NaOH, KOH) is the most
commonly used in the transesterification reaction of waste cooking oil as it

is much faster than acid-catalyzed (HCI, H2SO4) transesterification [32].

Attia and Hassaneen. [33] investigated biodiesel production from waste
cooking oils with different base catalysts (NaOH, KOH). They also evaluated
the effects of the catalyst weight (0.5% and 1%). The optimum condition that
produced the highest yield around 96% was 60°C reaction temperature, 1%
wt/wt KOH catalyst and 6:1 molar ratio of methanol to oil. The KOH show 4%
higher conversion in comparison with NaOH.

Refaat et al. [34] investigated biodiesel production from waste cooking oil
with KOH and NaOH as a catalyst with different concentrations (0.5% and
1%) by weight. The optimum condition that produced the highest yield around
98.16% was 65°C reaction temperature, 1% wt/wt KOH catalyst and the molar
ratio of 6:1 of methanol to oil. The KOH show 1% high conversion in
comparison with NaOH.
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The increase of catalyst concentration has an adverse impact on the product
yield as any excess amount of alkali catalyst reacts with triglycerides to form

more soap [35].
e Mixing intensity

Mixing plays a great role in the transesterification reaction as oil and methanol
are immiscible [36]. Ultrasonic sound waves with low frequency is an efficient
mean to generate proper mixing. It can significantly reduce the reaction time
to accelerate biodiesel production process. Ultrasonic waves main effect on
chemical reactions comes from the formation and collapse of microbubbles
that improves the mass transfer by disrupting the interfacial boundary layers
[37].

Kumar et al. [38] had successfully conducted that presence of ultrasonic
irradiation (50% amplitude, 0.7 s cycle each second) enhanced the Kinetic rate
of transesterification of Jatropha curcus oil, with a reduced reaction time to
15 min compared to 6 h of conventional processing time with an obtained yield
of 98%. Samani et al. [39] found that pistachio biodiesel conversion (yield) in
the biodiesel produced by the ultrasonic system was 7.5 times greater than that

of the conventional method.
e Alcohol to oil molar ratio and alcohol type

One of the most critical variables affecting the biodiesel (alcohol ester) yield
is the molar ratio of alcohol to oil (triglyceride). The stoichiometric molar
ratio of alcohol to triglycerides is 3:1 which yield three moles of fatty acid
alkyl esters and one mole of glycerol. However, an excess amount of alcohol

Is required to ensure the completeness of the transesterification reaction; as the
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conversion reaction is reversible so additional value is needed to get complete
conversion of the raw oil. Many researchers confirm that maximum conversion

to the ester occurs at a molar ratio of 6:1 [33].

Methanol and ethanol are the most common alcohols used in the
transesterification reaction. They are not miscible with triglycerides at ambient
temperature, so the mixing is essential to enhance the mass transfer. Most of
the Egyptian researchers prefer to use methanol due to its availability and its

low cost.
e Reaction temperature

The reaction temperature affects the yield of biodiesel. As the reaction
temperature is increased, the biodiesel conversion rate increases and the
reaction time decreases because of the reduction of oils viscosity. However,
that increase in reaction temperature more than the optimal value leads to
deterioration of biodiesel yield, because the saponification of triglycerides
increases at the higher reaction temperature. To prevent the alcohol
evaporation during transesterification reaction, the temperature should not
exceed the alcohol boiling temperature. Usually, the optimal reaction

temperature range is from 50°C to 65°C [35].

2.3  Gas Turbine Emissions

Gas turbine engines in addition to diesel generators, emit undesirable
emissions. The most regulated air pollutants include nitrogen oxides (NOx) and
carbon monoxide (CO). The following sub-section covers the definition,
formation mechanism, and reduction methods of gas turbine emissions, mainly

CO and NOyx emissions.
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2.3.1 Carbon monoxide (CO)

CO the major intermediate species before complete oxidation of carbon
contents into CO2 during the combustion of hydrocarbon fuels. As such,
hydrocarbon fuels first are broken down and form a substantial amount of CO
then the oxidation of CO to CO> occurs later. CO can be produced due to many

reasons; including:
e the inadequate O2 in rich combustion as in diffusion combustion.

e the low temperature of lean combustion, where OH radical (the
determining factor in the oxidation of CO to form COy) is limited (this
active radical is produced when the temperature is greater than 1100 K)
[40].

e the high temperature that tends to increase the produced CO due to the

dissociation reaction of CO> to form CO.

Thus, reduction of CO emissions can be achieved by complete oxidation rate
of carbon to carbon dioxide which can be attained with increasing flame
temperature, increasing the available oxygen, increasing the combustion
pressure, and lengthening the residence time to achieve the equilibrium of CO
also with ensuring good mixing to eliminate local rich zones and so decreasing
the CO formation.

2.3.2 Nitrogen oxides (NOx)

NOy is the term comprising both gases of nitric oxide (NO) and nitrogen
dioxide (NO2). NO is mainly formed in a combustion process due to high

temperature (>1850 K), the long residence time in the reaction zone and high
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pressure [11]. NO2 is formed by oxidation of NO in the lean combustion
conditions at low temperature. Generally, the concentration of NO- is lower
than that of NO because the rate of the oxidation of NO is too slow to give
significant conversion in short residence time. In order to control the formation
of NOx emissions, the various mechanisms of NOx formation should be well
understood. There are three major mechanisms to produce NOx: thermal NOx
(Zeldovich mechanism) [11], fuel NOx and prompt NOx (Fenimore) [41].

e Thermal NOx (Zeldovich mechanism)

Thermal NOx is an endothermic reaction producing NO and the significant rate
can be produced only at temperatures above 1850 K due to the high activation
energy required to initiate the oxidation of nitrogen (first reaction). The
extended Zeldovich mechanism consists of three principal reactions

controlling the production of thermal NOx:

No + O<+«—> NO + N
N+QO,«—>»NO+0O
N+ OH <«—>» NO+H

To control the thermal NOy, the combustor should operate at a low temperature
that can be achieved at lean conditions i.e. low equivalence ratio as thermal
NOx is mainly depended on the flame temperature which is decreased by

decreasing the combustor equivalence ratio.
e Prompt NOx (Fenimore)

The prompt NO is produced from the rapid reaction of atmospheric nitrogen
(N2), with short-lived hydrocarbon radicals such as C, CH, and CH in the
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reaction zone at low temperature (below 1000 K) [40]. The prompt NO can be
ignored under lean combustion conditions due to the reduced hydrocarbon

radical concentration.
e Fuel NOx

Most fossil fuels especially coal contain small amounts of fuel bound nitrogen
which can form fuel NOx. The fuel NOx results from the oxidation of the
nitrogen contained in the fuel. The significant rate can be produced only when
the combustor operates at rich conditions using fuel having a large fraction of
nitrogen compounds. The liquid and gases fuels used in gas turbine combustion
contain approximately no fuel bound nitrogen as compared to solid fuels and

hence fuel NOx is ignored.

2.4  Emissions Characteristics for Biodiesel in Gas Turbines

There are a lot of researchers who focused on the investigation of combustion
and emission characteristics of biodiesel in gas turbines; as collected in Table
2-2. This table shows selected studies related mainly to the adoption of the LPP
concept in gas turbine applications using conventional fuel (Jet A-1 or diesel),
biodiesel and blends of Jet Al and/or diesel with biodiesel. The latter is
obtained from different renewable sources including Jojoba methyl ester
(JME), Palm Methyl Ester (PME), Jatropha Pure Oil (JAPO), Jatropha Methyl
Ester (JAME), Soy Methyl Ester (SME), Canola Methyl Ester (CME) and
Rapeseed Methyl Ester (RME). There were no detected studies where
WCOME was studied, so other biodiesels (characterized by oxygen contents
as that of WCOME) were noticed to explore the impact of biodiesel on gas

turbine emissions. It can be concluded that the use of biodiesel and its blends
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with fossil fuels in gas turbine combustors would be more effective for the

reduction of CO and NOx emissions.

Lean Pre-vaporized Premixed (LPP) concept introduces a promising solution
to meet the purpose of reducing NOx emissions as well as other pollutants [11].
In this concept, the liquid fuels are burned via premixed combustion rather than
diffusion combustion and so the corresponding complexities in diffusion
flames are removed. However, LPP combustion suffers from a number of
problems such as combustion instabilities ([42] and [43]). Providing the
combustor with a swirling flow commonly enhances the LPP flame stability
[44]. The emission characteristics of LPP combustion depend on the flow field,

fuel evaporation and the fuel/air mixing quality [45].

Table 2-2 Selected previous studies related to biodiesel emission in gas
turbine applications

Reference

Test Conditions

Findings

Gokulakrishnan
et al. [46]

o Fuel oils,

o High pressure,

o Swirl-stabilized LPP
combustion system

e Fuel oils achieved very
low NOx emissions
comparable to those of
natural gas in a lean
premixed combustion
system.

Attia et al. [47]

o Jet A-1 fuel

o Blends of Jet A-1 with
jojoba methyl ester
(JME) fuel

oLPP swirl-stabilized
combustion test rig

o ¢=0.87

o SN=0.78.

o Combustor inlet
temperature =170°C.

¢ As the blending ratio of
JME increases the NOy
emissions decrease.

e The CO emission is
higher than that of the
Jet A-1 fuel by
approximately 0.15 % at
the end of the test
section.
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Reference

Test Conditions

Findings

Hashimoto et al
[48]

o Atmospheric pressure

oPalm Methyl Ester
(PME)

o Atmospheric pressure

o Air Preheating
Temperature = 400°C.

e For excess air ratio of
2.53, the NOy emissions
for PME were lower
compared to diesel under
the same operating
conditions.

e The CO emissions were
comparable for both
fuels.

Hashimoto et al
[49]

oJatropha Pure Oil
(JAPO)

o Jatropha Methyl Ester
(JAME)

e CO emissions for the
pure oil were higher than
those of diesel and
JAME, especially at a
low adiabatic flame
temperature.

e NOy emissions were
comparable for all the
tested fuels, especially at
fixed air flow rates.

Habib et al [50]

o Fuel:

-Jet A

- Soy Methyl Ester
(SME)

- Canola Methyl Ester
(CME),

- Rapeseed Methyl Ester
(RME),

- Blends:

-B50 (i.e. blends
containing 50% of Jet A
and 50% of biodiesel on
the volume basis

e The biodiesel and
biodiesel Jet A blends
reduced the CO and NOx
emissions emitted from
the turbine.

2.5

Research Aims

From the previous literature review it can be concluded that the LPP system

can be tested under different conditions (including fuel type, preheat




23

temperature, and mixture strength) and it has a great remarkable positive effect
on NOx and CO reduction in addition to its enhanced combustion efficiency.
However, there were few studies conducted to investigate the combustion
performance of liquid biofuels using a swirl stabilized LPP technique, with
rare investigations where biofuel produced from waste cooking oil was studied.
Biodiesel addition to fossil liquid fuels has a great ability to reduce gas turbines
toxic emissions. There was no work at least in Author’s hand where LSB and

HSB having the same SN were compared.

Based on these conclusions the main objective of the present study is to
investigate the influence of WCOME blending ratio on the combustion
characteristics of swirled stabilized LPP flames of blended fuels. This
objective can be realized by achieving the following tasks:

1. Design and manufacture of two swirl burners having identical swirl

number and different swirl flow configurations.

2. Compare the cold flow, the combustion and the emissions

characteristics for the previous burners using LPP combustion.

3. Produce biodiesel from waste cooking oil to get WCOME following

the transesterification process using ultrasonic waves.

4. Study the combustion characteristics of different blends of Jet A-1 and
WCOME on the combustion and emission characteristics of swirl
stabilized LPP combustion.

5. Compare the Jet A-1 / WCOME blends with that of the reference fuel
(Jet A-1) using swirl stabilized LPP combustion.
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Chapter 3: TEST FACILITY AND PROCEDURE

This chapter describes the experimental setup and the measuring techniques
used in this study. In the first part of the chapter, the biodiesel production
procedures via transesterification reaction are discussed. Then the biodiesel
evaluation is performed. Finally, the physical and chemical properties of the
produced biodiesel are determined following the corresponding standard tests
methods. In the second part of this chapter, the components of the combustion
test facility are described in detail. Then the measuring instruments used to
determine the cold flow, flame temperature and species concentrations are

briefly discussed. Finally, test procedure and data analysis are formulated.

3.1 Biodiesel Production Procedures

In this study waste cooking oil collected from fast food restaurants has been
considered as feedstock for biodiesel production. The technical specifications
of the received raw oil after its filtration and cleaning from suspended materials
are listed in Table 3-1.

Table 3-1 Technical specifications of the used raw waste cooking oil

Fuel Property Value
Density @ 15°C, kg/m?® 0.93
Kinematic viscosity @40°C, mm?/s 40.3
Flashpoint °C 200
Pour point °C 15
Water content (%) 0.5
Higher heating value (MJ/kg) 35.5
Cetane number 42

Transesterification process has been used to convert waste cooking oil into

biodiesel. In the current study, the used base catalyst is potassium hydroxide



25

(KOH), and the alcohol is methanol. The major steps to produce biodiesel
using ultrasonic transesterification are shown in Figure 3-1. Based on the
review of the previous researches the following procedures are conducted to

perform the transesterification.

[ Transesterification Biodiesel + lecercﬁ’: (Washed biodiesel ) [ WCOME

=

Figure 3-1 Major steps to produce biodiesel using ultrasonic waves

e Pretreatment of waste cooking oil

The pretreatment stage is divided into two steps. The first one is the filtration
process. The collected waste cooking oil should be heated up to reduce the high
viscosity of WCO which almost losses its flow characteristics below 15°C.
Then oil is filtered to remove dirt, charred food, and other non-oil material
found. The second step is moisture removal by preheating the waste cooking
oil to 120°C for 15 min which let the water contents within oil to evaporate.

Then oil is allowed to be cooled naturally.
e Transesterification reaction

The experiment was carried out in a 2 liters flask. A mixture of 330 ml of
methanol and 1% wt. KOH was agitated using a magnetic stirrer (IKA C-MAG
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HS 7) for 5 min to form potassium methoxide and water according to the
following reactions.

CH30OH + KOH — KOCH3z + H20 Equation 3-1
Then, 1 liter of raw waste cooking oil was heated to 65°C by using a hot plate
controlled by (IKA ETS D-5) temperature controller. After that, the hot oil was
mixed with the previously prepared potassium methoxide. Afterward, the
mixture was transferred to be subjected to ultrasonic waves for 15 min.
Ultrasonic irradiation was provided by a UP200S Hielscher as shown in

Figure 3-2.

Figure 3-2 Ultrasonic setup

e Biodiesel and glycerin separation

Once the reaction is completed, the oil is transferred to a settling vessel for
2-3 hours, where the biodiesel and glycerol byproduct settled and separated.
The density difference between these liquids is a dominant parameter in the
separation process. The glycerol is drawn-off from the bottom of the settling
vessel by gravity force. The settling and separation process is shown in

Figure 3-3.
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Figure 3-3 Settling and separation process

¢ Biodiesel washing and drying

Biodiesel washing process follows the glycerol separation process to remove
any residual components within the biodiesel fuel, mainly excess methanol and
soap content. This process is repeated many times (2-3) to have completely
clean biodiesel as shown in Figure 3-4.The washing is accomplished by using
worm potable water at 50°C. The washed biodiesel then dried by increasing its

temperature to 120°C. The clean biodiesel is shown in Figure 3-5.

Figure 3-4 Water washing process
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Figure 3-5 Waste cooking oil biodiesel

3.2 Produced Biodiesel Evaluation

The quality of the biodiesel preparation process can be evaluated according to
the physical and chemical properties of the biodiesel and the product yield
which is defined as the percentage volume of the final product (biodiesel)
relative to the volume of raw oil. In the current experiment, the product yield
was 98%. The following part of the chapter will concern with the evaluation
of physcio-chemical properties of the prepared biodiesel at the Advanced
Testing Lab for Measurements of Environment and Biofuel funded by STDF
at Benha Faculty of Engineering. including the flash point. density, viscosity,

heating value, elemental analysis, and thermogravimetric analysis.
e Biodiesel thermogravimetric analysis

The thermogravimetric analysis (TGA) measures the amount and rate of mass
change of a material as a function of the increased temperature. This analysis
is used in the current study as an indication of fuels volatility with the help of
Labsys Evo-Setaram analyzer shown in Figure 3-6. In this test, a fuel sample
was put in alumina crucible of the capacity of 440 ul and the fuel quantity was

measured by Mettler Toledo X6 sensitive balance (with an accuracy of 1 ug).
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The temperature was increased from 25 to 550 °C with a heating rate of 15
°C/min in an atmosphere of argon supplied at the rate of 200 ml/min. The
weight loss percentage of the sample was monitored throughout the heating
process; as shown in Figure 3-7 where TGA for raw waste cooking and
WCOME are provided.

It is observed that the mass of the biodiesel starts to decrease approximately at
a temperature higher than 250°C, and it continues decreasing until all the
biodiesel is almost vaporized. Similarly, evaporation of raw waste cooking oil
starts approximately at 400°C and ends at about 475°C. Thus, the
transesterification process enhanced the volatility characteristics of the
produced WCOME.

Figure 3-6 Thermal analyzer setup
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Figure 3-7 The thermogravimetric analysis of WCOME B100 and raw WCO

e Elemental analyzer (EA)

The Euro Vector EA3000 of CHNS-O Elemental Analyzers, shown in Figure
3-8, with its dedicated software Callidus, is used to determine Carbon,
Nitrogen, Hydrogen, and Sulphur mass fraction in the biodiesel and raw waste
cooking oil. This is achieved through the combustion of the sample in a tin
crucible at a reactor packed with electrolytic copper and copper oxide at a
temperature of 980°C, and the resultant gaseous species (N2, CO2, H20, and

SO») are analyzed using a thermal conductivity detector (TCD).
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Figure 3-8 Elemental analyzer setup

The physicochemical properties of the prepared WCOME compared to those
of Jet A-1 are shown in Table 3-2. The main properties of WCOME meet the
ASTM requirements. The main differences for those of WCOME over those
of Jet A-1 include 10% higher density, more than 4 times higher viscosity, 3.5
times higher flash point and twice molecular weight values, 8% lower heating
value, slight lower carbon/hydrogen ratio, and oxygen contents of 11% on
mass base. These properties indicate that the atomization of WCOME is poorer
than that of Jet A-1 leading to the formation of larger fuel droplets having a
higher boiling time. Thus, the use of higher portions of WCOME will lead to
partially premixed rather than fully premixed combustion.

Table 3-2 Properties of the used fuels, Jet A-1 and waste cooking oil biodiesel

Property Test method Jet A-1 |WCOME

Specific gravity at 15°C ASTM D-1298 0.797 0.877
Viscosity at 40°C, ¢St ASTM D-445 1.08 4.53
Pour Point °C ASTM D-97 -43 -6
Flash Point °C ASTM D-93 39 130
Boiling point°C at 1 atm  |ASTM D-86 163 350
Lower calorific value. |5ty p-240 43.465 | 39.98
MJ/kg
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Property Test method Jet A-1 |WCOME
Molecular weight, kg/kmol |- 148.025 | 290.914
Elemental analysis, % by
mass:

Carbon 86.51 77.22
Hydrogen Euro Vector EA3000 13.48 11.46
Sulfur CHNS/O Elemental Nil Nil
Oxygen Analyzer Nil 11.3
Nitrogen Nil Nil

3.3  The Combustion Test Rig

The experiments are conducted using swirl stabilized lean pre-vaporized
premixed (LPP) combustion test rig in continuous combustion laboratory,
Mechanical Power Department, Benha Faculty of Engineering, Benha
University, Egypt. The combustion chamber is opened to the atmosphere and
thus, all tests are made at atmospheric pressure. The schematic diagram of the
experimental test rig is illustrated in Figure 3-9. The major components of the
current test facility are the air delivery system, air heating system, fuel supply
system, swirl-stabilized burner, and the combustion chamber. The following

sub-sections provide more details about the experimental apparatus used.
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3.3.1 Combustor and swirl burners

The combustor used in this study is a simple vertical confined steel tube with
150 mm internal diameter and 500 mm length as shown in Figure 3-10. The tip
of the burner is aligned with the dump plan of the combustor. The flame is
ignited by means of an electrical ignition circuit consists of two steel electrodes
and a high voltage transformer. The detailed discussion regarding the selection
of the current combustor dimensions is stated by El-Zoheiry [51]. The
combustor tube is provided with a longitudinal groove to facilitate
measurement of local concentration and local temperature at specific radial and
axial positions. The combustor exit was opened directly to the atmosphere

without any restrictions.

, Confined tube
0 150 mim
| I

Measurement
grove

320 mim
SO0 e

Swirl burner

Figure 3-10 The LPP Combustor
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The swirl burners used in the current study are illustrated in Figure 3-11;
including HSB and LSB. The HSB consists of 8 straight fixed axial vanes with
1.25 mm thickness attached to the outer surface of a center body with a
discharge angle 6 = 35° relative to the incoming fiow. The HSB has outer
annular and center bluffbody radius of R, = 21.5 mm and R, = 11.2 mm,
respectively. The swirl lengths is Lg= 26 mm. The corresponding geometric
swirl number is calculated using Equation 2-1 in this case Sn = 0.55.

The LSB has outer annular and center channel radius of R, =21.5 mm and R,
=13.5 mm, respectively, with the ratio of R = 0.628. The channel and the swirl
lengths are L.= 13.5 mm and Lg= 26 mm, respectively. The LSB has 8 stright
axial vanes mounted around the central channel with a discharge angle of 6 =
40° relative to the incoming fiow. The blockage ratio of the center straight flow
is controled by a perforated plate has a diameter of 27 mm and 5 mm thickness.
It is provided with 40 holes of 3 mm diameter arranged in a circular pattern.
The corresponding swirl number is calculated using Equation 2-2 in this case
Sn =0.55.

(a) HSB e £3(

(b) LSB
Figure 3-11 The configurations of the present HSB and LSB



Table 3-3 Geometric dimensions of the present HSB and LSB
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Parameters HSB LSB

SN 0.55 0.55

0 35° 40°

n 8 8

L - 54 mm
Ls 26 mm 26 mm
Lc - 13.5 mm
R 0.521 0.628

3.3.2 Air delivery system

A screw compressor supplies air to a pressure accumulator tank of 2 m®
capacity. The accumulator tank is kept at relatively constant pressure between
9 bar to 10 bar. A pressure regulating valve is installed after the tank and before
the air enters the test facility to provide a constant supply pressure and to
eliminate the air flow fluctuation. The pressure regulating valve can change
the pressure from 0 to 10 bar. During the experiments the pressure is adjusted

to 10 bar to match the requirements of other elements in the whole test facility.

The actual air volume flow rate during operation is measured using a Dwyer
high flow glass rotameter (Model DR41404 of flow range from 1 to 16 CFM
i.e. 1.7 to 27.2 m3/hr.). The air pressure is measured by means of a pressure
gauge installed after the pressure regulating valve to calculate air density. The
air inlet temperature is measured by thermocouple type T connected with

DAQ. Figure 3-12 shows the main components of the air delivery system.
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(a) Screw compressor (b) Regulator  (c) Rotameter

Figure 3-12 The main components of the air delivery system.

3.3.3 Air heating system

A set of four process air inline heaters are used to preheat the air entering the
system from room temperature up to above the Jet A-1 fuel boiling point. This
preheat temperature is monitored using K-type thermocouples at the heaters
exit in conjunction with the data acquisition card. The air heaters outlet
temperature is controlled using two variable autotransformers. The variable
autotransformers supply the heaters with the predefined power as a function of
the inlet voltage for fixed resistance of heaters. A pressure switch is installed
on the air line before the heaters to protect the heaters from no flow operating
conditions. The pressure switch and the contactor are responsible for
automatically disconnecting the power from heaters in case of no air flow.
Additional specifications about the used equipment in the air heating system
are presented in Table 3-4.
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Table 3-4 Specifications of the devices used in the air heating system

Sn. | Device Model Specifications
1- Inline air heaters Omega AHPF-122 |- 240V
- 1200w
- MaxCFMis 15
2- Inline air heaters Omega AHP-7562 - 240V
- 750w
- Max CFM is 20
3- | Variable SEIDEN - Ampere range is (0-8 A)
autotransformer - Voltage range (0-240 V)
4- Pressure switch Euroswitch NO - Pressure range (0-10 bar)
model 4111122DI - Tolerance (0.1 bar)

3.34 Fuel supply system

The fuel is pumped from a scaled beaker of two liters capacity using fuel pump
model (SUNTEC-AL Oil Pump of pressure range from 1-25 bar). The fuel line
is provided with two fuel filters. The first one is located before the pump and
the other before the fuel flow meter. Filters are employed to protect the fuel
pump and flow meter from blockage due to any impurities in fuel or in fuel
line. A pressure gauge is installed to monitor the pressure after the pump. The
fuel volume flow rate during operation is measured using a Dwyer high flow
glass rotameter (Model DR224632). The pressurized fuel is injected via a
pressure atomizer inside the mixing steel pipe. The fuel injector consisted of
the nozzle adapter, fuel nozzle, and sintered filter. The fuel nozzle is installed
on the nozzle adapter which is made from brass. The main part of the fuel
injector is the fuel nozzle which is a single hole nozzle having 1.9 I/h flow rate,

and 30° solid spray angle.
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3.4  Measuring Instruments

3.4.1 Cold flow measurements

For cold flow measurements, a calibrated L-shape five-hole pressure probe
with a tip diameter of 3.18 mm and a 152.4 mm overall length has been used.
The five-hole probe is connected with DAQ system to determine the axial,
tangential, and radial velocity components. The analysis is performed via
Aeroacquire software (version 4.10.2) to obtain the velocity vectors, total and
static pressures. The five-hole probe and DAQ system are shown in Figure
3-14. The tip geometry of the five-hole probe and its coordinate system are shown
in Figure 3-13 while the flow chart for calculating the velocity components are
shown in Figure 3-15. Where P is the pressure measured at the central probe
hole, P,, P3 are the pressures measured in the pitch plane, P4, Ps are the
pressures measured in the yaw plane. P: is the total pressure, P is the static
pressure. ke is the total pressure coefficient, ks is the static pressure coefficient,
ks is the directional coefficient in pitch plane, and k. is the directional

coefficient in yaw plane.

" +ve pitch (a)

+ve yaw(p)

t Right (P
Axis Labels ght (Py)
Bottom (P,)

Flow

Figure 3-13 The tip geometry of the five-hole probe and its coordinate system
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(a) Five-hole pressure probe

:___;?:—:‘:-

(b) DAQ system

Figure 3-14 Five-hole pressure probe and DAQ system.
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Measure probe pressures
(P, Pz, P3, Py, P5)

Compute
k(r = f(P:')i=1—5
kﬁ = f(Pi)i=1-5
P = mean(P;)j=>_=

L=

h 4

Interpolate on probe calibration data
and obtain flow angles:

o = )‘-'(k{r’ ’J{;‘s’]
B = f(ka kg)

b 4

Interpolate on probe calibration data
and obtain total and static pressure
coefficients:

ke = f(a, B)

ks = f(a. )

Compute total and static pressure:
P =P — (P, — Pk,
P = Pl — (P]_ — P)i{g

b

Compute velocity magnitude

vi= &)@ -Pa+r -k

h

Compute velocity components:
u = |V| cos(e) cos(ff)
v = |V]|sin(a)
w = |V]cos(a) sin(f5)

Figure 3-15 The flow chart for calculating the velocity components
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3.4.2
The temperature measurements were performed using a fine type R

Temperature measurements

(platinum/platinum-13% rhodium) thermocouple with ceramic tube insulation.
The thermocouple has 100 um wire diameter and 0.6 mm bead diameter and
accuracy of £1.5°C. The wall temperatures of the combustor are measured at
twelve different locations along the combustor wall by calibrated K type
thermocouples. The signals of all thermocouples are acquired automatically
utilizing Data Acqwsmon Card Model NI USB-9213 and LabView software.

\\

Figure 3-16 Fine type R (platlnum/platlnum -13% rhodium) thermocouple.

3.4.3
The combustion gases are sampled along the combustor axis by a water-cooled

Species concentrations measurement

stainless steel probe (indirect quenching probe of 8 mm outer diameter) in
conjunction with a handheld gas analyzer (ECOM-J2KN Pro). The cell types,
measuring range, and accuracy of the emission analyzer for each constituent

are illustrated in Table 3-5.

Table 3-5 Resolution and range of gas analyzer for emission concentrations

Gas emission | Measuring range | Resolution | Uncertainty Principle
02 21 vol. % 0.1 vol. % 0.48% Electrochemistry
Cco2 0...20 vol. % 0.1 vol. % 0.5% Infrared
Co 0..6.3vol.% | 0.01vol. % 0.16% Infrared
NO 0 ... 5000 ppm 1 ppm 0.02% Electrochemistry
NO2 0 ... 1000 ppm 1 ppm 0.1% Electrochemistry
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Figure 3-17 Gas analyzer

3.5  Experimental Program and Procedures

This section describes the procedures used to perform a complete experiment;
including measurement of cold flow field velocities using five-hole probe,
flame temperature measurement using a thermocouple and species
concentrations measurement using the gas analyzer.

For the cold flow field measurements the air flow rate is adjusted using the
pressure regulator valve then the L-shape five-hole pressure probe with DAQ
system is used to map the combustor velocity distribution. The proper location
has been regulated using 2-D traverse mechanism with accuracy of + 1 mm.
During this set of experiment, the air was not preheated and there was no fuel
injection. Here the volume fuel flow rate was compensated by using an
additional amount of air to keep the same volume flow rate of the premixed
reactant used through the current study (where equivalence ratio is kept
constant).

For system operation during the combustion measurements (both temperature
and species measurements) the following procedure is followed:

1. Adjust the air flow rate using the pressure regulator valve.



44

set heaters supply voltage to obtain the predefined air temperature and
enough warm-up time (one hour) to reach a thermal steady state
condition indicated by fixed temperature measurements for preheated
air and along the combustor wall.

. Allow fuel injection when the air heaters outlet temperature reaches
150 °C the fuel flow rate is adjusted to keep the equivalence ratio at the
specified value using the pump pressure regulator screw then the air
fuel mixture is ignited.

Start the measurements of flame temperature and species distribution
through combustor when fixed air heaters outlet temperature of 250 °C
in conjunction with stable the combustor wall temperature is attained.
To overcome any disturbances or interference due to existing
thermocouple and sampling probe, temperature and species
measurements were performed individually.

The flame temperature is measured using the type R thermocouples in
conjunction with the DAQ. While the combustor wall temperature is
measured using the type K thermocouples in conjunction with the
DAQ.

. Warm up the gas analyzer for 30 min. before the measurements and
making sure that the sampling probe cooling water is flowing, and
suction is provided.

Place the five-hole pressure probe (for cold flow measurements), type
R thermocouple (for temperature measurement), or sampling probe (for
species measurements) on a 2-D traverse mechanism to attain the
corresponding distribution of temperature and species in axial and
radial directions throughout the combustor. There are ten horizontal
plans with vertical distances from the burner tip of 10, 20, 30, 40, 50,



45

70, 90, 110, 130, and 150 mm. In each plane, the measurements are
conducted at nine radial locations with relative radial distance to the
burner radius (r/R) from the burner centerline of 0, 0.25, 0.5, 0.75, 1,
1.25, 1.5, 2 and 2.5. The species concentrations and temperature were
also measured at the combustor exit (Z= 500 mm). A summary of the

measurement locations is shown in Figure 3-18.

10 Po V= ay
[e] 5
8 5
7 iz
[§) iz
5 iz
4 iz
3 @8 ENE
2 iz
1 Vit
0 @8 ENE

Figure 3-18 Sampling points

3.6  Data Reduction and Analysis
The recorded data for flow velocity, flame temperature, and species
concentrations have been processed and analyzed to be normalized or

corrected against specific errors.
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For cold flow velocity measurements, a sampling rate of 10 sample/sec to
collect 1000 readings for each measuring point are time averaged to record the

corresponding local mean value.

For flame temperature measurements, 1000 readings with rate of 10 sample/sec
are used. The thermocouple readings of the flame temperature are corrected
against radiation heat losses by performing an energy balance as expressed by
Equation 3-2.

h(T — Ty) = eo(TE — T, Equation 3-2
where T, Ty, and Tsur represent the actual temperature, the measuring
temperature, and the surrounding temperature respectively, € is the
thermocouple bead emissivity, o is the Stefan Boltzmann constant (5.67x108
W/m2.K), h is the convection heat transfer coefficient of the surface of the
thermocouple. The convection heat transfer coefficient, h, is determined by
approximating the thermocouple bead as a sphere with a thermocouple bead
diameter D = 0.6 mm, the combustion products are calculated by assuming a
complete combustion process [52]. Nusselt number (Nu) is calculated from
Equation 3-3 for forced convection heat transfer around spherical body [53].

1/4
Nu =22 = 2 + [0.4Re™/? + 0.06Re?/*|Pr®* (‘:lﬁ) Equation 3-3

Where the Reynolds number (Re) and the Prandtl number (Pr) are calculated
from Equation 3-4 and Equation 3-5 [53].

Re = p:—D Equation 3-4
Moo Cp :
Pr= — Equation 3-5



47

The properties of the combustion products viscosity (), thermal conductivity
(k), constant pressure specific heat (Cp), and density (p) are determined at the
adiabatic flame temperature (Tag). On the other hand, the mixture viscosity (L)
determined at the thermocouple temperature (Ti) using the Wilke’s method
[54].

The thermal uniformity through the combustor which can be represented by
pattern factor (PF) is calculated for different fuels. PF is one of the parameters
that must be considered in the gas turbine combustion [11]. The lower the value
of the pattern factor the more the thermal uniformity. PF is calculated using
equation 3-6:

PF = Imax~Tmean Equation 3-6

Tmean—Tin
The average emission index at the combustor exit is calculated for different
species. Emission index (EI;) is a generic way to quantify the level of
emissions. The EI for a certain species is defined as the ratio of the mass of the
species emitted (i) to the mass of fuel burned and can be calculated according
to Equation 3-7 [40].

E. = Mj emitted
im —

Equation 3-7

MFE burned

The E; is a dimensionless quantity represented in g/kg fuel to make the species
concentration measurement independent of any dilution by air. The level of
pollution is also expressed as g/MJ to eliminate the effect of the heating values

of different fuels according to Equation 3-8 [40].

E. — mass of pollutant Eim
e ™ heat of combustion  LHV or HHV

Equation 3-8

The flow velocity, flame temperature, CO, and NOy distribution are plot using

Sigma Plot 12.0 software.
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Chapter 4: RESULTS AND DISCUSSION

The experimental program of the present study is introduced in the first section
of this chapter. After that, results regarding the behavior of air flowing through
different burners have been presented and discussed. Then the experimental
results and discussion related to the combustion characteristics of the tested
fuels using the LPP combustion system are presented and compared with

similar results cited in the literature.

4.1  Experimental Program

The physicochemical properties of fuel used in the current study are illustrated
in Table 3-2. The air preheated temperature is kept constant during the current
experimental program at 250°C which is higher than the boiling point of Jet
A-1 (163°C) and lower than that of the WCOME i.e. the Jet A-1 will be fully
evaporated before entering the burner and the mixture, in this case, would be
homogeneous and fully premixed. In the case of Jet A-1/ biodiesel blends, the
mixture can’t be fully evaporated providing heterogeneous and partially
premixed combustion. The whole experiments conditions are summarized in
Table 4-1.

Table 4-1 Test conditions of experiments

) ) Air Fuel )
Air preheating Mixture
Case Fuel flow flow Measured
Burner Temperature strength,
sn. type 3 rate rate parameters
(°C) ¢

(kg/hr) | (kg/hr)

1 HSB
25 25.2 - - Cold flow field

2 LSB
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] ) Air Fuel )
Air preheating Mixture
Case Fuel flow flow Measured
Burner Temperature strength,
sn. type C) rate rate parameters
(kg/hr) | (kg/hr) ?
3 HSB
BO 1.234
4 LSB
- Temperature
5 BS 250 2398 | 1244 | 075 -Species
6 B10 1.260 i
HSB concentration
7 B15 1.268
8 B20 1.279

4.2  Effect of Burner Configuration on the Cold Flow Pattern

The flow patterns are evaluated using the cold-flow measurements to
understand the air flow behavior within the combustion chamber for both HSB
and LSB. The mean upstream velocity of the air exit from the LSB is
determined to be 3.75 m/s where no fuel was injected into the air stream; in
this part of the study, the amount of pre-vaporized fuel is substituted with
additional equivalent volume amount of air. Figure 4-1 shows the measured
axial velocity profiles at different axial locations through the combustor for
both HSB and LSB versus the radius relative to that of the burner. In the early
stage of the combustor, the axial velocity of LSB has its maximum value at the
burner centerline and decreases towards the wall. With directing towards the
combustor exit away burner tip, the axial velocity declines linearly and
becomes more uniform through the radial plane at vertical level Z = 70 mm.
This behavior may be owing to the fact that, there is a part of air flow injected
through axial hole admitting part from the swirling air into the core of
combustor and so the region where flow can be recirculated is removed or not

dominant. The LSB has no central recirculation zone as confirmed with
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findings that achieved by [17,55]. On the other hand, the dominant feature of
HSB is a large central recirculation zone downstream of the center body due
to the low-pressure region in the core of the burner and the adverse pressure
gradients in the radial and axial directions. Moving away from the burner tip,
the flow becomes more uniform and the flow is almost uniform beyond level
Z= 50 mm where the circulation zone is ended. Figure 4-2 shows the
normalized axial velocity contours for both burners, where the recirculation

zone is clearly observed for HSB.

—— HSB — > — LSB

Axial velocity (m/s)

AN o v roblA o v robldbo v srobld Vo v s o

r/R

Figure 4-1 Measured axial velocity profiles
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Figure 4-2 Contours of the normalized axial velocity; (a) HSB and (b) LSB
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Figure 4-3 shows the radial velocity at different axial locations through the
combustor. The radial velocity distribution reflects the flow homogeneity at
each level through the combustor. The radial velocity profile of the HSB shows
a higher peak than that of the LSB. It can be noticed that complete uniform
flow is attained at Z=40 mm for LSB while for the HSB it is achieved beyond
Z=50 mm. Levels where the recirculation region are exists have non-uniform
velocity. Figure 4-4 shows the normalized radial velocity contours which
reflect the lift-off region for LSB and the recirculation zone for HSB. Figure
4-5 shows the total pressure through the combustor for both burners. It can be
noted that a low-pressure region is found in the core of the combustor
downstream of the HSB and adverse pressure gradients in the radial and axial
directions which generate a central recirculation zone downstream of the center
body.



Radial velocity (m/s)
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Figure 4-3 Measured radial velocity profiles
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Figure 4-4 Contours of the normalized radial velocity; (a) HSB and (b) LSB
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Figure 4-5 Contours of the total pressure (Pa); (a) HSB and (b) LSB
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4.3  Effect of Burner Configuration on the Combustion and
Emissions Characteristics

The current section represents the combustion characteristics of burning lean
premixed mixture of Jet-Al with air with equivalence ratio of 0.75. These
characteristics can be expressed by measuring the exit temperature and the
exhaust emissions when two different designed burners having the same swirl
number are used as shown in Figure 4-6-Figure 4-8. It can be observed that the
mean temperature when HSB is used is higher than that attained when LSB is
used. This can be owing to the reduced heat losses from shorter reaction region
as resulted from the intensified reactions in the central recirculation zone. The
corresponding temperature pattern factor which gives a relative measure of the
thermal uniformity of exhaust flow for HSB and LSB are 0.05 and 0.03,
respectively. Generally speaking as the flame is lean, the mean values are
comparable with slight differences between two burners due to different heat
losses along the combustor. Regarding levels of emissions at combustor exit
shown in Figure 4-7, it can be noticed that the CO concentrations at the
combustor exit plane are more uniform for LSB than for HSB. The mean value
of CO at combustor exit is approximately 3 ppm as a result of lean mixture
combustion. Figure 4-8 provides the corresponding exhaust NOy emissions. It
can be observed that NOx emission distribution for both burners is almost
identical with the mean value of 50 ppm, even fluctuations for HSB are slightly
higher than those for LSB, but the mean value is slightly lower than that for
LSB.
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Figure 4-6 Measured radial temperature profile at combustor exit
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Figure 4-7 Measured radial CO profile at combustor exit
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Figure 4-8 Measured radial NOx profile at combustor exit
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Figure 4-9 shows the direct visual images of Jet A-1 LPP swirled flame using
both HSB and LSB. As the combustion is lean premixed, both flames appear
in blue color, however, due to the region of intensified reaction for HSB in the
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recirculation zone, the produced flame has an attached brighter-blue cone-
shaped flame stabilized at the burner exit providing a slender flame with a
high-temperature zone near the edge of the burner bluff-body. Whereas, the
LSB has a lifted lighter-blue (W) type flame which provides much uniform
thermal regime in the flame core. These results have a good agreement with
those cited in the literature [56].

Figure 4-9 Jet A-1 flame image; HSB (Left) and LSB (Right)

Figure 4-10 shows the radial flame temperature distribution at different axial
locations for both HSB and LSB. For LSB at Z = 10 mm, the flame temperature
in the central area around the burner axis is relatively low and increased to
1525 K at r/R = 1.5 due to the existing of lifted flame shape. It should also be
noted that, the temperature increases rapidly as Z exceeds 10 mm, and reaches
the maximum value in the region of 30 < Z < 50 mm. Afterward, the
temperature decreases slowly until the temperature recalls the uniform profile
beyond Z = 130 mm. For HSB the highest temperature region (from Z=10 mm
to Z= 70 mm) occurs in the shear layer where a portion of the hot combustion

products is entrained and recirculated to mix with the incoming air-fuel
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premixed mixture. Away from the center body edge to the center, the
recirculated hot products keep high temperature. On the other side from the
center body edge towards the combustor wall, the temperature falls down
gradually (as shown in Figure 4-10) in particular at the lower zone of the
combustor. Furthermore, with increasing the vertical distance away from the
core of the central recirculation zone (beyond Z = 90 mm), the flow fluctuation
is decayed and the flow becomes more homogeneous, the temperature
variation with the radial distance is decreased. Figure 4-11 shows a comparison
of the temperature contours. Where zone of high temperature is formed at the
burner central axis for LSB, while annulus zone of high temperature around

the burner axis is formed for HSB as a result of the existed recirculation zone.
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Figure 4-10 Flame temperature radial distribution
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The emissions of LPP swirled combustion is mainly a function of the local
flame temperature, turbulence intensity and residence time of flue gas in the
high-temperature zone [11]. Figure 4-12 shows that the, CO concentration
produced from the Jet A-1 combustion increases rapidly within the range of 20
< Z <50 mm, where the local temperature is high and the dissociation reactions
of CO> to form CO would be significant. The CO concentration decreases with
increasing the vertical distance where the mixture homogeneity is improved
and the local temperature is reduced; as observed from contours in Figure 4-13.
It is also noted that the CO concentrations for LSB decreases as the radial
distance from the burner centerline is increased until it reaches the minimum
value for the radial plane at the farthest point from the burner centerline. The
CO concentration of the HSB has its peak value at the burner edge where the
highest flame temperature exists and decreases in the flame core due to the
recirculation motion which decreases the flame temperature as moving away
from the burner edge to the combustor wall. Overall, the CO values at the
combustor exit plane are small (< 6 ppm), compared to CO values of > 23000

ppm within the flame front.
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Figure 4-12 In flame CO concentrations radial distribution
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Figure 4-13 Contours of the CO concentrations (ppm); (a) HSB and (b) LSB
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The NOx emissions formed from the premixed combustion is mainly the
thermal NOx. Thermal NOx mechanism is an endothermic reaction resulting in
the creation of NO at high temperatures of about 1850 K [11]. Thermal NOx
formation depends on several factors, such as the local flame temperature,
turbulence intensity, residence time of flue gas in the high-temperature zone,
and the local equivalence ratio [11]. Figure 4-14 and Figure 4-15 shows a
gradual increase in NOyx concentration with increasing the vertical distance
towards the combustor exit using LSB until specific level where maximum
temperature occurs. The maximum value of the NOx concentration appears at
Z= 70 mm in the combustor center. Then the NOx concentration distribution
become more uniform with increasing the vertical distance. Similar behavior
is received for HSB, where the maximum value of the NOx concentration
appears at Z= 70 mm and r/R = 1. However, NOx concentration of the HSB is
higher than that of the LSB because the HSB has a greater residence time
within the recirculation zone which provides more time for NOx formation in
addition to the higher temperature in the intensive reaction zone. Near the
combustor wall, the NOx concentration values for HSB are lower than those
for LSB because of the heat loss through the combustor wall which produces

a cooling effect. These results agreed with those stated in the literature by [20].
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Figure 4-15 Contours of the NOx concentrations; (a) HSB and (b) LSB
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4.4  Effect of Jet A-1/Biodiesel Blends on the Combustion and
Emissions Characteristics of HSB

In this section, results about the flame behavior of blended fuels burned in LPP
combustion using HSB has been presented. biofuel combustion. The corrected
flame temperature distributions at selected vertical planes of blended fuels
using different blending ratios for the investigated fuels are shown in Figure
4-16. It is important to notice that, the degree of mixture heterogeneity and so
the possibility to get purely premixed or partially premixed combustion of
blended fuels depends mainly on the higher boiling point of the biodiesel [57].

In the case of B5 and B10, the flame temperature is slightly higher than that of
BO due to the mixture heterogeneity and combustion of the WCOME as a
droplet (partially premixed combustion mode). The biodiesel blending ratio in
case of B5 and B10 is small and the mixture viscosity is near the viscosity of
BO which form a small droplets size which in turn evaporated and burned faster
than that droplets exist in case of B15 and B20. An additional reason to get
higher temperature may be owing to the fact that, the oxygen contents in
WCOME accelerates the fuel oxidation with a slight reduction in the blended
fuel heating value and so rapid release of energy providing a higher local
temperature in the reaction zone. At the higher levels where the biodiesel
droplets fade away and the mixture becomes more homogeneous the flame
temperature of B10 becomes closer to that of BO.

Ban-Weiss et al. [58] showed that unsaturated molecules exhibit higher
adiabatic flame temperature than their saturated counterparts. This has been
used to hypothesize that biodiesel gives higher flame temperature than
conventional fuels, due to the higher concentration of unsaturated compounds

in biodiesel.
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The slight reduction in the flame temperature of B20 is mainly due to the effect
of the lower heating value of B20 that competes the effect of the higher oxygen
contents accelerating the fuel oxidation. The overall results represent that a
higher level of similarity between the flame temperature of B0, B5, B10, B15,
and B20.
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The basic factors influencing the formation of emissions (CO and NOy) in the
swirl stabilized LPP combustion are the combustor inlet temperature, the local
flame temperature, the combustion pressure, the equivalence ratio, the
turbulence intensity, and the residence time of flue gas in the high-temperature
zone [11]. With mixing WCOME with Jet A-1 fuel, the blending ratio will be
another important factor reflecting the opposing influence of the lower heating
value and the oxygen contents of biodiesel. To conduct the effect of blending
ratio on the species concentration all other regulated factors are kept constant
through the experiments except fuel type; as preheat temperature, and
equivalence ratio. Figure 4-17 shows the CO concentrations at selected axial
locations throughout the combustor for the investigated fuels.

In the core of Jet A-1 flame where the temperature is relatively low, the CO
concentration is decreased as a result of the reduced dissociations of CO> into
CO at this temperature as reported by [59]. Near the edge of the burner center
body, the maximum CO concentrations are achieved as reported by [47] where
the dissociation rate of CO; is high at a high flame temperature (especially
when the temperature exceeds 1900 K). Near the combustor wall, the CO
concentration is decreased again to be lower than that in the flame core. As the
vertical distance is increased, the mixture becomes more homogeneous and the
CO concentration decreases to reach the minimum value at the combustor exit.
By the comparison, the CO concentration of all the tested fuels has a
comparable value with that of Jet A-1 at the lower levels in the combustor (Z=
10 mm) and it is started to increase at high vertical distance reaching its
maximum deviation at Z= 30 mm. The peak of CO concentration for Jet A-1
is approximately twice that for B20 and this gap was getting smaller with
increasing the vertical distance. This reduction of CO concentration for B20 is

mainly due to the oxygen content in biodiesel which promotes fuel oxidation
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The NOx concentrations of the LPP swirl stabilized combustion at selected
axial locations throughout the combustor including Jet A-1 fuel and its blends
are shown in Figure 4-18. The NOx concentrations of Jet A-1 increase with
increasing the vertical distance towards the combustor exit. The maximum
NOx concentration appears after getting the maximum temperature at Z = 50
mm then NOx concentrations are decreased rapidly with increasing the vertical
distance towards the combustor exit as a result of temperature decrease. The
NOx concentrations for biodiesel blends are remarkably lower than those for
Jet A-1 even there is a slight temperature difference as confirmed by [47]. The
reduction of NOx emitted from biodiesel blends combustion can be related to
biodiesel properties as biodiesel is comprised of shorter hydrocarbon chains
result in a lower flame temperature and thus decrease the thermal NOx
formation [60]. Also, the high oxygen content existed in the WCOME
enhances the combustion process also increase the formation of some active
radicals such as OH [11]. This plays a significant role in Zeldovich mechanism
of thermal NOx formation and may be one of the major reasons for this
different NOx concentration behavior. The accurate reason for NOx reduction
of biodiesel is not yet clear as there is no complete chemical reaction
mechanism for biodiesel combustion available till now [58].
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4.5  Effect of Jet A-1/Biodiesel Blends on the Combustor
Thermal Uniformity

The thermal uniformity through the combustor represented by pattern factor
(PF) is one of the major parameters that shall be considered in gas turbine
combustion [ 11]. Lower values of the PF reflect a more thermal uniformity and
excessively high values can be indicative of dangers to turbine components
due to localized hot spots. As shown in Figure 4-19 for Jet A-1 the PF decreases
with increasing the vertical distance and so thermal uniformity of the
combustor is increased. For the B20 the PF value decreases with increasing the
vertical distance. This different behavior is due to the WCOME droplets
combustion existed at the lower zone in the combustor. At the higher zone in
the combustor (Z>150 mm) the PF of the B20 is lower than that of the Jet A-
1. B5, B10, and B15 enhanced the thermal uniformity of the combustor,

especially at lower levels.

1.0
I B0
i I B5
08 [ B10
[ BI5
N B2
0.6
LL
o
0.4 1
0.2
il M
10 30 50 70 90 110 130 150

Vertical Distance Z (mm)

Figure 4-19 Combustor pattern factor for tested fuels



76

4.6  Environmental Impact of The Waste Cooking Oil Biodiesel

The NO emission index (Elyox) and CO emission indices (Elco) obtained from
the combustion of the tested fuels are shown in Figure 4-20 and Figure 4-21.
The results demonstrated that Jet A-1 produces the highest NOy emission
index, followed by B10, B15, 20 and B5, resulting in a 31% reduction for B10,
34% reduction for B15, 41% reduction for B20 and a 45% reduction for B5.
B10 produces the highest CO emission index due to the increase in the local
flame temperature while B20 produces the lowest CO emission index due to the
high oxygen content of biodiesel and produces 30% lower CO than Jet A-1. The
CO emission index for BS and B10 are higher than those of Jet A-1 due to the

increase in the local flame temperature.
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Chapter 5: CONCLUSIONS

The current study aimed to investigate the flame characteristics of biodiesel /
Jet A-1 blends burned in Lean Pre-vaporized Premixed (LPP) combustor. To
stabilize these flames, different burner designs having the same swirl numbers
were constructed. The biodiesel was produced from waste cooking oil with the
help of ultrasonic. The experiments include cold flow as well as flame
measurements through LPP combustor. In the later, set of experiments were
performed at constant conditions of preheated temperature and equivalence
ratio, while regulating the blending ratio as well as the burner type. Initially,
Jet A-1 flame structures were determined using two different burners (high
swirl and low swirl burners abbreviated as HSB and LSB; respectively), then
HSB was used to investigate the effect of blending ratio of biodiesel on flame
structure of blended fuels (containing 5, 10, 15, and 20% biodiesel mixed with
Jet A-1 as base fuel). The main conclusion from this work is that the lean
combustion of premixed mixtures from air with blended fuels not only can
improve the emission parameters but also can improve the thermal
characteristics of combustor up to a blending ratio of 20%. From the whole
results related to biodiesel production, cold flow, and combustion
characteristics, the following specific conclusions can be drawn:
1. Use of ultrasonic in biodiesel production remarkably reduces the
production period from almost 1.5 hr. to 0.25 hr.
2. The flow field of the LSB is free of a central recirculation zone while
HSB has a large central recirculation region.;
3. The HSB can generate an attached blue cone-shaped flame while the LSB
can generate a blue lift-off “W” type flame.
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The HSB flame temperature distribution shows a high-temperature zone
on the burner edge which represent a hot spot region. While the LSB
shows a more uniform flame temperature distribution.

The CO and NOx concentrations of the HSB through the flame are
approximately 50 % higher than LSB due to the recirculation and long
residence time of combustion product in hot reaction zone.

The CO and NOyx concentrations at the combustor exit plane are
comparable.

The local flame temperature distribution of blended fuels was
comparable to that of Jet A-1, except for B20 it was slightly lower than
that of Jet A-1.

There was a remarkable reduction of the exhaust emissions due to
biodiesel blending, the maximum reduction in CO was received for B20
(30%) and the maximum reduction for NOx was received at B5 (45%).
The CO emission index for B5 and B10 at the combustor exit were
increased by 54% and 59% respectively compared to pure Jet A-1 fuel
due to the increase in the local flame temperature.

The NOx emission index of B20 at the combustor exit was decreased
significantly by 41% compared to pure Jet A-1 fuel.

The Jet A-1 fuel can be replaced by B20 without any modifications in the
combustor design as they have similar temperature distribution and

significant emission reduction.
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Appendix A THERMOCOUPLES CALIBRATION

The combustor wall temperature is measured using 12 thermocouples type K
in conjunction with the data acquisition system described in Appendix B. A
standard mercury thermometer of range (0-110 °C) with an accuracy of 1 °C
is used to calibrate these thermocouples. The calibration process is conducted
using oil heated in glass beaker by means of an electrical heater. During the
calibration process, a one thousand reading is acquired by the data acquisition
system and the average value of them is calculated and considered as the
thermocouple reading.

Table A- 1 Wall thermocouple coordination and calibration equation

Points Point coordination Calibration equation
R (mm) Z (mm)

1- 75 30 Tac (°C) = 0.9668xDAQ + 2.5653
2- 75 50 Tac (°C) = 0.9927xDAQ + 1.6281
3- 75 70 Tac (°C) = 0.9546xDAQ + 3.4347
4- 75 110 Tac (°C) = 0.9511xDAQ + 2.9273
5- 75 150 Tac (°C) = 0.9975xDAQ + 1.4716
6- 75 190 Tac (°C) = 0.9821xDAQ + 1.9575
7- 75 230 Tac (°C) = 0.9606xDAQ + 2.8461
8- 75 270 Tac (°C) = 0.9687xDAQ + 2.4875
9- 75 310 Tac (°C) = 0.9768xDAQ + 2.2395
10- 75 350 Tac (°C) = 0.9573xDAQ + 2.6487
11- 75 410 Tac (°C) = 0.98xDAQ + 2.4056
12- 75 470 Tac (°C) = 0.9799xDAQ + 2.1506
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Appendix B DATA ACQUISITION SYSTEM

Data acquisition is the process of sampling signals that measure real world physical
conditions and converting the resulting samples into digital numeric values that can
be manipulated by a computer. Data acquisition systems (abbreviated with the
acronym DAQ) typically convert analog waveforms into digital values for processing.
The components of data acquisition systems include:
1. Sensors that convert physical parameters to electrical signals.
2. Signal conditioning circuitry to convert sensor signals into a form that can be
converted to digital values.
3. Analog-to-digital converters, which convert conditioned sensor signals to
digital values.

Simply the DAQ system used in this study is consists of the following items:

4. The NI cDAQ-9178 (eight slots) USB chassis shown in Figure B- 1. The NI
cDAQ-9178 chassis can measure a broad range of analog and digital 1/0
signals and sensors using a Hi-Speed USB 2.0 interface.

5. NI 9213 16-Channel Thermocouple Input Module shown in Figure B- 3. The
NI19213 has a 36-terminal detachable spring-terminal connector that provides
connections for 16 thermocouple channels. The terminal assignments are
shown in Figure B- 3.
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USB Connector

TRIG 0 (PFI 0) BNC Connector,

TRIG 1 (PFI 1) BNC Connector
USB Cable Strain Relief

4 9-30 VDC Power Connector
5 Module Slots

6 Installed C Series Modules
7 Grounding Screw

Figure B- 1 NI cDAQ-9178 Chassis
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Figure B- 2 NI 9213 16-Channel

Thermocouple Input Module Figure B- 3 N1 9213 Terminal

Assignment
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The following table includes the technical specifications of the DAQ used.

resolution mode

Component | Specifications
o = Input FIFO size 127 samples per slot
>
> 2 | Maximum sample rate 6.4 MS/s
& i
g &8 | Timing accuracy 50 ppm of sample rate
o 5+
= & | Timing resolution 12.5 ns
Number of channels 1. 16 thermocouple channels
2. linternal auto zero channel,
3. linternal cold-junction
4. compensation channel
ADC resolution 24 bits
Type of ADC Delta-Sigma
Sampling mode Scanned
Voltage measurement range +78.125 mV
Temperature measurement | Works over temperature ranges
ranges defined by NIST (J, K, T, E, N, B, R,
0
2 S thermocouple types)
. & | Timing Mode 1. High-resolution
§ & 2. High-speed
= & | Sample Rate 1. 1S/s
< O 2. 75S/s
‘g (All Channels)
= Differential input 78 MQ
impedance
Input current 50 nA
Gain error at High- 0.03% typ at 25 °C,

0.07% typ at —40 to 70 °C,
0.15% max at —40 to 70 °C

Gain error at High-speed

mode

0.04% typ at 25 °C,
0.08% typ at —40 to 70 °C,
0.16% max at —40 to 70 °C
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Component | Specifications
Offset error 1. High-resolution mode is 4 pV typ,
6 1V max
2. High-speed mode is 14 pV typ, 17
uV max
Cold-junction 1. 0to70°C .......... 0.8 °C typ, 1.7
compensation accurac °C max
P y 2. 401070 °C ... 1.1 °C typ, 2.1
°C max
Measurement sensitivity at | 1. TypesJ, K, T, E, N...<0.02 °C
High-resolution mode 2. TypesB,R,S...... <0.15°C
Measurement sensitivity at | 1. TypesJ, K, T, E ....... <0.25°C
. 2. Type N, <0.35°C
the High-speed mode 3. TypeB..ereerne, <l.2°C
4. TypesR, S .ccviinnas <2.8°C

Furthermore, the data acquisition applications are controlled by software
programs. Specialized DAQ software may be delivered with the DAQ
hardware. Software tools used for building large-scale data acquisition systems
include EPICS, LabVIEW and MATLAB. One of the friendliest software
innovated by NI is the LabView Signal Express software which is used in the
present study. Signal Express optimizes virtual instrumentation for design
engineers by offering instant interactive measurements that require no
programming. Signal Express can be used interactively to acquire, generate,
analyze, compare, import, and save signals. Moreover, it can compare design
data with measurement data in one step. Signal Express extends the ease of use
and performance of virtual instrumentation to those who must acquire or

analyze signals without programming applications
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Appendix C CATALOGUES OF
INSTRUMENTATIONS

Appendix A includes the catalogues and manuals of the used equipment and
instrumentations.

1. Inline air flow heater

LOW FLOW AIR PROCESS AND
LIQUID CIRCULATION HEATERS

For In-Line Air, Gas and Liquid Heating

AHPF Series
— AHPF-051
o |- A e,

» 316 Stainless Steel

Construction
» AiriGas Flow up to 15 CFM L
» AirlGas Outlet : . - =

Temvgemures up to ;

430 {300°F} For ain’gas o e

R upto 15CFM. g
» Pressures up to 100 psi* § .
» 50 Watts/Square Inch** ? AHPENPTI2 § 30 HESEQ)
The AHPF Series heatersam used ‘ ]: W Dimensions: | | © ERSE ]
to heat low flows of air, gas, water, mm (inch)
oragqueous solutions. Apphcatnns
include thosa where clean air is i
pemny ssinbmabe o | « =0 T
stream of air is heatad by passing B e Inchiof Hest Langth
overan encbsad heakd suface TR o Weik
rather than directly ower resistance Suoss
akments. This method assures
T P s Fﬁm
enas is

akn used as a miniature ci AHPFENBTAZ

heater for small volume of Iqunis_'as

hotographic deval It
e a?s'ap At To Order visit ome

chermic JES and inks. For
heating hqu contactengineering. Model Hezted L
The Therrmcouple “T"fitting Humber Yols  Watts mn (inchy
AHPF-NPT12 can be usad with 120 Vac Modets
the subminiature themocouple AHPF-061 0.45¢10) |
pmbesand with the SSLKsenes AHPF-051 054(1.18)
stainkss seel comprssion fit _
(seeomegacom) and with <&in AHPF-101 | 120 | 1000 202 (5) 120 | 15 | 2saq1gp [0s2(127)
Icompre&enn fittings (Model AHPF-121 | 120 | 1200 |  2Sd(1 115 | 15 | 205013 [070(155
SS5LK-18-14) ©© monitor or contml
tem laiureatthe outiet of the AHPF-062 | 120 | 100 me{g 2 15 152(6) | 0.¢5(10)
AHPF saries heakrs. 240 | 4w 10e a1 15
aHPF82 | 120 | 150 152 (§) = 15 | 2@ [0s54(1.8)
290 | 600 152 () 9 | 15
SPECIFICATIONS AHPF-102 | 120 [ 230 200 0 15 | 2s4¢10y [0B2(127)
Cross Sectional Area: 29 | 1000 20 120 15
0.182squereinches ~| aHPF-122 | 120 | 200 2541 2 15 | 205{12 |070{155)
Pressure Rating: Up © 100psig g 29 | 1200 254 13 115 15
Wattage Tolkerance: +5,-10% orbeter  +nasstss wafis peringh of feafediongth. Use the (ab abowe (0 d2femmine MnFLm
atthe voltage specifed EQuUied 0ow BISS. ** THhaSS DT LRSS 20 e operaied o Sther 120 or 240V,
Qutside Dameter: 32 o (147 SPROBEStoNs 312 SAOWR (0 Sther 120 of 240V cperEion.
Inlet: Male " NPT Ordenng Exampie: AHPE-107, 120V, 1000 W oW oW SiTprocsss and QU SToustion heser.

Qutiet: ¥' NPT
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“T” TYPE AIR PROCESS HEATERS

For In-Line Air and Gas Heating

w %W or %' Diameters
» EXit Air or Gas
Teg’:&emums

10 540°C (1000°F)

» Inket Air or Gas

Tem

peratures
10 121°C {250°F)
» For Horizomal Mounting
» With or Without

NPT Fittings*

—

Sy

>
"~ APPLICATIONS

The AHP Senes in-line air heaters
am usad to heatclean, dry airor
gas for baking, drying, laminating,
metal working, packaging, plastic

welding, preheating, s=aling,
soldgrﬁg?ghn’nk figl'ng andg synthetic
fabric sewing.

AHP sories ajr process heakrs
pmovide hot airand gas up to 540°C

AHP-2T41 shown smalker
than actual size.

(1OQJ°Ft) with infinite control by
uamng he wo andiorthe air
fiow. Closed op contml can ako
be achieved with ®mperature
controllers and “T" fittings to mount
thermocouples. Cakulate the flow
rate, terperatue nse, or power

requirment as liows:
Watts = SCFMxATS2
SCFM = Standard Cubic Feet
Per Minute
AT = Temperature Rise in
Degrees F from the
Inlet to the Outlet

aximum flow rates am given in
the tablke below. For minimurn flow
rates, see tabk on page 120.

To Order Visit cmega.com/ahp_series for Pricing and Details

Mo gth Y Diametar NPT Weight
Volts  Watte }] mm | Fitting g ilb)

120Vac Models

AHP-3744

AHPSO51 120 400 114 (d%) 23 10 13 (%) £ 113 0285
AHP-7561 120 750 140 (5%) 138 20 19 (%) S 202 063
AHP-3742 é;ﬁa 2%% g g@ :_3 g 10 (%) W L2018
AHPE052 éga ‘1‘% “ ‘413 % :g 13 (%) k. 113 (025
AHP-7SE2Z 120 190 14 (5% 24 =] 19 (%) ES 302 063

240 750 14 (5% 135 0

¢ NOLEr T CroerRasiars mthoul NPT O
AHP-374 Sonss, forAH
T These .

SO SUIOX "N (0 0028 RURIES, DICS [OTHEFIERS IDROLY BIIRGS &5 303 ABEHSS £0sf fof
P-S05 Senis, 3Rd Tor ARP-756 Sees.

REETERs 30 he DRRmied 0 SXNEC 12D of 24DV, SpRctE3000S 32 SHOWR (0T COSE0R ORbOt 120 and 240V,

{ Rdostas wWals per oty of fRsted feng!
£50 b by

Ordenng Exampie: ANPG G20, 2

th. (s 0he fabie Shoks fo CRISIMNE TN R QU B0 315, THE WaS Derineh ot hested fength
9 VOS50S OF by o0SIRG 3 SUSTom Mate hester,
00 W 120 Vaz T Type fndne 3/7pas hesfer
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Duct HeATeRs

Pressure Drop vs. Air Flow
Dimensions: mm (inch) 100
E 75 =
g
e 50 v
§ / /7
HOTAIR < 25 ,/ /
AL,
Ty Heated Length o 5 et
(050 | L+16(008) ABOM) 0 5 10 15 2
' Air Flow (SCFM)
Dimensions: mm (inch)
Heated SPECIFICATIONS
Series Diameter  Length L ;;e:sure]ﬁ?lng: 80 pslg10°/ i
1 attage Tolerance: +5, - o OF better
AHP-374 9.5 (%) 88.9 (3%) 101.6 (4) 7.9 (%s) 33.3 (1%s) at the voltage specified
AHP-505 12.7 (%) 114.3 (4%) | 127.0(5) | 34.9(1%) |19 (1%) Leads:
AHP-756 19.1 (%) 139.7 (5%) | 152.4(6) | 61.9 (%) |41.3 (1%) 0.3 mL (1) fiberglass insulated leads

Maximum Watts Per Linear Inch of Heated Length
Minimum CFM Required

%" Diameter %" Diameter %" Diameter
6 150 150 150
8 200 200 200
10 - 250 250
15 < “ 375
20 = * 500
Construction % 4
1. Oplional slainless steel 6. Fiberglass insulated leads 7
bushing 7. Epoxy seal i
2. Ceramic coil support 8. Copper lee
i- ik ;ml G 9. Heliarc weld
% inless steel al 10. Optional brass bushing &
Dimensions: AHP-NPT34 L s .
mm (inch)

4 NPT Female
Pipa Tread

Thermocouple T-Fitting

The AHP-NPT34 fitting can be used with subminiature
thermocouple probes (see omega.com) and with stainless
steel compression fittings (model SSLK-18-14) to monitor
temperature at the outlet of the AHP-756 Series heaters.

t Ord AHP-NPT34, titting.

Air Heater

s Female
Pipe Thread

Model Number
AHP-NPT34

Sansor Adaplor
Fittng for Themmaoouples
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2. Air flow meter
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3. Fuel injector
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DELAVAN PRECISION-OIL"BURNER NOZZLES

DELAVAN

NOZZLE SYSTEM

Prefex

SMART VALVE
DESIGN REDUCES
COMBUSTION
POLLUTION FOR
CLEANER HEATING

LYY

The all-new Dielavan ProTek™ Nozzle
Emmpmdd:sﬂrﬁﬂrpimﬂm
Fature of Clean Air Technolopy™
unigrae, patented Svstem from
Delanan provides ngm.ﬁ.-emtl\edn-e—
tioms in combustion pollatants for
cleaner air. The ProTek Mozzle
Srsem incindes 2 facsory-installed,
one-piece Valve Compomezt which
reduces smoke and odl zmell in

the off cwele by preventing oil afier-
drip from the nozzle. Also, the
Teducton of smoke (earbom amd soot)
‘between zppliance clean wps.

Inzallaticn is faot and ey, dieme's
0o need to inepease pamp supply
prezzume at installation because there's
oo pressuze drop. Plus, ProTek
Nozzle Systems mainizin the same
Bow pattern and fow rating charac-
tenistics of comparzbly rated Delavaa
mozzles.

The dramatic benefiz of the ProTek
Nozzle System e avadlzble in either 2
Bactory-izstalled, hi::f:lzm:r
= the ProTek Vailve Componens scld

FORICARI QNS PO
a ad NANE KA AR p

BUIREE
STRET
| — [ wwrems
Hydrocarbon emiztons e sready

reduced when the Delavan ProTek™
Nozzle Syshem iz used
Hydrocarbons ze typically elevated
at sort-up and shut-down of the noz-
zle firinp, 2 both of these praphs
show. When the ProTek Nozzle
System iz installed, the dramatic ben-
efits are seen in these charts which
show comparative results with and
withoat the ProTek™ valve. Resalts
will vary by application.

Operating Pressures

The Delavaz ProTek™ Mezzle System
ks been dhoroughly tesed. In the tests,
appromimassly seven years of "oo'off”
eycle operation simmbation in the labo-
raory with no fadhmes. A rotd of
107,000 cyycles were recorded. After
e first 11,350 cycles, the cut-on pres-
sazes shifted upward am averape of 3.0
PSL The cut off pressre shifted up az
average of 7.75 PSL After this xitial
seating process, there was very bitle
chazmze of either "oz” or "off" pres-
sames. Very Little in nozzle flow
was noted afer 107,000 cycles, edther.
maze tests up oo 500 PEL {35 BAR), =
well as combustion tess and sz with
vanions foels sock as kerosene, £2, and
Eeavier oils. Dietailed best resulis ape
avadlable from Delavan Technical

Services.

Minimuum (yperating Pressures

wWaha
Far ¥

Supply Pump
Fal  (HAR)

Valve Dgien
Pl EAR

Walve Cle
Fal |I"'.I!|

E0000-1
E0030- 2

1350 @)
o0o (T

125.0 5
S0 {11
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