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ABSTRACT

Many researchers tried to prevent or reduce moisture damage and its sensitivity to temperature to
improving the performance of hot mix asphalt because it is decreasing the functional and structural
life of fixable pavement due to the moisture damage had exposed to it.

The main objective of this study is to inspect the effect of (fly ash “3%, 6%, 12%”, hydrated
lime”5%, 10%, 20%” and silica fumes”1%, 2%, 4%) referring to previous research by the net
weight asphalt cement as a modified material on the moisture and temperature sensitivity of hot mix
asphalt. This was done using asphalt from AL-Nasiria refinery with penetration grade 40-50,
nominal maximum size (12.5) mm (surface course) of aggregate and one type of mineral fillers
(limestone dust) with 7%.

To achieve the requirements of this study, the indirect tensile strength test according to (AASHTO
T 283) criteria and compressive strength test were adopted to evaluate the index of retained strength
according to (ASTM D 1075) to identify the moisture damage as well as indirect tensile strength
test to evaluate sensitivity to temperature of the hot mix asphalt using modification and net asphalt.
These tests showed that there is a significant evolution in the resistance to moisture damage and
decrease in the sensitivity to temperature of hot mix asphalt with modifying asphalt compared to the
reference mixture.

Key words: modifying materials, modified asphalt, moisture damage, and temperature sensitivity.
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1. INTRODUCTION

Many researchers studied how to improve asphalt concrete mixture resisting moisture damage and
reducing temperature sensitivity by modifying it using additives as a partial replacement of mineral
filler or using the same materials to modify the asphalt cement with many methods. Table 1
summarized some of the previous work.

Little and Jones, 2003 defined the moisture damage as: due to the effects of moisture, asphalt
mixtures loss its strength and durability and it occurs in two forms, softening (reduction in strength
due to the reduction of cohesion of the asphalt mixture) and stripping (loss of adhesion and the
physical separation of the asphalt cement and aggregate).

Brown, et al., 2001 represented that: Three main mechanisms lead to moisture damage, these are: -
1. Asphalt film loss cohesion;

2. Adhesion between the aggregate particles and the asphalt film that it has been losing; and

3. Due to freezing aggregate particles degradation.

Xiao, et al., 2009 stated that using the Reclaimed Asphalt Pavement (RAP) as a modifying mixture
indirect tensile strength and tensile strength ratio were increased compared to the control mix.
Sarsam, and Al-Janabi 2014 showed that there was less susceptibility to moisture damage when
using recycling asphalt mixtures by an average value of 53% compared to the control mix.

Hayder, 2015 concluded that the SBS improved tensile and compressive strength as well as
Marshall Properties. Stuart, et al., 2001, conducted that improvement in resistance to moisture
damage was done using modified polymer (SBS & SBR) mixtures.

2. CHARACTERISTICS OF USED MATERIALS

To meet the requirements of this study; AL-Nasiria refinery asphalt cement (40-50) penetration
grade was used. Table 2 shows the physical properties of it.

Limestone dust was used as mineral filler and this was obtained from Lime Factory in Karbala
governorate, south east of Baghdad city.

2.1 Modifying Materials

To prepare modified asphalt; locally available materials have been used such as Fly Ash (FA) of
low cost and specific gravity, Hydrated Lime (HL) (from Karbala plant in powder form) and Silica
Fume (SF) (a pozzolanic material of a white and fluffy powder). Table 5 illustrated the physical
properties and Table 6 shows their chemical composition.

2.2 Aggregate

Coarse and fine aggregate crushed quartz from Al-Nibaie quarry were used in this study. According
to the requirements of surface course gradation of (SCRB, 2003/ R9) specification, coarse and fine
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aggregate were sieved and recombined. Fig.1 shows the gradation curve for the selected aggregate
for surface course. To evaluate the physical properties of aggregate; routine tests were performed.
The results are summarized in Table 7.

3. MODIFIED ASPHALT PREPARATION

Modified asphalt was prepared according to the Sarsam, 2015 procedure as follows: -

1. Heating the asphalt cement up t0160° C.

2. The modifying materials are added gradually with mechanical continuous stirring. The
percentage of adding starts by 3%, 5% and 1% for fly ash, hydrated lime and silica fume
respectively with duplicated increment.

3. Mixing the asphalt cement with modifying materials at 5000 rpm about 45 min at the same
temperature.

4. MIX PREPERATION

After preparing modified asphalt and according to the Marshall Design procedure (ASTM D1559),
optimum asphalt content for the mixture of each type and percent of modifying materials. Table 8
explains the optimum asphalt content of the prepared specimen. The difference in optimum asphalt
content between control mix with net asphalt and modified mixes was within the S.O.R.B tolerance
(£0.3%) so the optimum asphalt content of the control mix to all mixes (5.2) was used.

5. TESTING OF MIXTURE

The prepared specimens of modified and net asphalt were subjected to a number of tests to evaluate
the effect of modifying asphalt on moisture sensitivity and temperature susceptibility of hot mix
asphalt as shown below:

5.1 Moisture Sensitivity

To find out the moisture sensitivity of asphalt concrete mixture; two groups of a mixture of each
type of asphalt modification for all percent of modifying were adopted; the first group: un
conditioned group consists of three dry specimens were tested at 25°C. The second group:
conditioned group consists of three specimens were immersed in water bath at 60 °C for 24hr and
tested at 25°C according to (AASHTO T 283) criteria at 7% air voids. Indirect tensile strength (ITS)
and tensile strength ratio (TSR) were calculated by equations (1) and (2):

2000P

ITS = (1)
1Ts
TSR = —~ 2)

On the other hand and to evaluate the moisture damage; the Index of Retained Strength Test
according to (ASTM D1075) and Index of Retained Strength (IRS) were calculated by equation (3):

IRS = 2%+ 100 (3)

UCN
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5.2 Temperature Susceptibility
Equation (4) was used to evaluate the temperature susceptibility, Husham, 1999:
ITS;1—ITS
TS =——=
tr—t1

(4)

6. RESULTS

To assess the effect of using modified asphalt on moisture sensitivity of hot mix asphalt; Table 9
illustrated the results of the indirect tensile strength (ITS) through values of tensile strength ratio
(TSR) for the control and modified mixture adopted and percent of change in it is value. On the
other hand, Fig. 2 shows the tensile strength ratio result. Fig. 3 explains the value of the index of
retained strength (IRS). Table 9 and Fig. 4 illustrates the result of temperature susceptibly after
completing indirect tensile strength test. Fig. 5 explains the percent of change in the value of
moisture and temperature susceptibility for the mixture with modified asphalt compared to the
control mix. Finally, Table 10 explained the result of checking Marshall Stability and flow as well
as volumetric properties of the mixture with and without modifying asphalt.

7. CONCLUSIONS

From the findings of this study; the following conclusions can show how the use of modified

asphalt affected the moisture and temperature sensitivity:

1. All prepared mixtures meet the required specifications for each adopted test except the control
mix in the compression test to check the index of retained strength.

2. Adding 3%, 6% and 12% of fly ash as a modifying material by weight of asphalt cement; percent
increase in tensile strength ratio was by 7.77, 9.95 and 10.79, percent increase in Index of retained
strength was: 9.27, 11.41 and 16.17 and the percent decrease in temperature sensitivity was: 7.27,
15.21 and 17.48 respectively compared to the control mix.

3. Using 5%, 10% and 20% of hydrated lime as a modifying material by weight of asphalt cement;
the percent increase in tensile strength ratio was: 13.05, 18.28 and 18.71, percent increase in Index
of retained strength was: 17.26, 22.10 and 26.37 and the percent decrease in temperature
sensitivity was: 21.28, 23.80 and 30.12 respectively compared to the control mix.

4. Supplement of 1%, 2% and 4% of silica fume as a modifying material by weight of asphalt
cement gave percent increase in tensile strength ratio by: 22.76, 23.01 and 25.99, percent increase
in Index of retained strength: 31.86, 37.76 and 42.31 and the percent decrease in temperature
sensitivity: 46.65, 48.47 and 72.33 respectively compared to the control mix.

5. Volumetric properties, Marshall Stability and flow met the requirements of the specification for
all the used percent of modified materials by weight of asphalt.

6. According to the experimental work; any increase in the percent of materials to modify asphalt
other than that used in this study will adversely affect the properties of hot mix asphalt.

7. The results indicate that specimens modified with silica fume have the highest resistance to
moisture damage and least temperature sensitivity as the other modified materials. This may be
due to its high surface area.
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NOMENCLATURE

ITS = Indirect Tensile Strength; KPa
P = ultimate load to failure; N

t = thickness of Specimen; mm

D = diameter of Specimen; mm

TSR = tensile Strength Ratio; %
ITScn = conditioned Indirect Tensile Strength; KPa
ITSunc = UN- Conditioned Indirect Tensile Strength; KPa
IRS = index of Retained Strength; %
Scn = conditioned Compression Strength; KPa
Sunc = Uc Conditioned Compression Strength; KPa
TS = temperature Susceptibility (kPa /°C); %
ITSy= indirect Tensile Strength at 25°C; KPa

ITS, = indirect Tensile Strength at 40°C after 30 min immersed in water; KPa.

Table 1. Summary of previous studies using modified asphalt in HMA

Additives by
Author and Modifier Asphalt -
NO. Year Materials Cement Test Summary of Finding
weight; %
1.Increasing of polymer content; increasing in
Eman 1. Storage Stability Test. Viscous and elastic properties of modified
. EVA 2,4,6,8,10, | 2.Softening point; asphalt.
1 etal; S - . )
copolymer 12 3. Ductility; 2.Decreasing in penetration value;
2010 . - . i ]
4. Penetration Test. 3.Increasing in softening point value;
4.Decreasing in ductility value
1. Decreasing in viscosity value when using
. Fly Ash;
Fly ash 3,6,9,12 | 1.Penetration Test 2. Increasing in viscosity value when using
. 2. Softening point Test. - .
Sarsam; S Silica fumes;
2 3. Penetration index Test. . . _—
2014 . 3. Increasing in softening point;
4. Stiffness Modulus Test. Lo T )
- 5 \Viscosity Test 4. Decreasing in stiffness modulus value;
Silica fumes 1,234 ' y Test 5. Decreasing in temperature susceptibility
value.
1. Softening point; 1.Decreasing in penetration value;
3 Sarsam; Silica fumes 19 2.Ductility; 2.Increasing in softening point value;
2015 ’ 3. Penetration by needle; 3.Temperature sensitivity controlled
4.Penetration by cone; 4.(10-60) % range of reduced in ductility
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5.Resilience (ball strain value after ageing process.
recovery); 5.(6-8) % range of increase in softening point
Hydrated 10. 20 6.0klahoma elastic strain value after ageing process.
Lime ' recovery, and 6. (10-60) % range of reduced in ductility
7. Cold bond adhesion and value after ageing process.
cohesion at 0 °C
1. At 9% sulphur and 5% asphalt cement
content; Marshall Stability have the
Prajna S, & 1 Marshall Stability: maximum value of 30.22 kN while it is
Anjum; Sulfur 3,6,9,12 ' : Y 26.88 KN at the same percent for the net
2.Volumetric properties.
2015 asphalt cement.
2. Increasing in bulk density value.
3. Decreasing in air voids.
(0.1,0.3,0.5)
lham ;dlcrji?t){) 1. Tensile Strength Ratios increased from
& Zycotherm asphalt 1.Indirect Tensile Strength. | (71.73 -86.46)%.
Mehan: Modyfiedmat ceFr)nent 2.Penetration Test. 2. Retained Stability Index increased from
2015’ erial . 3.5) 3.Softening Point Test. (65.62- to 95.38)%.
Diluted with 3. Increase resistance to rutting and fatigue.
water
1.Rotational viscosity test. . .
. 1.improved softening.
2.Dynamic Shear - .
Polyproplene 2.increase in complex modulus value.
Rheometer test.
. . 3. decrease the phase angle.
- 3. direct tension tester. - . . .
Al-Jumaili; 1,35 . . : 4. increase resistance to rutting and fatigue.
4. Softening point test; . . .
2016 5. Ductility test; 5. improve the physical and rheological
Cellulose 6.Penetration by needle pr_opertles of modified asphalt comparing
test with the natural asphalt cement.

Table 2. Properties of asphalt cement (40-50) penetration grade*.

Property ASTM Test S_C_RB .
designation Results Specification

Penetration at 25°C,100 gm,5 sec. (0.1mm) | D-5 43 40 - 50
Rotational viscosity at 135°C (cP.s) D-4402 483 | -
Softening Point. ('C) D-36 47 | -
Ductility at 25 "C, 5cm/min,(cm) D-113 >100 >100
Flash Point, ('C) D-92 273 Min.232
Specific Gravity D-70 1038 | @ -
Residue from thin film oven test D-1754
- Retained penetration,% of original D-5 72.1 >55
- Ductility at 25 "C, 5cm/min,( cm) D-113 89 >25

*: Tests conducted in the laboratory of the University of Karbala
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Table 3. Physical properties of filler used.
Specific Gravity Specific Surface (m“/kg) Percent Finer than 75 microns
2.44 244 96

*: Tests conducted in the laboratory of the University of Karbala

Table 4. Chemical composition of filler used.

SiO, Fe,Os Al,O4 CaO MgO SO3 Loss on Ignition
223 | - | - 68.3 0.32 1.2 27.3
*: Tests conducted in the laboratory of the University of Karbala
Table 5. Physical properties of modified materials.
Tested Properties Modified Materials
Fly Ash Hydrated Lime Silica Fume
Specific Gravity 2.05 2.77 2.16
Specific Surface (m2/kg) 650 395 16000
Percent Finer than 75 microns 94 98 100
*: Tests conducted in the laboratory of the University of Karbala
Table 6. Chemical composition of modified materials.
Chemical Modified Materials
Composition (%) Fly Ash Hydrated Lime | Silica Fume
SiO, 61.95 1.38 99.1
Fe,O3 2.67 0.12 35 ppm
Al,O3 28.82 0.72 0.03
CaO 0.88 56.1 0.03
MgO 0.34 0.13 52 ppm
SO3 <0.07 0.21 <0.07
Loss on Ignition 0.86 40.6 0.70

*: Tests conducted in the laboratory of the University of Karbala
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Table 7. Physical properties of Al-Nibaie quarry aggregate.

ASTM SCRB
Property Designation Test Results Specification
Coarse Aggregate
Bulk Specific Gravity c-127 2615 | -
Apparent Specific Gravity C-127 2688 | -
Water Absorption, % C-127 0432 | @ -
Percent Wear by Los Angeles C_131 17.70 30 Max.
Abrasion, %
Soundness Loss by Sodium
Sulfate Solution, % C-88 31 10 Max.
Fractured pieces,% | = ------ 97 90 Min.
Fine Aggregate

Bulk Specific Gravity C-127 2665 | -
Apparent Specific Gravity C-127 2701 | e
Water Absorption, % Cc-127 0718 | = -
Sand equivalent,% D-2419 52 45 Min,

Table 8. Optimum asphalt content.

Modified Materials

Fly Ash Hydrated Lime Silica Fume

3% | 6% | 12% 500 | 10% | 20% 1% | 2% | 4%

Optimum Asphalt Content*

518 | 520 | 521 | 518 | 518 | 521 | 521 | 521 | 522

*: Optimum Asphalt Content for mix with nature asphalt = 5.2

Table 9. Indirect tensile strength result according to (AASHTO T 283).

TYPES OF MMAOTDEEAEES PERCENT PERCENT
ASPHALT PERCENT- TSR* CHANGE IN | TS; KPa/ C°** | CHANGE
MODIFICATION % TSR INTS
Control 0 70.15 85.52
Elv Ash 75.60 7.77 79.31 -7.27
3:: AS 77.67 9.95 72.52 -15.21
12 78.53 10.79 70.57 -17.48
Hydrated Lime 5 80.40 13.05 67.32 -21.28
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H.L 10 84.84 18.28 65.17 -23.80
20 86.03 18.71 59.76 -30.12
- 1 89.73 22.76 45,62 -46.65
S|I|ca;||iume 2 90.80 23.01 36.32 -48.47
4 93.75 25.99 23.66 -72.33

*TSR: = Tensile Strength Ratio; **TS: Temperature Susoeptility

Table 10. Marshall Stability& flow and volumetric properties.

TYPES OF MODYFIED MARSHALL MARSHALL VOLUMETRIC PROPERTIES
ASPHALT MATERIALS | o AR ITY,(KN) | FLOW,(mm)

MODIFICATION | PERCENT; % ' ! VMA AV FVA
Control 0 11.34 3.37 18.23 4.23 76.80
FIv Ash 3 15.02 2.65 15.76 4.01 74.56

S
yF A 6 17.57 2.86 22.65 3.87 82.91
12 18.22 2.51 16.34 3.65 77.66
S 21.98 2.42 19.51 3.57 81.70
Hydrated 10 28.05 3.25 17.75 3.26 81.63
LimeH.L : ' ' ' '
20 29.73 2.28 21.45 3.32 84.52
Silica Fum 1 31.16 2.25 18.63 3.35 82.02
i
C% Fu ¢ 2 33.23 2.83 15.08 3.16 79.05
4 36.04 3.22 18.31 3.05 83.34
*: Tests conducted in the laboratory of the University of Karbalaa
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Hydrodesulfurization of Iraqi Atmospheric Gasoil by Ti-Ni-Mo/y-Al,O3
Prepared Catalyst
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AL-Farabi University College Engineering College - Baghdad University
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ABSTRACT

This study investigates the improvement of Iraqi atmospheric gas oil characteristics which
contains 1.402 wt. % sulfur content and 16.88 wt. % aromatic content supplied from Al-Dura
Refinery by using hydrodesulfurization (HDS) process using Ti-Ni-Mo/y-Al,O3 prepared
catalyst in order to achieve low sulfur and aromatic saturation gas oil. Hydrodearomatization
(HDA) occurs simultaneously with hydrodesulfurization (HDS) process. The effect of titanium
on the conventional catalyst Ni-Mo/y-Al,03 was investigated by physical adsorption and
catalytic activity test.Ti-Ni-Mo/y-Al,O3 catalyst was prepared under vacuum impregnation
condition to ensure efficient precipitation of metals within the carrier y-Al,03. The loading
percentage of metals as oxide; titanium oxide 3 wt. %, nickel oxide 5 wt. % and molybdenum
oxide 12 wt. %. The performance of the synthesized catalyst for removing sulfur and aromatic
saturation were tested at various temperatures 275 to 350 C, LHSV 1 to 4h™, constant pressure
40 bar and H,/HC ratio 500 ml/ml.Results showed that the sulfur and aromatic content were
reduced at all operating conditions. Maximum sulfur removal was 75.52 wt. % in gas oil on Ti-
Ni-Mo/y-Al,O3 at temperature 350°C, LHSV 1h™, while minimum aromatic content achieved
was 15.6 wt. % at the same conditions.

Keywords: hydrodesulfurization, hydrodearomatization, gas oil, hydrotreating catalyst.
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. INTRODUCTION

The primary goal of recently decade proposed legislation in most countries in the world is to
reduce the sulfur content of transportation fuels, Babich, 2003. Sulfur present in fuels leads to
SOx air pollution generated by vehicle engines. Diesel fuel is presently used as the primary
energy source for the ship, trains, trucks and some automobiles. It is in principle a more
attractive fuel than gasoline since the higher compression ratios used to give higher fuel
efficiencies. However, the further use of diesel will require solutions to some major
environmental pollution problems, Kabe, et al., 1999. Hydrodesulfurization is one type of
hydrotreating process which catalytically stabilizes petroleum products and/or removes
objectionable elements from products or feedstocks by reacting them with hydrogen. When the
process is employed specifically for sulfur removal it is usually called hydrodesulfurization
(HDS). To meet environmental objectives it also may be necessary to hydrogenate aromatic rings
to reduce aromatic content by converting aromatics to paraffins, Gray, 1994 and Kinya, et al.,
2003. The S-containing molecules present in petroleum or synthetic oils are generally classified
into two types: non-heterocycles and heterocycles. The former comprises thiols, sulfides and
disulfides. Heterocycles are mainly composed of thiophenes with one to several aromatic rings
and their alkyl or aryl substituent sulfur and nitrogen compounds, which comprises maintaining a
bed of a sulfided catalyst, Liu, et al., 2009. When hydrodesulfurization reaction is found
hydrodearomatization also occurs simultaneously because aromatic compounds are always
present in refinery streams, Gabor, et al., 2007. As environmental considerations become of
greater concern, it is desirable to treat hydrocarbons such as naphthenes and middle distillate
hydrocarbons to decrease the content of undesirable aromatic components, Gachet, et al., 1984.
Noble metal catalysts, which are excellent for aromatic saturation, but will quickly get poisoned
by the sulfur and nitrogen compounds that are present in typical hydrocarbon feedstocks, and
lose their hydrogenation activity in a short time. Therefore, noble metal catalysts cannot be used
for a one-step process for hydrodearomatizing (HDA), Speight, 2007. The most typical HDS
catalysts consist of an MoS; active phase promoted by Co or Ni atoms, called ‘CoMoS’ or
‘NiMoS’ phase, both of which have been extensively researched and by porous y-Al,O3 supports,
Song, 2003, Venner, 2000, and Girgis and Gates, 1991. Noble metals have often been proposed
as newly developed active phases. Improvement in the properties of y-Al,O3 based supports and
enhancement of the catalytic functions of CoMoS or NiMoS phase might be achieved by the use
of newly developed supports or promoters such as TiO, or mixed oxides comprising 0.1 to 15%
by weight of one or more non-noble Group VIII metals; and from 1 to 50% by weight of
tungsten and/or from 1 to 20% by weight or molybdenum or chromium, parameters affecting on
hydrotreating process such as passing a charge hydrocarbon feed in the presence of hydrogen
into contact with catalyst, thereby effecting hydrogenation, hydrodearomatization,
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hydrodesulfurization and hydrodenitrogenation of charge hydrocarbon feed containing undesired
aromatic components, sulfur and nitrogen, and forming a product stream of hydrocarbon
containing a lesser concentration of undesired aromatic components because it affected on health
of human and causes in many life problems especially the cancer diseases and respiratory
system, sulfur and nitrogen. Hydrotreating is applied to a wide range of feedstocks, from naphtha
to residue for reducing crude undesired compound, Schulz, et al., 1999. The aim of present study
is to introduce and characterize a modified HDS catalyst which is suitable and applicable to HDS
processes.

2. EXPERIMENTAL WORK
2.1 Feedstock

Iragi atmospheric gas oil, supplied by Al-Dura Refinery —Baghdad, is used as the feedstock in
the present investigation, the specifications of Iragi Gas Oil are characterized in AL-Dura
refinery and Labrotaries in Chemical Engineering Department - College of Engineering at the
University of Baghdad. These characteristics are tabulated in Table 1.

2.2 Materials

2.2.1 Support

Alumina support (y- Al,Oz) with a spherical shape and an average diameter of 3mm was
supplied by the FLUKA AG Company. The properties of y- Al,O3 are tabulated in Table 2.

2.2-2 Chemicals

The chemicals used in this study are listed in Table 3.

2.2.3 Gases

2.2-3-1 Nitrogen

Nitrogen was supplied from Baghdad Company with purity 99.9 %.
2.2-3-2 Hydrogen

Hydrogen was supplied from Baghdad Company with purity 99.9 %.
3. CATALYST PREPARATION

3.1 Impregnation Apparatus

The impregnation apparatus consists of a conical flask conducted with a separating funnel,
vacuum pump, electric shaker and trip to absorb the moisture and gases for efficient deposition
of metal oxides into the carrier. The flask was placed upon shaker to ensure good contacting
between the aqueous solution and alumina particles. The objective is to impregnate the carrier
with an aqueous solution of metal salt, which was adjusted to a concentration which gives
desired metal loading.
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3.2 Preparation of Ti-Ni-Mo/y-Al,Oz;Catalyst

Ti-Ni-Mo/y-Al,O3 catalyst was prepared by three impregnation stages. A first impregnation
solution was prepared by dissolving 19.73 g of ammonium paramolybdate and 8.72 cm?® of
ammonium hydroxide in 96.45 cm® of distilled water.This first impregnation solution was
employed to impregnate the alumina which is calcined at 538 °C for 16 hours by pouring the
solution on the 309 g alumina with continuous shaking. The prepared material was air dried for
16 hours at 120 °C. A second impregnation solution was prepared by dissolving 77.93 g of Ni
(NOs),.6H,0 in 229.72 cm® of distilled water.This second impregnation solution was employed
to impregnate the dried molybdenum containing material by pouring this impregnation solution
in dried molybdenum with continuous shaking. Then, this material was air dried at 120 °C for 16
hours and calcined at 538 °C for 16 hours. A third impregnation solution was prepared by
dissolving 80.78 cm® of titanium tetrachloride in 370 cm® of n- heptane. The third impregnation
solution was employed to impregnate the calcined molybdenum and nickel containing material
under substantially anhydrous conditions. After the third impregnation, the catalyst is air dried at
120°C for 16 hours and calcined at 538 °C for 16 hours, Beuther, et al., 1976, and Peyman and
Matin, 2011. The weights percents of titanium, molybdenum and nickel are deposited on vy-
Al,O3 support by impregnation were determined by using atomic absorption spectrophotometer
(PERKIN-ELMER 5000).The properties of the prepared catalyst are listed in Table 4.

3.3 Catalytic activity test

Catalytic activity studies were carried out in a continuous hydrotreating pilot plant unit located in
the Petroleum Development and Research Center / Ministry of Oil (Baghdad). The hydrotreating
unit designed by (VINCI technologies). The unit consists mainly of vertical tubular stainless
steel reactor (17.5 mm 1.D., 25.5 mm O.D. and 300 mm length) electrically heated in a two oven,
temperature controller, dosing pump, gas meter and high-pressure separator Fig. 1. Hydrogen
gas was supplied to the unit from a hydrogen cylinder. 50 g of catalyst (catalyst layer length 23
cm) was loaded into the midsection of the reactor, while the upper and lower sections were
packed with ceramic balls (ceramic layer length 3.5 cm). The unit was purged with nitrogen to
ensure oxygen removal from the system, the was pressure increased gradually up to 65 bars for
3h to check leaks, then the pressure was reduced to 10 bar and nitrogen was replaced by
hydrogen with 99.99% purity. The static hydrogen pressure increased up to 65 bars to check the
leaks again. The hydrogen pressure was reduced to 5 bars to prepare the unit for sulfiding
process.
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Pre-sulfiding was carried out at pressure 30 bars, temperature 310°C, and feed flow rate Iml/min
for 12h using gas oil with 1.402 wt. % sulfur content.

The hydrotreating of gas oil was carried out at 40 bar hydrogen pressure, 1 to 4 h™* LHSV, 275 to
350 °C reaction temperatures and hydrogen to hydrocarbon ratio 500 ml/ml. The liquid product
was collected (after a stabilization period to attain a steady state) in a receiver from which
samples were taken for analysis the sulfure content by X-ray fluorescence device located in the
oil training institute / Baghdad.

4. RESULTS AND DISCUSSION

4.1 Surface area and Pore volume
The specific surface area determination was carried out using the BET isotherm, nitrogen

adsorption and desorption isotherms were measured on Thermo Finnegan type instrument
located in the Petroleum development and Research Center / Ministry of Oil. The specific
surface area [SA] which is the area in m? of one gram of solid is calculated as in equation (1).

vm

A=———xa, xNx10"%° (1)
22400

Where Vm is the monolayer coverage, an, is the area occupied by one molecule of adsorbate in
the monolayer which is 0.162 nm? for nitrogen molecule, and N is Avogadro’s constant, 6.02 x
10?® molecules/mol. Results of surface area and pore volume are 225.1 m%g and 0.37 cm®/g
respectively.

4.2. Pore Size Distribution

Fig.2 shows the pore size distribution for Ti-Ni-Mo /y-Al,O3 prepared catalyst, these
characteristics were measured by Thermo Finnegan type instrument located in the Petroleum
Development and Research Center / Ministry of Oil. It's obvious from the figure that there are
numerous pores goes toward macro size diameter. This certainly affected the pore-size
distribution change with a decrease in total pore volume.

4.3. Catalytic test

The HDS activity of the prepared catalyst was tested at hydrotreatment pilot plant.

4.3.1 Effects of Temperature and LHSV on sulfur removal

Fig.3 shows the effect of temperature and LHSV on sulfur removal on Ti-Ni-Mo /y-Al,O3

prepared catalyst. The values of sulfur removal calculated by Eq. (2), Herna and Yang, 2004.

Sulfur removal = [(C(S)o - C(S))/C(S)o] * 100 (@)
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Where C(S)o is initial sulfur concentration (ppm), in this study 1.402 wt. % sulfur content, and
C(S) residual sulfur concentration (ppm). It can be observed from the figure that catalyst in
general shows better sulfur removal than standard conventional catalysts (Co-Mo, Ni-Mo) at all
the temperatures and LHSVs which is characterized by Abdul-Halim, et al., 2015 and Swaty, et
al, 2001. Maximum sulfur removal was 75.52 wt. % in gas oil on Ti-Ni-Mo/y-Al,O3 at
temperature 350°C, LHSV 1h™. This implies that the HDS activity of promoter’s catalysts
improves the HDS activity, a decrease in LHSV from 2.5 to 1 h™ a better range for sulfur
removal for the catalyst. Increasing the temperature generally leads to increasing in hydrotreating
conversion even at higher LHSV, Steiner and Blekkan, 2002. This indicates that rate of HDS is
fast enough at a higher temperature to mask the effect of an increase in LHSV. The increasing of
sulfur removal at high reaction temperature may be attributed to that the unreactive sulfur
compounds which most properly belong to thiophene derivatives become activated enough to
react with hydrogen.Thus, the upper-temperature value is limited by the undesirable side
reactions such as hydrocracking reactions which are expected to occur at high temperature. As
the LHSV increases sulfur conversion slightly decreases, which means that the film diffusion has
no effect on the reaction kinetics. The decrease in LHSV means that lesser quantity of gas oil
contacting the same quantity of catalyst per time, while increasing in LHSV provides for a
greater quantity of gas oil through the reaction per unit of time, Segawa and Satoh, 1999.

4.3.2 Effects of Temperature and LHSV on aromatic content

Aromatic test was done in AL-Dura refinery by using Agilent Technologies Instrument (7890 A,
GC system, Wasson — ECE instrumentations). Hydrogenation of aromatics may occur
simultaneously in HDS process. Fig. 4 shows the aromatic content of the hydrotreated product.
The figure indicates that the aromatic content decrease with increasing reaction temperature and
decreasing of LHSV. The increase of reaction temperature leads to increase the rate of
hydrogenation of aromatic and decrease the equilibrium constant, as mentioned by Girgis and
Gates, 1991, while the LHSV decreasing leads to increasing the contact time. Also, as
temperature increases, the aromatic compounds are decomposed into smaller one which can
more easily diffuse into the catalyst macro and mesopores and reach the inner active sites where
the desulfurization reaction mainly occurs. The maximum aromatic reduction is achieved
between (300 — 350 °C) because of the interrelation between thermodynamic equilibrium and
reaction rates and also for a given pressure, the optimum temperature is a function of the types of
aromatic compounds in the feed and space velocity, Peyman and Matin, 2011.
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5. CONCLUSIONS

1. Titanium is a good additive that increases the activity of the catalyst for sulfure removal from
gas oil.

2. Sulfur removal from gas oil is highly dependent on the reaction temperature and LHSV
variation within the range of studied operation.

3. The aromatic compounds of the hydrodesulfurized products decrease with increasing the
reaction temperature and decreasing of LHSV, while the saturated compounds increase with
temperature increasing and LHSV decreasing.

NOMENCLATURE
dn = areaoccupied by one molecule for N, ,Eq.1

C(S)o = intial sulfur concentration (ppm), Eq.2
C(S) = residual sulfur concentration in liquid product (ppm) , Eq.2

Vm = Monolayer volume, Eqg.1
N = Avogadro’s constant 6.02 x 10* molecules / mol., Eq.1
r'y, = Poreradius, A°

Vp Pore Volume , A°

ABBREVIATIONS

HAD = Hydrodearomatization

HDS = Hydrodesulfurization
LHSV = Liquid hourly space velocity
SA = Surface area
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Table 1. Properties of atmospheric gas oil.

Journal of Engineering

Hydrocarbon Processing

Specification Value
Specific gravity at 15.6 °C/15.6°C 0.8289
API gravity 37.6
Viscosity / 40 °C ,C.st 6.62
Sulfur content ,wt. % 1.402
Aromatic content ,wt. % 18.66
Flash point, °C 82
Pour point, °C -9
Diesel index 63
Aniline point, °C 71.5
Cetane Number 57
Colour, ASTM 0.5
Table 2. Properties of /y-Al,0s.

Surface Area, m°/g 280
Pore Volume, cm®/g 0.365
Porosity 0.45
Bulk density, g/cm® 1.06
Crushing strength, Kg 18
Loss in attrition, wt. % 1.6

21




Number 11

Table 3. Chemical component used.

Volume 23 November

2017
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No. Compound Purity Company
1 Titanium tetrachloride 99% BDH
2 Ammonium paramolybdate 99% HOPKIN & WILLIAMS
3 Ammonium hydroxide 99% Fluka
4. Nickel nitrate hexahydrate 99% AAG
5 n-Heptane 99% Riedel-DE HAENAG
Table 4. Properties of prepared catalyst.
NO. Property Ti Ni Mo /y-Al,03
1 NiO ,wt.% 5
2 MoO ,wt.% 12
3 TiO, wt.% 3
4 Surface Area, m°/g 225.1
5 Pore Volume, Cm°/g 0.38
6 Porosity 0.33
7 Bulk density, g/Cm° 1.71
8 Crushing strength, Kg 14
9 Loss in attrition, wt.% 1.45
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Figure 1. Schematic diagram of the hydrodesulfurization unit.
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Figure 2. Pore size distribution of Ti-Ni -Mo/ y-Al,O3 catalyst.
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ABSTRACT

Taguchi experimental design (TED) is applied to find the optimum effectiveness of aqueous
Red Pomegranate Peel (RPP) extract as a green inhibitor for the corrosion of mild steel in 2M
HsPO, solution. The Taguchi methodology has been used to study the effects of changing,
temperature, RPP concentration and contact period, at three levels. Weight-loss measurements
were designed by construction a Lg orthogonal arrangement of experiments. Results of the
efficiencies of inhibition were embraced for the signal to noise proportion & investigation of
variance (ANOVA). The results were further processed with a MINITAB-17 software
package to find the optimal conditions for inhibitor usage. Second order polynomial model
was used for experimental data fitting. Optimum conditions for achieving the maximum
corrosion inhibition efficiency are obtained from optimizing the above model and are found
as follow: 39.66 °C temperature of acidic media, 38.29 ml/L inhibitor concentration and 2.95
h contact period. Results demonstrated that rate of corrosion was increased with temperature
increasing & decreasing inhibitor concentration. It was concluded that the Taguchi design
was adequately useful in the optimization of operating parameters and that RPP sufficiently
inhibited the corrosion of steel at the range of variables studied.

Keywords: corrosion, inhibition, red pomegranate peel, optimization, weight loss, taguchi
experimental design
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1. INTRODUCTION

Mild steel (MS) is a standout amongst the most generally utilized building materials, in
spite of its moderately constrained corrosion resistance it is an essential material of decision
because of minimal effort & simple fabrication. Corrosion is one of the fundamental worries
in the solidness of metallic materials & their structures. Many efforts have been made to build
up a corrosion inhibition procedure to draw out the life of existing structures and limit
consumption harms & damages of corrosion, Bavarian, and Reiner, 2003.

To connect to one another they consider variables, a huge number of runs must be done
to cover all the conceivable variable blends which are exceptionally uneconomical &
troublesome. The routine enhancement optimization methods include modification of one
variable & retain the other variables at a fixed level, which allows studying the influence of
specific parameter on the whole execution of the procedure. This strategy is tedious, bulky &
requires an extensive number of exploratory informational indexes so it is hard to give data
about the common associations between parameters in the traditional improvement strategies,
Beg, et al., 2003.

Statistical tools and experimental design make it easier to optimize such processes.
Taguchi dynamic approach encourages the investigation of communication of a substantial
number of factors spread over by variables & their settings with few examinations prompting
to impressive time spare and cost for the procedure advancement, Murthy, et al., 2012,
Many studies utilized the technique of Taguchi procedure as a gadget to assess the effect of
different variables on the characteristics of the framework beneath thought, Oktem, et al.,
2007. Yajid et al., have concentrated the inhibitive characteristic of aqueous extracted of
Murray Koenig & Cymbopogon citrates aqueous extracted in 0.25-1.0 M sulfuric acid
solution utilizing Taguchi technique, Yajid, et al., 2013.

Environmentally friendly corrosion inhibitors are compounds showing good inhibition
efficiency and low environmental risk. Among the so-called “green corrosion inhibitors” are
organic compounds that act by adsorption on the metal surface, such as caffeine, Fallavena,
et al., 2006, succinic acid, Amin, et al., 2007, ascorbic acid, Ferreira, et al., 2004 and
extracts of natural substances, Raja, and Sethuraman, 2008. The inhibitors are organic
structures with hetero- atoms such as sulfur, nitrogen and oxygen, Rani, and Basu, 2012. The
adsorption of these natural atoms on metal-solution interface happen by four mechanisms : (i)
electrostatic attraction between the charged particles & charged metal, (ii) interaction of
uncharged electron pairs in the particle with metal, (iii) Association of JI-electrons with metal,
& (iv) mix of (i) & (iii). Among these natural compounds are fruits and their waste. Fruit and
its waste is the opulent provenance of chemicals, for example, minerals, vitamins, organic
(natural) acids & phenolic mixes. The pomegranate peel contains various levels of poly
phenolic mixes, flavonoid, anthocyanin, tannins and metals, Orak, et al., 2012.

Taguchi introduced the Taguchi technique, Taguchi, et al., 2005 to acquire the coveted
execution properties by enhancing the outline parameters. In Taguchi method, three-phases,
for example, framework plan, parameter outline, & resistance configuration are utilized.
Framework configuration comprises of the utilization of logical & designing data required for
creating a section. Resilience configuration is utilized to decide & dissect resistances about
the ideal blends recommended by parameter plan. Parameter configuration is utilized to
acquire the ideal levels of process parameters for building up the quality attributes & to
decide the item parameter values relying upon the ideal procedure parameter values. In view
of orthogonal arrangements, the number of trials which may build the time & cost can be
lessened by utilizing Taguchi system. Taguchi utilizes S/N proportion keeping in mind the
end goal to distinguish the quality attributes connected for building outline issues. The S/N
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proportion attributes can be separated on the premise of three criteria: bring down the better
(LB), higher-the-better (HB) and ostensibly the best (NB). The parameter level blend that
augments the fitting S/N proportion is the ideal level setting.

Minitab software (Minitab Inc., Minitab Statistical Software, version 17) was utilized for
the spontaneous outline of tests in light of Taguchi method. Minitab programming can be
utilized to automate Lo empirical orthogonal arrangement with 3 parameters at their three
various levels, Ugur, 2010.

N
S/N 101 L ! (1)
/A Og_.z_z

N]a=1ya

Where N; is the quantity of attempts for trial number j, a is the number of experiments & y is
the estimation of experimental response 1Eg(%).

In order to minimize the number of experiments, the experiments are planned against a three
level Taguchi’s orthogonal arrangements that required 9 tests in total to be achieved. The
cause for choosing the three levels of each parameter is that the third level for a parameter
simplifies investigation of a quadratic relationship between the response and effect of each
parameter, Bikash, and Prasanta, 2014.

In element Taguchi methodology, the impact factors are divided into flag parameter,

control parameter & commotion parameter. The concentration of Fe?* and roughness of
surface are appointed as the commotion parameters. The control component is a variable that
is relied upon to give influence on the reaction. The temperature, concentration of aqueous
pomegranate peel extracts and contact period were chosen as the control parameters.
Maintaining the level of flag & commotion parameters fixed, the levels of control parameter
was varied.
The aim of the present work was to conduct the process optimization and to investigate the
effect of the optimal operating conditions, (temperature, inhibitor concentration and contact
period) on the inhibition efficiency of aqueous Red Pomegranate Peel (RPP) in the corrosion
of mild steel alloy in phosphoric acid solution. The experimental design was done through
Taguchi (TED) analysis by using the statistical MINITAB-17 software for design and analysis
of experiments to perform response surface methodology (RSM), then evaluating
experimentally the outcome of using optimum operating parameters on the inhibition
efficiency of the inhibitor under study.

2. EXPERIMENTAL WORK

Throughout the present investigation 2 M phosphoric acid solution was used as the
corrosive media. Experiments were conducted under static conditions in the absence and
presence of red pomegranate peel (RPP) aqueous extracts.

Inhibitor concentrations were 20 and 40ml of RPP added per litre of 2M H3PQO, solution.
Temperatures used were 30, 40 and 50 °C.

A mild steel coupon (supplied by engineering Lab. and Inspection department, Ministry of
Science and Technology) was used as working electrode. The chemical composition of the
mild steel coupon is shown in Table 1. Test specimens of rectangular shape with 2 cm
(width), 4.0 cm (length) and 0.15 cm (thickness) were used for weight loss measurements.

Phosphoric acid (supplied by BDH lab supplies, England), was diluted with distilled water
to get the required concentration. The aqueous extract of red pomegranate peels was extracted
as follows: red pomegranate was purchased from the local market (Baghdad-Iraqg). 250 g of
completely dried peel powder was weighed and boiled with double distilled water. The
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particle size of peel powder (50 um). The aqueous extract of pomegranate peel was filtered to

remove suspending impurities and made up to 250 ml, Rani, and Basu, 2012.

The three parameters at three various levels behold for the empirical outline are described in

Table 2. Every one of the parameters has been specified with three levels perform in an array

of Ly empirical plan as shown in Table 3, with eight grades of opportunity (number of tests

less one).

Weight loss technique includes samples preparation of coupons were strengthened in a
vacuum at 595 °C for 1.25 h & were allowed to cool to 25 °C in the furnace in order to
remove mechanical stresses. An annealed sample was abraded in sequence under running tap
water using emery paper of grade 120, 220, 320, 400 and 600 respectively, washed with
running tap water followed by distilled water, dried on clean tissue, immersed in benzene for
10 seconds and dried with clean tissue, immersed in acetone for 10 seconds and dried with
clean tissue and then kept in desiccators over silica gel bed until time of use.

The procedure of weight loss technique includes:

1. The measurements of each specimen were measured with a vernier to the second decimal
of millimetre & weighed precisely to the fourth decimal of gram before using.

2. Specimens were totally drenched in 400 ml of corroding medium contained in (500 ml)
glass test cell at 2 M H3PO,, 30, 40 and 50 °C, and 20 and 40 ml/L pomegranate peel
aqueous extract concentration for a contact period 1, 2 and 3 h. The test cell was
submerged in a water bath to maintain the temperature of the cell at a desired thermal
level. Controlling on temperature by using heater plate with the thermostat. The weight
loss measurements was carried out in a cell described in Fig. 1.

After each test, the sample was washed with running faucet water, scoured with a brush to

evacuate corrosion items, washed with faucet water took after by distilled water & dried on a

spotless tissue, inundated in benzene, dried, submerged in C,HgO, dried & left in a desiccators

over silica gel for one hour some time as of late weighting.

3. RESULTS AND DISCUSSION
3.1 Weight Loss Data:

The rate of corrosion of mild steel was resolved in presence and absence of inhibitor at
different operating conditions utilizing the formula:

Am (g)

C.R= S (m?) xt (day)

(2)

C.R: Corrosion rate (g/m?. day) (gmd)

Where Am the loss of mass (g), S is the area (m?) & t is the contact time (day).

The percentage inhibition efficiency (IE (%)) was computed as follows, Alaneme, and
Olusegun, 2012:

19y = SR R 00 3
°" 7 C.R, ()

Where C.R, and C.R are the corrosion rate without and with inhibitor, respectively.

Table 4 shows a variation of inhibition efficiency and corrosion rate with temperature
and contact period in presence and absence of inhibitor. Unmistakably at a certain
temperature, the corrosion rate of steel decreases with an increase in the concentration of
inhibitor and contact period. Without inhibitor, the corrosion rate increases with a rise in
temperature at different contact periods, obeying the Arrhenius equation. It was accounted for
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that the rate of corrosion of iron in acidic solutions roughly doubles for each 10 °C ascend in
temperature, Uhlig, and Winston, 2008. The efficiency of the inhibitor increased with
increasing concentration of inhibitor at different periods of contact.

Nonlinear regression for the Data in Table 4 is done to estimate the coefficients of the
proposed model. Table 5 shows the experimental inhibition efficiency values and the.
predicted ones

3.2 Response Surface Methodology (RSM):

Response surface methodology is a statistical technique based on simple multiple
regressions. By this method, the effect of two or more factors on quality criteria can be
investigated and optimized, Montgomery, 2005. Accordingly for the surface technique, there
ought to be no less than three levels for each variable. The effect of component values that are
not really tried utilizing less exploratory blends can be estimated, Neseli, et al., 2011. It was
accounted for that temperature, inhibitor concentration and exposure time fundamentally
affected the rate of corrosion of mild steel alloy in 1 M H3PO, solution using natural apricots
juice as the inhibitor, Yaro, et al., 2013. After the ID of the vital parameters, the test range
was classified in Table 2. A Taguchi experimental measurable outline with three components
& three levels was utilized to understand second request polynomial model & exponential
model was utilized to represent these parameters. These models consider the impact of
temperature, inhibitor concentration, contact period & the cooperation of them on inhibition
efficiency. Minitab software (Minitab Inc., Minitab Statistical Software, version 17) was
utilized to produce an outline of test appeared in Table 3, which will be utilized for both
model’s examination & streamlining. In most RSM issues, there is a useful connection
amongst reactions & free factors & this formula can be clarified utilizing the model, Salam,
et al., 2014. The primary & intuitive values between the free factors & response (predicted
inhibition efficiencylEp (%)) were assessed by producing the first second order model in the
form represented in Eq. (4).

IEp (%) = by + byT + b,C + bst + by1T? + by;C? + b3st? + by, TC + by3Tt + bysCt  (4)

One more second exponential model was additionally proposed, which depended on the

accompanying presumptions:

I. The rate of corrosion can be identified with temperature by Arrhenius equation, which gives
a sign that the corrosion rate depends exponentially on temperature:

-1
C.R x Exp [T]

ii. The corrosion inhibition increases as the inhibitor concentration increases and contact
period decreased, so;
CPs

These two assumption respect propose the second exponential model:
IEp (%) = byCPst~PeExp | =] (5)

T—b7
Where: IEp (%), T, C and t are predicted corrosion inhibition percentage, temperature (°C),
inhibitor concentration (ml/L) and contact period (h) respectively. Nonlinear minimum
squares regression investigation in view Rosenbrock and Quasi-Newton estimation method
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employing the Minitab software can be used for estimation of coefficients by, b;, b;; and by,
the results showed in Table 6. And creating the accompanying condition for mild steel alloy
with 1.000 correlation coefficient for first model Eq. (4):

IEp (%) = 18.45—-3.34T +1.71C 4+ 69.26 t + 0.05T% — 0.06 C* — 7.03t* + 0.05T
XC—096T xt+0.26C Xt (6)

The regression results of coefficientsb,, bs, b and b, for another estimated model Eq. (5),
showed in Table 7.

And producing another evaluated display Eq. (5) with 0.992 coefficient of correlation:

IEp (%) = 13.965 04740106 Fxp[—T~8784]

Fig. 2 shows the performance plot of percentage predicted inhibition efficiency by Eq. (4) and
Eq. (5) versus experimental values. The figure demonstrates that the both models represent
the inhibition efficiency information with coefficients of high correlation.

3.3 Analysis of variance (ANOVA)

The measurable system known as an investigation of variance (ANOVA) can be to
determine the significance of differences that exist among the methods for a few gatherings of
observations. Two-way ANOVA has been utilized as a part of a request to decide the impact
of temperature, the concentration of inhibitor and contact period on inhibition efficiency.

Table 8 gives the analysis of variance ANOVA for inhibition efficiency for mild steel
alloy. Fisher’s F-test at 95% level of confidence can also be used to determine which process
factors have a significant effect on performance, Jeff Wu, and Michael, 2009. When F value
is large, it means that the change of the process factor has a significant effect on
characteristics of performance. It can be observed from Table 8 that inhibitor concentration
has large F value which suggests that the inhibitor concentration is the major factor which
affects the efficiency of inhibition at 98.09 % contribution.

The accuracy of an empirical model can also be tested by means of statistical factors, such
as the correlation coefficient. The correlation coefficient (R?) is a statistical measure of the
strength of correlation between the predicted and measured values, Devore, 2005. For the
current problem, the following result is obtained: R? = 1.000, which suggests a full
compatibility.

3.4 Experimental Variables & their Main Influences - S/N proportion Analysis

Fig.3 shows the influence of input variables, for example, temperature, the concentration
of inhibitor & contact period on inhibition efficiency. It can be observed that efficiency
increases with increase in concentration and contact period and generally decreases with
increase in temperature. Fig. 4 demonstrates the effect of every individual component on the
efficiency of inhibition as far as S/N proportions. Increment the concentration of element RPP
& contact period has brought about the increment in inhibition behaviour mirroring the high
positive S/N proportions for level 2 and 3. The maximum inhibition in temperature is
obtained at level 1 and increased in temperature has also decreased the inhibition efficiency
with further increment in variable levels efficiency of inhibition increased. The efficiency of
inhibition diminishes with increment in temperature, Bodude, and Sanni, 2014.
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3.5 Optimization of Maximum Inhibition Efficiency

In Table 9. It can be seen from the table that RPP have a huge part in the corrosion
inhibition than the other chose components. The consequences of the S/N & examination of
variance unmistakably demonstrate that the level of concentration of the inhibitor builds; the
S/N proportion additionally increments. The bigger S/N proportion as the main effect is
watched for RPP in level 3 as shown in Fig. 4. Temperature and contact period are the other
basic components which influence the utilization method & subsequently the efficiencies of
inhibition. RPP concentration exhibits beneficial outcome on the considered parts. The effect
of the factors main, square and interaction, levels 1.98, 2.93 and 2.87 for temperature, RPP
concentration and contact period, respectively, are the optimum conditions realizing higher
percentage inhibition for the inspected system. For the RPP concentration level 2.93 in coded
factor, i.e., 38.29 ml/L in real factor produce better results.

According to Eq. (6), using POLYMATH software version 4.02 in terms of maximum
percentage inhibition efficiency, the optimum values were obtained. The optimum values of
the studied independent factors in real and coded form are listed in Table 9 below for mild
steel alloy. An approval trial was led by the predetermined upgraded values & the outcomes
were utilized to compute the response. The experimental value of the inhibition efficiency at
the optimum conditions was comparable with the theoretical value and the result was closed
are listed in Table 10.

3.6 Effect of Process Factors on Inhibition Efficiency

The parametric influences of corrosion inhibition process factors on inhibition efficiency
at the optimum circumstances are presented as response surface plots and can also be
interpreted with the contour plot diagram and these are given in Figs. 5 through 7.

To show the combined influence of any two inhibition factors on the inhibition efficiency
at the optimum value of the third factor. For example, the effect of temperature and
concentration of inhibitor (aqueous pomegranate peel extract) on inhibition efficiency is
shown in Fig. 5 A response surface plot while keeping constant contact period at the optimum
value 2.95 h. From Fig. 5 describes the surface behaviour of up growth of the inhibition
efficiency as a function of the temperature and the concentration of inhibitor and demonstrate
the collaboration between shifting estimations of temperature & concentration at an optimum
estimation of the contact period. Maximum inhibition efficiency of 87.08 % was observed
when concentration of inhibitor was 2.93 in coded variable, i.e., 38.29 ml/L in real variable at
optimum circumstance at 39.66 °C. There was a slight decrease in inhibition efficiency when
temperature expanded to 39.66 °C while sharp increase when concentration of inhibitor
increased to 38.29 ml/L. Considering simultaneous effects of temperature and inhibitor
concentration is presented in Fig. 5. Contour plot shows the variation of corrosion inhibition
efficiency with temperature and concentration of RPP. This plot reveals that concentration of
RPP has a greater effect on corrosion inhibition process. The better inhibition is achieved in
minimum temperature (30 °C) when the concentration of RPP was increased. This is also in
close agreement with a previous work, Yaro, et al., 2013.

Fig. 6 describes the relationship between different values of temperature and contact
period at optimum inhibitor concentration. Optimum inhibition efficiency of 87.08 % was
recorded at contact period 2.95 h and temperature 39.66 °C, and inhibition efficiency was
expanded as the temperature was decreased. Even though inhibition efficiency was upper in
high contact period however it didn't avert dynamic increment in inhibition efficiency as the
temperature was decreased. Analysis of inhibition efficiency as effects of interaction between
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temperature and contact time is shown in Fig. 6 contour plot, demonstrates the variety of
efficiency of inhibition with contact period and temperature. It was seen the higher contact
period and lower temperature gave better performance in terms of inhibition efficiency at the
optimum condition of RPP concentration 38.29 ml/L and this in agreement with another
study, Banerjee, et al., 2012.

Surface conduct of various estimations of the concentration of inhibitor & contact period
at the optimum value 39.66 °C in Fig. 7. Optimal inhibition efficiency of 87.08 % was
experienced at optimum contact period (2.95 h) with optimum RPP concentration (38.29
ml/L). This estimation diminished with decreased in the estimation of RPP concentration to
20 ml/L, beyond 20 ml/L there was decreased in inhibition efficiency to zero at absence
inhibitor. Fig. 7 Contour plot demonstrates the variety of efficiency of inhibition with a
concentration of RPP & contact period. At higher values of RPP concentration and contact
period responsible for corrosion inhibition and depicts a methodology polynomial surface
response relating to the effect of RPP concentration and contact period on inhibition
efficiency. Contact period increased inhibition efficiency from 12-72 % along the contact
period setting (1-3 h). The concentration of RPP from 0-40 ml/L has increased inhibition
efficiency from 12-72 %. This is also in close agreement with the research done by, Al-
Moubaraki, et al., 2015.

4. CONCLUSION

The multivariable regression model of the impact of temperature, the concentration of
inhibitor & contact period on the inhibition efficiency of mild steel alloy was effectively
considered with least number of trial runs utilizing reaction surface methodology (RSM) gives
Eqg. (6) depicts the behaviour of the inhibition process with high accuracy (correlation
coefficient = 1.000). The (RSM) of three levels, Taguchi experimental design (TED) was
shown to be very useful for the effect of process parameters as the main, quadratic and
combined effect on the response. From the analysis of variance it is experienced that the three
parameters effect on the inhibition efficiency in following order:

Red pomegranate peel extract concentration > Temperature > Contact period.

The optimization result shows optimum circumstances as predicted from Eq. (6) is 39.66 °C
temperature of acidic media, 38.29 ml/L inhibitor concentration and 2.95 h of the contact
period for mild steel alloy. Aqueous RPP extract is effective acts as a green corrosion
inhibitor and provides good inhibition of corrosion of mild steel alloy in 2 M H3PO, solution
with maximum RSM predicted inhibition efficiency 87.08 % and experimentally 88.64 %
under the mentioned optimum circumstances. There is a close agreement between the
predicted and experimental results of inhibition efficiency at optimum circumstances which
portrays the precision of the statistical model & can be utilized in the test conditions. The
inhibition action of RPP extract increases with the increase of inhibitor concentration and
contact period and decreases with increase in temperature.
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Table 1. Average chemical composition of mild steel coupon (% by weight).

Component ~ Weight %
C 0.069
Si 0.009
Ni 0.026
Mn 0.441
S 0.005
Iron Remainder

Table 2. Experimental range and levels of control independent
Factors for mild steel corrosion inhibition.

Control independent . Range and Level
factor Symbol Unit Level 1 Le_vel 2 Le\_/el 3
(Low) | (Middle) | (High)
Temperature T (°O 30 40 50
Inhibitor Concentration C (ml/L) 0 20 40
Contact Period t (h) 1 2 3

Table 3. Sequence of experiments according to Taguchi
experimental design of the three factors.

Coded Factor Real Factor
Exp. Temp Inhibitor Contact
No T Cc t °C) ' Conc. Period
(ml/L) (h)

1 1 1 1 30 0 1

2 1 2 2 30 20 2

3 1 3 3 30 40 3

4 2 1 3 40 0 3

5 2 2 1 40 20 1

6 2 3 2 40 40 2

7 3 1 2 50 0 2

8 3 2 3 50 20 3

9 3 3 1 50 40 1
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Table 4. Experimental layout using an Lg orthogonal arrangement.

Factor’s Level
Exp. T C t C.Runinnibit C.Rinnibit 0
No. | Temprate | coitnucion | anoq | O™ | Gmgy | 500
(ml/L) (h)
1 1 1 1 44.29 44.29 0
2 1 2 2 50.19 14.61 70.88
3 1 3 3 133.49 11.25 91.57
4 2 1 3 74.39 74.39 0
5 2 2 1 50.95 25.11 50.72
6 2 3 2 77.23 15.05 80.51
7 3 1 2 76.05 76.05 0
8 3 2 3 79.03 29.20 63.05
9 3 3 1 130.73 19.21 85.31
Table 5. Ly orthogonal arrangement of experiments with the observed,
predicted values and experimental error for the inhibition efficiency.
Exp. Predicted
coced Real Factor Inh_ib_il?cion Inhibition | COfesbonding
Exp. Efficiency | Efficiency
No. Temp Inhibitor Con_tact
T |C |t (°C) ' Conc. Period IEe (%) IE; (%) e, = IEg — IEp
(ml/L) (h)
1 1711 30 0 1 0 0 0.00
2 11212 30 20 2 70.88 70.88 0.00
3 133 30 40 3 91.57 91.57 0.00
4 21113 40 0 3 0 0 0.00
5 2121 40 20 1 50.72 50.72 0.00
6 2 13|2 40 40 2 80.51 80.51 0.00
7 3|12 50 0 2 0 0 0.00
8 31213 50 20 3 63.05 63.05 0.00
9 3131 50 40 1 85.31 85.31 0.00
Table 6. The regression analysis coefficient values of
the predicted correlation (polynomial model).
Coefft. bo bs b, bs b11 D22 b33 b2 b13 D23
Value | 1845 | -3.34 | 1.71 | 69.26 | 0.05 | -0.06 | -7.03 | 0.05 | -0.96 | 0.26
Correlatlo(rll?%oeffluent 1.000 Proportion of Variance 1.000
Final Value_ of Loss 0.000
Function
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Table 7. The regression analysis coefficient values of
the suggested correlation (exponential model).

Coefficient b4 bs bs b,
Value 13.965 0.474 -0.106 -8.784
Correlation Coefficient (R?) 0.992 Proportion of 0.983
Variance
Final Value of Loss Function 205.081

Table 8. Numerical results of analysis of variance (ANOVA).

Control Degree Sum of Mean .| Probability
of F-ratio (%)
Independent Ereedom Squares Squares G Percent Contribution
Factors (DF) (Adj.SS) (Adj.MS) P (%)
Temperature 2 162.96 81.48 4,139 19.5 1.36
RPP Conc. 2 11737.37 5869.69 298.12 0.3 98.09
Contact Period 2 65.77 32.89 1.671 37.4 0.55
Total 6 11966.1 57.2 100

Table 9. Optimum conditions of the control independent factors.

Control Independent Factor

Optimum Conditions (mild steel alloy)

Code Real
T.Temperature (°C) 1.98 39.66
C.Inhibitor Concentration (ml/L) 2.93 38.29
t. Contact Period (h) 2.87 2.95

RSM Predicted Inhibition Efficiency, IEp (%)

87.08

Table 10. Experimental validation at objective optimization adjusting.

Obijective Optimization
of Percentage Inhibition Efficiency
Result of RSM . Percentage of
Response Predicted at Result of Experiment Prediction Error

Obti at Optimum Conditions,
ptimum

o IEoc (%)

Conditions, IEp (%)
Inhibition Efficiency 87.08 88.64 1.759 %
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Figure 1. Experimental set-up for weight loss investigation.

1. | Corrosive Solution 6. | Switch
2. | Heater and Controller | 7. | Thermometer
3. | Corrosion Cell 8. | Sample
4. | Thermostat 9. | Teflon Rod
5. | Water Bath 10. | Glass Funnel
100
I Experimental Inhibition Efficiency (%)
I scond Polynomial Model
90 1 I Exponential Model
80
;\3 70 -
w
— 601
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Number of Experiment
Figure 2. The performance plot of experimental and predicted values.
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Figure 3. Main effect plot.
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Figure 4. Main effects of control independent
factors at their different levels.
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Figure 5. Response surface contour for interaction on mild steel corrosion inhibition between
temperature and pomegranate peel concentration at the optimum value (2.95 h).
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Figure 6. Response surface contour for interaction on mild steel corrosion inhibition
between temperature and contact period at the optimum value (38.29 ml/L).
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Figure 7. Response surface contour for interaction on mild steel corrosion inhibition between
pomegranate peel concentration and contact period at the optimum value (39.66 °C).
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ABSTRACT

The aim of this research is to develop mechanical properties of a new aluminium-lithium-
copper alloy. This alloy prepared under control atmosphere by casting in a permanent metal
mould. The microstructure was examined and mechanical properties were tested before and after
heat treatment to study the influence of heat treatment on its mechanical properties including;
modulus of elasticity, tensile strength, impact, and fatigue. The results showed that the modulus
of elasticity of the prepared alloy is higher than standard alloy about 2%. While the alloy that
heat treated for 6 h and cooled in water, then showed a higher ultimate tensile stress comparing
with as-cast alloy. The homogenous heat treatment gives best fatigue behaviour comparing with
as-cast and other heat treatment alloys. Also, the impact test illustrates that the homogeneous
heat treatment alloy gives the highest value.

Keywords: aluminium-lithium alloys, heat treatment, microstructure, mechanical properties
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1. INTRODUCTION

Aluminum-lithium (Al-Li) alloys have inherently desirable properties such as increased
specific stiffness and strength. Aircraft designers have been searching for lightweight metallic
materials with good strength for use in structural applications since the beginning of the aviation
era. The most attractive reason for alloying with Li is the beneficial impact on stiffness and
weight reduction. For every 1 wt% addition of Li, the elastic modulus is increased by 6% and the
density is reduced by roughly 3%, Prince, 2013. In addition, since aluminium by itself is a
lightweight metal, there are only a few choices for alloying additions for further weight
reduction. On the periodic table, Si, Be, Mg, and Li are the primary metals with a lower density
that could be alloyed with Al. Of those four metals, only Mg and Li have good solubility.
However, alloying with Mg tends to produce alloys with lower stiffness and increased corrosion
susceptibility, Starke and Staley, 1996. On the other hand, Li metal is the lightest metallic
element, has increased solubility at high temperatures, and upon ageing produces fine
precipitates that increase strength and stiffness, Kumar, et al., 1991. These characteristics make
Li metal as the ideal alloying candidate.

Typical components that can benefit from low-density alloys include structural members in
airframes, aerospace vehicle skins, and liquid oxygen and hydrogen fuel tanks in spacecraft. The
advantages of Al-Li alloys over conventional aluminium alloys include relatively low densities,
high elastic modulus, excellent fatigue and cryogenic strength and toughness properties, and
superior fatigue cracks growth resistance. The last property is a key factor for damage-tolerant
aircraft design. However, it has been discovered that the high resistance to fatigue crack growth
is due to a jagged crack path through the material that produces a large amount of roughness-
induced crack closure under tension dominated loading. Unfortunately, loading conditions that
contain compression or compressive overloads, that flatten the crack surfaces, reduce or
eliminate crack closure and cause crack growth rates to accelerate significantly. Another
disadvantage of these alloys is that in the strongest (desirable) heat treated conditions, the
mechanical properties are often highly an isotropic. There exists, for example, significantly
depressed ductility and fracture toughness in the short transverse direction. Another drawback is
a very high crack growth rate for microstructural short cracks which potentially allows for fast
crack initiation. This could mean relatively early cracking in high-stress regions such as rivet
holes, Tayon, 2012.

Despite possible limitations regarding specific stiffness and high-temperature stability, Al- Li
alloys enjoy several advantages over composite materials. Economically, Al- Li alloys are
typically only three times as expensive as conventional aluminium alloys< whereas competing
for hybrid materials can be up to 10-30 times more expensive, Peel, 1986. Secondly, Al-Li alloy
fabrication technology is generally compatible with existing manufacturing methods such as
extrusion« sheet forming, and forging to obtain finished products. They offer considerably higher
ductility and fracture toughness properties compared with most metal matrix composites, Nair,
et al., 1985 and Jackson, 1989. High strength AL-Li alloys are obtained by precipitation heat
treatments similar to those used for conventional Al-alloys, with some variations. Many of the
AL-Li alloys have peak strength only if cold-work is performed prior to the precipitation, or age-
hardening treatment. Furthermore, ancillary key alloy elements, such as zirconium (Zr) are added
to control the grain microstructure during heat treatment. Alloy (AA 2090) was developed as a
replacement for (AA 7075-T6), offering 8% lower density and 10% higher stiffness than
conventional alloy that is used heavily in aircraft structures. The (AA 2090) alloy also offers
superior corrosion resistance in the salt-spray environment than (AA 7075-T6).
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Alloy (AA 2091) was developed as a replacement for conventional aluminium alloy (AA
2024-T3), offering 8% lower density and 7% higher modulus as well as superior damage
tolerance. Alloy (AA 8090) was developed as a replacement for some of the longest serving of
the commercial aluminium alloys, namely (AA 2014) and (AA 2024). Alloy (AA 8090) has 10%
lower density and 11% higher modulus than these conventional counterparts, and (AA 8090)
exhibits superior mechanical properties at cryogenic temperatures, Venkateswara, and Ritchie,
1992.

Tan and Sheppard, 1987 studied microstructure and properties with extrusion processing of
Al-Cu-Li alloy (AA 2091). A homogenous temperature was established and used as standard
throughout the work. Extrusions were performed over a range of temperature compensated strain
rates. After solution treatment, a series of ageing curves were obtained for both stretched 2% and
unstretched specimens at various ageing temperatures. Yong-Lai, 2007 was studied the hot
deformation behaviour of a new Al-Cu-Li-Mg-Zr alloy and its microstructure. The true stress
was characterized as a function of the deformation temperature and the strain rate using the
Gleeble-1500 thermal mechanical simulator. The results show that with the increase of the strain
rate from 0.001 s * to 10 s*, the peak value of actual stress is elevated at the same deformation
temperature, and at the same strain rate, the peak value of the actual stress decreases with the
increase of the deformation temperature from 360°C to 520°C.

In this study, a direct comparison of the cast prepared Al-Li alloy with that of the heat
treatment alloys. The objective was to characterize the main features of theses alloys. This study
also is aimed to study the tensile and fatigue behaviour, in relation to the microstructural change.
Comparison with our test data as well as those from open literature indicates that the prediction
based on the developed work is very credible.

2. EXPERIMENTAL PROCEDURE
2.1 Alloys Preparation

The alloys were prepared by melting and casting in a permanent metal mold under controlled
atmosphere as shown in Fig. 1. Lithium has a great affinity for oxygen and this reactivity
requires great care to be taken during any process that involves heating the alloy. These
processes comprise melting, casting, high-temperature heat treatment and welding. Therefore, in
this work, it wrapped with aluminium foil before melting, and then the molten alloy was poured
and cast under control atmosphere with argon gas in a specially designed permanent mold as a
recommendation in reference, Sauermann et al., 2006. Table 1 shows the weight percentage of
the alloying elements compositions as cast prepared in this work compared with some of the
most important alloys in this class. The chemical composition of the alloy, which was cast in this
work, was analyzed by a spectrum analyzer. The samples were cast as bars and sheets as shown
in Fig. 2.

2.2 Microstructure Specimen Examination

The following steps were used to prepare the specimen for microstructure images:
1. First is cold mounting, which was used manually with an acrylic polymer resin (pink).

2. Struers grinding equipment contains SiC abrasive in a resin bond for soft, non-ferrous
materials in the HV 40-150 hardness range, using plenty of water as a lubricant and gradually
reduces the pressure as the paper grade becomes finer.

3. Polish both cross-sections with 30 um and then 6 um diamond 2P3 casting polishing fluid.
Repeatedly, using plenty of lubricants to keep the sample clean and avoid cross contamination
of polishing fluid. An optical microscope was used to check progress in removing scratches.
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4. Etching with Keller’s reagent (0.5HF - 1.5HCI - 2.5HNO; - 95.5H,0) was used, etching for 5
seconds initially. The etching was repeating until the grain boundaries clearly seen.

5. Use the optical microscope to examine microstructure at a series of magnifications. Capture
images of the microstructure including different grain morphologies, inter-dendritic/cellular
regions and any defects, such as pores, cracks, oxides strings, inclusions, etc. The microscope
was used in this work is beam engineers (rmm-7t 2003-1200x).

2.3 Heat Treatment

Heat treatment was conducted to samples to investigate the behaviour effect of heat treatment.
They were immersed in a salt solution at 470°C for half hours and six hours. Then, some of the
specimens were cooled in the furnace and the others were cooled by water. The age hardening
was used by heating some samples for 8 hours at 177°C. Heat treatment as homogeneous was
performed to the other samples at 530°C for 18 hours. The muffle furnace which was used for
heat treatment of prepared alloy is shown in Fig. 3, and the practical experiments were
conducted at Al-Mustansiriya University-engineering college lab.

2.4 Tensile, Impact and Fatigue Tests

The specimens for tensile test and toughness test were cut to dimensions recommended in
ASTM E8/E8M-11, and (ASTM E-23) respectively, and for fatigue according to 1SO 10328.
Fig. 4 shows tensile, impact and fatigue tests specimens.

The static tensile test was performed at Technical College in Baghdad by Zwick/Roell
computerized device, the tests performed at room temperature with relatively low deformation
rate (2 mm/min) to ensure pure tensile force applied to the specimen. The impact test was
conducted as a Charpy V-notch test (simply supported beam test) by HECKERT device. The
fatigue test carried out as a torsion fatigue and conducted at Al-Mustansiriya University-
engineering college lab, the device which was used is HI-TECH. Fig. 5 shows the images of the
mechanical tests devices. All mechanical properties tests were recorded as the average values for
three to five specimens.

3. RESULTS AND DISCUSSION
3.1 Microstructure Examinations

The light optical microscope was used to examine the microstructural variations. Fig. 6
illustrates the microstructures of the specimen of Al-Li alloy specimen as-cast (without heat
treatment) in two different zones. It is not clearly crystals and &-phase defined since these
specimens are not heat treatment or age hardening. However, the hygroscopic property of
element Li causes porosity and cracking, where are illustrated in this figure. It is known that
these alloys exhibit an unusual fusion boundary cracking phenomenon that is associated with an
equiaxed grain zone that forms via a solidification mechanism in alloys containing precipitates of
Li and Zr. This is because the combination of Li and Cu in the interface liquid lowers the
eutectic temperature of the liquid and is responsible for the hot cracking problem Lee et al.,
2016. The evolution of the microstructure for heat treatment specimens demonstrates in Fig. 7.
Figure 5-a shows heat treated specimen for a half hour and cooled by water. The time is very
short for this heat treatment; therefore, the microstructure is not much differing with micro
structure as-cast specimen. While the heat-treated specimen for (6 hours) and cooled by water is
clear crystal identify with precipitate the 6-phase. Due to the specimen was cooled by water the
size of the crystal is fine, as shown in figure 5-b. The difference between the microstructure of
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specimen which cooled in the furnace and the previous specimen which cooled by water is only
in the size of the crystals that are larger, as well as more precipitating the d-phase as shown in
figure 5-c.

Significant changes in the microstructure of homogeneous heat treatment specimen, which is
shown in Fig. 8. The crystals are coarser also a little bit more precipitating the &-phase
comparing with heat treated for 6 hours and cooled by the furnace.

The age hardening of Al-Li alloys involves the continuous precipitation of d-phase (AlsLi)
from a supersaturated solution. The Al and Li in the §-phase precipitates are positioned at
specific locations.

3.2 Tensile Test

The mechanical properties of the tensile specimen were investigated in the as-cast and the
heat-treated. Table 2 illustrates the values of the tested specimen comparing with the standard
Al-Li alloy (AA 8090-T3), which is the closest in terms of its components with the prepared
alloy in our lab. Due to the increased lithium amount in the prepared alloy comparing with the
amount of the standard alloy, increase the modules about 2%, and this is in line with previously
published research, such as work by, Romios, et al., 2005.

While clearly notice that the ultimate tensile was decreased in its value for the heat-treated
specimens than the standard alloy specimens from 335 MPa to 290 and 315 MPa for heat treated
for 6 hours and cooled in the furnace, and heat treated for the same duration but cooled in water
respectively. It is believed that the reason of the decreases the value of the ultimate strength due
to lack of the heat treatment proper procedures. However, the evolution of the mechanical
properties of heat-treated specimens significantly comparing with as-cast alloy specimen.

The amount of elongation of heat-treated specimens are lower than those of as-cast specimen,
and the reason is due to the precipitation of the 5-phase (AlsLi), which in turn prevents the
movement of dislocations and thus will decrease dramatically the ductility.

3.3 Impact Test

In addition to the tensile test, the impact test was performed for a clear vision of mechanical
properties of the prepared Al-Li alloy to provide a background on this alloy. The impact test is
the criteria of the toughness to indicate the power absorption of the material. Table 3 shows the
results of this test for as-cast, heat for 1/2 h and cooled in water, heat 6 h and cooled in water,
heat 6 h and cooled in the furnace, ageing for 8 h at 177°C, and homogeneous at 350°C for 18 h.
The highest value is 89 J for homogeneous specimen due to the highest amount of the
precipitation of d-phase in evolution alloy, and this is because the duration of the homogeneous
heat treatment is very long (18 hours) allowing very fine particles of &-phase to precipitate
uniformly on the whole alloy.

Conversely, the as-cast alloy gives the lowest value in toughness because there is no good
chance to improve the alloy by precipitation hardening. However, this toughness value is better
than the toughness of the alternative aluminium alloys such as (AA 2024) or (AA 7075), which
both are among the competitive alloys in the aviation and aerospace industries. Whenever
evolution the alloy through heat treatment, the toughness has been improved gradually was clear
from the values of the tests, which are listed in the table.

3.4 Fatigue Test

Torsional-fatigue tests were calculated and obtained at the low cycle and room temperature
for four groups specimens; the 1% group was for as-cast alloy specimens, the 2" group for heat 6
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h and cooled in the furnace, the 3™ group for heat 6 h and cooled in water and 4™ group for a
homogenous at 530°C for 18 h. Fig. 9 illustrates the fatigue life of the four groups as the load in
N versus number of cycles, each point of the data was recorded as the average of five specimen
tests. The first observation, there is not a significant variant of fatigue life between the four
cases. The second observation is that the heat-treated alloy for 6 hours and cooled by water gives
highest fatigue life regarding with temper specimens because this alloy is better in terms of
tensile strength. This is a well-known fact, there is a direct correlation between ultimate tensile
strength and fatigue life; increasing tensile strength will increase the fatigue life and vice versa.
Although, the load is less than 25 N the as-cast alloy failed in just above 4000 cycles, due to this
alloy has lower tensile strength as indicated in table 2.

There is a little bit improvement in fatigue life about 1000 cycles between the heat-treated
alloy which cooled in furnace comparing with the as-cast alloy. The last observation from these
curves is the fatigue life of homogeneous heat treatment, which is the best curve comparing with
alternative curves those with temper specimens. An essential feature of the fatigue behaviour of
Al- Li alloys are the sharable nature of 5-phase (AlsLi) strengthening precipitates, which results
in inhomogeneous (planar-slip) deformation and unusually tortuous (zigzag) crack path
morphologies. Therefore, the homogeneous heat treatment has a greater chance of increasing
precipitation phase in the microstructure, which improves the fatigue life, This is in line with
Ritchie and Rao, 1992.

4. CONCLUSIONS

The following conclusions are drawn from this experimental work:

This study proved that Al-Li alloys have inherently desirable properties such as increased
specific stiffness and strength especially when heat-treated. It is concluded that significant
improvements have been made to this alloy to enable improved performance of next generation
aviation and aerospace industries.

The major findings of this study are summarized as follows:

1. It is required to understand the influence of chemical composition and microstructure on
mechanical properties. Increasing amount of lithium as an alloying element to aluminium up
to solubility limit (4.2%) improved significantly the young modulus and ultimate tensile
strength in addition to improvement of the toughness and fatigue.

2. Al-Li alloys are precipitation hardening, therefore the parameter of time and temperature in
the heat treatment of these alloys influence significantly on microstructure evolution and
mechanical properties due to the amount of precipitate the 3-phase (AlsLi) in structure.

3. Increasing time and temperature in heat-treated alloys improve ultimate tensile, toughness,
and fatigue.

4. Heat-treated alloy for 6 h and cooled by water gives a higher value of tensile strength (315
MPa), while as-cast alloy gives lower strength (185 MPa).

5. Alloy with homogeneous heat treatment at 530°C for 18 h gives a higher toughness (89 J)
than other alloys.

6. Best behaviour to fatigue live is with homogenous heat-treatment alloy for at 530°C for 18 h.
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Table 1. Composition of Al-Li alloys (wt. %).

Cu Li Zr Others
Alloy (%) (%) (%) (%) Al
Prepared alloy 15 3.0 0.1 1.0 Mg Bal.

(Cast)

AA 2090 2.4-3.0 1.9-2.6 | 0.08-0.15 | 0.0-0.25 Mg | Bal.

AA 2091 1.8-2.5 1.7-23 ]0.04-0.16 | 1.1-1.9 Mg Bal.

AA 8090 1.0-1.6 2.2-2.7 |0.04-0.16 | 0.6-1.3 Mg | Bal.

Weldalite 049" 5.0 1.3 0.1 0.4 Mg Bal.
* Venkateswara, and Ritchie, 1992
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Table 2. Tensile test for Al-Li prepared alloys compared with standard alloy.

Young . .
Mechanical properties Modules Ult'Tﬁ[ g;tress Elor(ga)tlon
(GPa) °

Standard alloy

AA 8090-T3 " 335 19
Prepared alloy as-cast 79 185 30
Heat_ tref_alted (6 hours) 79 290 12
cooling in the furnace
Heat_ treated (6 hours) 79 315 8
cooling by water

Table 3. Impact test results.
As-cast Heat for 1/2 h | Heat for 6 h | Heat for 6 h Agina for 8 h Homogeneous
and cooled by | and cooled | and cooled ging at 530°C
alloy . at 177°C
water by water in furnace for 18 h
65 J 68 J 75 70J 85J 89J
Gas Valve
QO
—
Crucible Cover
Gas Inject tube
Argon

Gas Exit

Furnace

Bottle

Sheet mold

Casting mold

(b) Casting furnace and mold

Figure 1. Casting equipment for preparing alloy.
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Figure 2. Al-Li alloy casting samples as bar and sheet.

Figure 3. Heat treatment muffle furnace.
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(@) Tensile test specimen dimension

55 mm 10 mm

8 mm

/;\ 2 mm
45°
(b) Impact test specimen dimension
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Tensile specimen Fatigue specimen
(d) Mechanical tests specimens' images

Figure 4. Mechanical tests specimens dimension and images.

(a) Tensile test device ) Fatigue test device (c) Impact test device

Figure 5. Mechanical tests devices.
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Figure 7. Evolution of the microstructure for heat treatment specimens 100X, .
(a) heat treated for a half hour and cooled by water, (b) heat treated for 6 hours and cooled by
water,
(c) heat treated for 6 hours and cooled in the furnace
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Figure 9. Fatigue tests for four cases heat treatment Al-Li alloys.
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ABSTRACT

Applying load to a structural member may result in a bottle-shaped compression field especially
when the width of the loading is less than the width of bearing concrete members. At the Building
and Construction Department — the University of Technology-Irag, series tests on fibre reinforced
concrete specimens were carried out, subjected to compression forces at the top and bottom of the
specimens to produce compression field. The effects of steel fibre content, concrete compressive
strength, transverse tension reinforcement, the height of test specimen, and the ratio of the width of
loading plate to specimen width were studied by testing a total of tenth normal strength concrete
blocks with steel fibre and one normal strength concrete block without steel fibres. Based on
experimental results; all the test specimens failed with the splitting of concrete directly under the
loading plate. Increased the uniaxial compressive strength of concrete increases the maximum
bearing capacity of compressive stresses. The load-transverse deformation initially behaves linearly
and shows some nonlinearity before failure. Addition of steel fibre to normal strength concrete or
presence of transverse reinforcement, delay the reaching of maximum compressive stress after the
presence of the first crack.

Keywords: Fiber reinforced concrete, compressive stresses, bottle shaped compression field.
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1. INTRODUCTION

A normal strength concrete considers as a brittle material with high compressive strength in
comparison with the low tensile strength. To increase the tensile strength of concrete, small pieces
of fibres could be added to concrete members. Fibers are classified according to its nature of the
material (e.g. steel, glass, polymer and carbon). Steel fibers are usually short with the aspect ratio
between 30 to 200. It will combine with concrete and they are randomly distributed Craig, 1984.
One of the main reasons to use the steel fibres in structural concrete is crack arrestors through the
bridge process. Also, using steel fibres will increase the ductility and toughness and the possibility
of shrinkage of concrete will be reduced.

The degree of improvement of the mechanical properties of concrete by addition of steel fibres is
dependent on the shapes, aspect ratio and steel fibres content.

Meanwhile, the main disadvantage of steel fibre reinforced concrete (SFRC) is the difficulties of
mixing the fibres into concrete which affected by the orientations and segregation of fibres.

Internal strut in a compression member may take the shaped of prismatic or bottle-shaped, as shown
in Fig. 1. The Bottle-shaped struts are thinner at the ends and wider at the mid-height. The
compression stresses spread parallel to the strut, meanwhile, tensile stresses developed
perpendicular to the direction of the strut, which results in longitudinal cracks.

Most of the researchers preferred to idealize the bottle-shaped compression field with a prismatic
section with a linearly tapered section at the ends with a slope of 1:2 as shown in Figure 1b. The
strength of the strut depends on the effective compressive strength of concrete. To avoid the
longitudinal cracks due to transverse tensile stresses, reinforcement is added parallel to the direction
of the strut, James and James, 2012.

The main objectives of this study are:

e Study the mode of failure of fibre reinforced concrete (FRC) members subjected to
compressive stresses.

e Study the effect of compressive strength of concrete, fibre content, the ratio of the width of
loading plate to the width of concrete member, the height of concrete member, and presence
of transverse reinforcement on bearing capacity of compression field of fibre reinforced
concrete member.

2. MATERIAL AND MIX PROPORTIONS

The following materials were used in the present investigation: Ordinary Portland cement —type |
with specific gravity 3.15; Coarse aggregate, 5-19 mm size aggregate with specific gravity 2.62; fine
aggregate, manufactured sand with specific gravity 2.57 and fineness modulus 3.05.

Three different compressive strength of concrete (fc=13.4, fc=30.4 and fc=50.7) were proposed and
at least three samples of 10x20 cm cylinder were used to measure the compressive strength of
concrete at 28 days according to ASTMC39. The compositions of the mix design adopted for the
present investigation are presented in Table 1.

3. EXPERIMENTAL PROGRAM

The experimental program was conducted in the laboratories of Building and Construction
Department- University of Technology-Iraqg.

A total of ten cubes were tested: nine was made from normal strength concrete with steel fibre and
one was made from normal strength concrete without steel fibre.

The influence of steel fibres on bearing capacity of compression field was studied on three
specimens (C1-OF, C2-0.5F and C3-1.2F). The compressive strength of concrete was studied by
comparisons of three specimens (C2-0.5F, C6-fc13 and C7-fc50). The ratio of the width of loading
plate to the width of the specimen was investigated by four specimens (C2-0.5F, C4-10b/a, C5-2b/a
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and C10-1.5b/a). The effect of the height of concrete specimen was studied by comparison of two
specimens (C2-0.5F and C8-h60). Finally, the effect of the presence of transverse reinforcement on
bearing capacity of compression field was investigated by comparisons of two specimens (C2-0.5F
and C9-TR). The characteristics of tested specimens were presented in Table 2. In this table, f.
represents the compressive strength of cylinder at 28 days. b/a represents the ratio between the width
of the specimen to the width of loading plate.

4. GEOMETRY OF TESTED SPECIMEN

All the tested specimens had a cubic shape with 30x30x30 cm long side; only the specimen of C8-
h60 had a height of 60 cm to study the effect of the height of specimen on bearing capacity of
compression field.

5. STEEL FIBER

Fig. 2 shows the steel fibre type that was used in this study. This fibre has a length of 15 mm, the
diameter of 0.20 mm and the aspect ratio is 75.

6. TEST SETUP

The tests were carried out using the hydraulic jacks of 2500 kN in the laboratory of the building and
construction department at the University of Technology-Iraq as shown in Fig. 3. The specimens
were subjected to compressive stresses using 5 cm plate thickness.

7. MEASUREMENTS

The applied load was measured using an accurately calibrated load cell. The vertical displacement at
the top and bottom (point 4) of the specimens was measured using dial gauge. The horizontal
displacements in three locations (points 1,2 and 3) were also measured using dial gages as shown in
Fig. 4.

8. CURING PROCESS

The specimens were placed in the water tank with an average temperature of 22 °C for 28 days.
After that, the specimens were laid in the laboratory temperature until the date of testing.

9. TESTING PROCEDURE

Before testing, the dial gauges were adjusted and checked; as shown in Fig. 5. The vertical load was
applied to the specimens by load increments of 5 kN.

In all tests, loading was continued till the peak load (ascending part) to clearly see the whole
crushing of concrete specimens. In this research, descending part is not an important consideration
in bearing capacity of compression field. Cylinder compressive tests were carried out approximately
on the same day as the corresponding specimen test. As the crushing of concrete was completed, the
load was removed to allow more photographs of the final cracks and failure patterns to be taken. The
time spent in testing one specimen was about 15 to 20 minutes.

10. RESULTS AND DISCUSSIONS

This section presents test results of first crack load, the effect of fibre content, the effect of b/a ratio,
the effect of compressive strength of concrete, the effect of specimen height and the effect of the
presence of transverse reinforcement on compressive strength of bottle-shaped compression field.
Also, the load-transverse deformation behaviour, load-vertical deformation behaviour, and modes of
failure were presented.
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10.1 The Effect of Fiber Content on Bearing Capacity of Compression Field

As mentioned before, the test specimens have three fibre contents, first with 0% fibre content (C1-
OF), second with 0.5% fibre content (C2-0.5F) and third with 1.2% fibre content (C3-1.2F).

By keeping b/a constant (b/a=5) and changing only the fibre content, the maximum compressive
stresses Oc,max 1S calculated which is represented by the applied load divided by and the area of
loading plate.

As expected, the ratio of 6¢,max/f; increased by 1.6% when the steel fibre content increased from 0%
to 0.5%, while this ratio increased by 8% when the steel fibre content increased from 0.5% to 1.2%
as listed in Table 3. This may be due to the fact that the steel fibre arrested the opening of the cracks
through the bridging process which causes an increase in the maximum compressive stresses.

10.2 The Effect of b/a on Bearing Capacity of Compression Field

The test results of the effect of the width of the test specimen (b) to the width of loading plate (a) are
represented by (b/a) on bearing capacity of compression field are summarized in Table 4. As
expected, for b/a= 1, the value of 6¢,max/fc equal to 1. From Table 4, with an incremental increase of
b/a, the value of ©¢,max/f; decrease till reaching the minimum value, then increased till reaching the
values more than fc. The whole behaviour of the effect of b/a on the ratio of 6./f; is shown in Fig. 6.
The reasons of that are, for high b/a, the effective width of bottle-shaped at the mid-height of the
specimen is small producing compressive stresses beyond the transverse tensile stresses increased
the bearing capacity of compression field.

10.3 The Effect of Compressive Strength of Concrete on Bearing Capacity of Compression
Field

The three tested specimens as mentioned before have three uniaxial compressive strength of 13.4,

30.4 and 50.7 MPa for C6-fc13, C2-0.5F and C7-fc50 specimens respectively. AS expected, by

increasing the uniaxial compressive strength of concrete from 13.4 to 50.7 MPa, the ratio of ©¢ max

It decreases from 0.78 to 0.49 respectively (see Table 5).

10.4 The Effect of Specimen Height on Bearing Capacity of Compression Field

To study the effect of the height of specimen on bearing capacity of compression field, two
specimens were constructed, first; specimen of 30 cm height (C2-0.5F) and a second specimen of 60
cm height (C8-h60). The test results are summarized in Table 6. When the height of specimen is
doubled the bearing capacity of compression field is increased by 32.3% and the ratio of ©¢ max/f: is
also increased. The reason of that is, increase the height of concrete specimen means increased the
path of concrete resistance up to failure.

10.5 Transverse Reinforcement Effect on Bearing Capacity of Compression Field

To study the effect of transverse reinforcement on bearing capacity of compression field, the C9-TR
specimen transversely reinforced with 7-¢6mm diameter equally spaced in the middle of the
specimen (exactly in the maximum transverse tensile stresses of bottle-shaped). Table 7
summarized the test results, in which, the transverse reinforcement increases the ratio of 6 max/fc by
more than two times. This is because of the resistance of transverse reinforcement to maximum
transverse bottle-shaped tensile stresses in the middle of the specimen.
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11. LOAD-TRASVERSE DEFORMATION BEHAVIOR

As stated before, the horizontal dial gauges were used to measure the horizontal displacement at a
quarter (point 1 and 3) and at middle height (point 2) of the specimen as stated in Fig. 4. The
relation between 6. max/fc and the transverse displacements were illustrated in Fig. 7 to Fig. 11.
Disregarding some nonlinearities at the beginning of testing resulting from the test setup, the load-
transverse deformation behaviour of tested specimens was initially linear till about 93% of the
maximum stresses and then nonlinear behaviour pronounced till the maximum compressive stresses.
The softening zone after reaching the maximum compressive stresses will be disregarded because it
is beyond the scope of this work.

By comparisons with the reference specimen (C2-0.5F), as shown in Fig. 7 to Fig. 11, the
differences of measurement in transverse displacement between dial gauges placed at point 1 or 3
and dial gauge placed at point 2 confirm the distribution of compressive stresses in bottle-shaped.
Also, the test results of transverse displacement at mid-height shows the biggest width of bottle-
shaped occurs at the C4-10b/a (specimen with less width of loading plate). And, the less width of
bottle-shaped of compression field occurs at C3-1.2F specimen (with 1.2% fibre content). The
specimen C7-fc50 (specimen with compressive strength 50.7 MPa) shows the more nonlinear
behaviour before failure.

12. LOAD-VERTICAL DEFORMATION BEHAVIOR

As previously pointed, the dial gages also used to measure the vertical displacement at the edge of
specimens. The relations between the 6. max/fc and the vertical displacement is illustrated in Fig. 12.

13. MODES OF FAILURE

The bearing failure of compression field for all tested specimens is splitting type of failure. Splitting
started with a crack under the edges of load application area due to load concentration there.
Sometimes two splitting cracks developed. Fig. 13 shows the modes of failure for tested specimens

14. CONCLUSIONS

e Addition of steel fibre to normal strength concrete or presence of transverse reinforcement
increases the maximum bearing capacity of compressive strength of the specimen.

e Increased the uniaxial compressive strength of concrete increases the maximum bearing
capacity of compressive stresses.

e The load-transverse deformation initially behaves linearly and shows some nonlinearity
before failure.

e With incremental increasing the ratio of b/a, the value of 6. max/fc decrease till reaching the
minimum value, then increased till reaching the values more than f..

e The dial gauges measurements in transverse direction confirm the bottle-shaped compression
stress distributions.

e The bottle-shaped compression field failed with the splitting type of failure due to load
concentrator.
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Table 1. Compositions of concrete mix design.

Mtaerials fo=13.4 f=30.4 f=50.7
(kg/m®)
Cement (kg/m3) 338.2 472.8 788.1
Fine aggregate 1003.4 868 553.1
Coarse aggregate 967.2 967.2 967.2
Water 236 236 236
wW/C 0.7 0.5 0.3

Table 2. Details of tested specimens.

Specimens Concrete fo fiber b/a | Height of | Width of Transverse
Designation | Type (MPa) | content specimen| loading plate| reinforcement
(%) (cm) (cm)

C1-OF NSC 29.6 0 5 30 6 -
C2-0.5F NSC 30.4 0.5 5 30 6 -
C3-1.2F NSC 32.1 1.2 5 30 6 -
C4-10b/a NSC 30.4 0.5 10 30 3 -
C5-2b/a NSC 30.4 0.5 2 30 15 -
C6-fc13 NSC 13.4 0.5 5 30 6 -
C7-fc50 NSC 50.7 0.5 5 30 6 -
C8-h60 NSC 30.4 0.5 5 60 6 -

C9-TR NSC 30.4 0.5 5 30 6 7-66mm
C10-1.5b/a NSC 30.4 0.5 1.5 30 20 -

Table 3. Maximum compressive stresses at failure.

Specimens f. (MPa) Oc,max (MPa) Ocmax/fc
C1-0F 29.6 18.3 0.61
C2-0.5F 30.4 19 0.62
C3-1.2F 32.1 21.6 0.67
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Table 4. Effect of b/a on bearing capacity of compression field.

Specimens f. b/a a (cm) Ce.max [T
C4-10b/a 30.4 10 3 1.56
C2-0.5F 30.4 5 6 0.62
C5-2b/a 30.4 2 15 0.75

C10-1.5b/a 30.4 1.5 20 0.82

Table 7. Effect of transverse reinforcement of specimen on maximum compressive stresses.

Table 5. Effect of compressive strength of concrete on maximum compressive stresses.

Specimens fc, (MPa) Oc,max (MPa) Oc max /fc'
C6-fcl3 13.4 10.5 0.78
C2-0.5F 30.4 18.8 0.61
C7-fc50 50.7 25 0.49

Table 6. Effect of height of specimen on maximum compressive stresses.

specimens fcl (M Pa) Oc max (M Pa) 6c,max/fc’
C2-0.5F 304 18.8 0.61
C8-h60 304 27.8 0.91

Specimens fcl (M Pa) Oc max (M Pa) 6c,max/fc,
C2-0.5F 30.4 18.8 0.61
C9-TR 30.4 44.4 1.46
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Figure 1. Bottle-shaped strut.

Figure 2. Steel fibre used in constructed the specimens.
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Figure 5. Specimen under test.
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Figure 6. The relation between the 6./f; with the b/a.
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Figure 7. Load-Transverse displacement of C1-0F, C2-0.5F and C3-1.2F specimens.
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Figure 9. Load-Transverse displacement of C2-0.5F, C6-fc13 and C7-fc50 specimens.
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ABSTRACT

Muttilateral wells require a sophisticated type of well model to be applied in reservoir simulators
to represent them. The model must be able to determine the flow rate of each fluid and the pressure
throughout the well. The production rate calculations are very important because they give an
indication about some main issues associated with multi-lateral wells such as one branch may
produce water or gas before others, no production rate from one branch, and selecting the best
location of a new branch for development process easily.

This paper states the way to calculate production rate of each branch of a multilateral well-using
multi-segment well model. The pressure behaviour of each branch is simulated dependent on
knowing its production rate. This model has divided a multi-lateral well into an arbitrary number of
segments depending on the required degree of accuracy and run time of the simulator.

The model implemented on a field example (multi-lateral well HF-65ML) in Halfaya Oil
Field/Mishrif formation. The production rate and pressure behaviour of each branch are simulated
during the producing interval of the multilateral well. The conclusion is that production rate of the
main branch is slightly larger than a lateral branch.

Keywords: multilateral well, multi-segment well model, branch, production rate, pressure behavior.
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1. INTRODUCTION

A multi-lateral drilling technology is one of the unconventional technologies that play a key role in
keeping the development profitable comparison with the conventional technologies today. The
multilateral drilling technology increases the production per well and improves the reservoir
ultimate recovery factor Paiaman, and Moghadasi, 2009.

Multilateral wells increase well to reservoir contact by allowing several horizontal/deviated well
paths with different orientations from one main wellbore. However, laterals can interfere or compete
with one another through both the wellbore and within the reservoir. The corrected modelling of the
connection and flow dynamics in the laterals is necessary. This is done by using a multi-segment
well model Wang, et al., 2008.

A multi-segment well model is represented by a set of segments along the path of the wellbore. This
model offers flexibility in the control of appropriate parameters by segment to properly simulate the
different issues that arise with multi-lateral wells.

There is a lack in studies about simulated production rate of each branch of a multilateral well.
Chen, et al., 2000 presented a deliverability model to predict the performance of the multilateral
well. They constructed a horizontal lateral model first to compute the production rate from each
lateral. And, they considered pressure drop along the lateral in the model. Then, they applied the
lateral model into the well system with more than one lateral blend to the main wellbore. The
production from each lateral, the overall production rate, and the pressure in the good system are
predicted by the multilateral deliverability model.

Fahem, et al, 2003 they developed a semi analytical model for a dual lateral well that is drilled into
a homogeneous reservoir with a uniform thickness. They used a multi-segment well model to
represent the well in the model. They used MATLAB program to solve the linear equations in order
to calculate the production rate for each segment that used to calculate pressure drop for each lateral.

Yildiz, 2005 developed a three-dimensional model to predict the productivity of multi-lateral wells
and simulated the flow into each branch. The model assumed the reservoir was homogeneous,
anisotropic, sealed top and bottom boundaries with impermeable formations, and constant external
pressure for four side boundaries. A steady state flow condition was implemented. The fluid was a
single phase flow with constant compressibility and viscosity.

Kamkom, 2007 represented the multi-lateral well with the multi-segment well model and calculated
the productivity index of each segment in the most bottom lateral from the inflow performance
model. The flow rate is computed by multiplying the pressure draw down to the productivity index
of each segment.

2. MULTILATERAL WELL

A multilateral well is a well that has two or more drainage holes (branches, secondary laterals, arms
or legs) deviated from the main wellbore (trunk, primary well bore, mother bore or back bore),
either trunk or branches can be vertical, horizontal, or deviated Rabia, 2005.

The junction completion of a multilateral well is the vital step to constructing the well. Multilaterals
are divided into six levels according to Technology Advancement of Multilaterals (TAML)
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classification on basis junction complexity as shown in Fig. 1. Level 1 is the simplest, but level 6 is
the most advanced completion (smart well) Hill, et al., 2008. The selection of proper completion
system depends upon the producing and well intervention requirements during the well’s life.

3. MULTI-SEGMENT WELL MODEL

The Multi-segment well model offers a detailed description of fluid flow in the well bore. The
facility is designed for horizontal and multi-lateral wells specifically. Also, it can be used to provide
a more detailed analysis of fluid flow in inclined and standard vertical wells.

A multi-segment well may be defined as a group of segments arranging in a gathering tree topology.
A single well bore comprises a collection of segments arranging along the wellbore serially. A
multilateral well has a series of segments along its primary hole, and each lateral branch comprises a
set of one or more segments that link at one end to a segment on the main hole as shown in Fig. 2.

It can be useful for modelling certain inflow control devices as part of the segments network.

Each segment comprises a node and a flow path to its parent segment’s node. A segment s node is
positioned at the end that is furthest away from the well head. Each node lies at a specified depth
and has a nodal pressure which is estimated by the well model calculation. Also, each segment’s
flow path is the flow rates of oil, water, and gas which are determined by the well model calculation.

Each segment has completions in one or more reservoir grid blocks, or none at all if there are no
perforations in that location Schlumberger, 2010.

4. FIELD EXAMPLE

The multilateral well HFO65-M65ML is a stacked dual lateral well type and is named as (HF-65ML)
in this study. The well HF-65ML is drilled in Halfaya Oil Field/Mishrif formation.

The well has two horizontal sections (Main branch section target depth at 4282m MD and 2987m
TVD, and Lateral branch target depth at 4070m MD and 3006.84m TVD). The main branch is cased
with 4-1/2-inch perforated liner and the Lateral branch left as open hole Petro China, 2014. The
completion of the well considers from level 2 as shown in Fig. 3.

4.1 Constructing the Reservoir Simulation Model

The completed reservoir model for the drainage area of the well HF-65ML is built using Petrel RE
and Eclipse Black Oil Simulator programs. The geological model is constructed from a contour map
of the top of Mishrif (only drainage area of the well HF-65ML), CPI for the lateral branch (porosity
and water saturation), and permeability. The reservoir model is built from PVT, relative
permeability, and capillary pressure. The completed reservoir model is built in order to achieve the
history matching between simulated and measured data (production rate and pressure) as shown in
Fig 4.
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4.2 Representing HF-65MLWell Using Multi-Segment Well Model

The HF-65ML well is considered as one of the advanced wells with complex geometry
configuration. It has two branches drilled from a primary well bore. The multi-segment well model
is used to represent the well in the reservoir simulator as shown in Figs. 5 and 6. The primary
(mother) well bore is represented as the segment (1) from the surface to 2964 m TVD, the main
branch has represented the segments from (2 to 8), and the lateral wellbore represented the segments
from (9 to 12).

4.3 History of HF-65ML Well

Monthly oil production rates data is available for the well HF-65ML from August at 2014 until
December at 2015. The production history matching of multi-lateral well between the measured and
simulated data is made during this period as shown in Fig. 7.

HF-65ML well is tested with build up test for 96 hours shut in. The test started on 16 May 2015 and
ended on 20 May 2015. The pressure history matching of multi-lateral well between the measured
and simulated data is made as shown in Fig 8. This figure states that simulated two curves closed
from measured curve. One curve is simulated BHP and the other is simulated average BHP (this
curve is averaging each four points from BHP). The average BHP is best for matching with
measured (observed) pressure.

5. RESULTS AND DISCUSSION

The well HFO65ML is produced as commingled production from the branches because of its
completion type. Therefore, the total production rate of the multilateral well HF-65ML is known but
the production contribution of each branch is not known. The accessible way to calculate the
production rate from each branch is by using the multi-segment well model. This stage is applied
after the history matching between the simulated and measured data (production rate and build up
test) of the multilateral well is achieved.

Oil production rate for the main and lateral branches are simulated from the date opening the well to
producing at August 2014 until the end of December 2015

The production rate for the main and lateral branches are approximately close to each other as
shown in Fig. 9. After knowing the production rate of the main and lateral branches, pressure
behaviour is simulated for both branches as shown in Figs. 10 and 11.

The production rate of the lateral branch is larger than the main branch about (11 STB/d) at 8th 2014
only. The production rate of the main branch increases continuously than a lateral branch from 9th
2014 to 12th 2015 to reach the difference in flow rates is (75 STB/d) at 12th 2015.This increment in
the production rate of the main branch can attribute to larger producing length of the main hole and
BHP of the main hole is higher than a lateral branch.
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6. CONCLUSIONS

The multi-segment well model is a useful method to calculate the production contribution and
pressure behaviour of each branch of a multilateral well which has no advanced completion level
and no production log data.
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NOMENCLATURE

BHP =

bottom hole pressure.

CPI = computer processed interpretation
HF-65ML = HF065-M65ML well.
MD = measured depth, m.

PVT =

pressure volume temperature.

STB/d = stock tank barrel per day.
TAML = technology Advancement of Multilaterals.
TVD = true vertical depth, m.
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TAML Classification System
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Figure 1. The TAML classification of
multilateral completions Paiaman, and
Moghadasi, 2009.
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Figure 4. The completed reservoir model of HF-65ML well.
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ABSTRACT

L1 adaptive controller has proven to provide fast adaptation with guaranteed transients in a
large variety of systems. It is commonly used for controlling systems with uncertain time-
varying unknown parameters. The effectiveness of L£1 adaptive controller for position control
of single axis has been examined and compared with Model Reference Adaptive Controller
(MRAC). The Linear servo motor is one of the main constituting elements of the x-y table
which is mostly used in automation application. It is characterized by time-varying friction and
disturbance.

The tracking and steady state performances of both controllers have been assessed for two
different types of input signals ramp and step inputs. The simulated results based on MATLAB
(2012a) package showed that L£1 adaptive controller could outperform MRAC in terms of
robustness and tracking.

Keywords: £1 adaptive controller, position control, servo motor, x-y table
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1. INTRODUCTION

Over the last few years, L1-adaptive control theory has attracted the attention of many
control researchers. It permits transient characterization, cope with time varying uncertainties,
and can create a compromise between tracking performance and robustness, Hovakimyan,
2010, and Cao, 2009.

L 1-adaptive control theory allows for decoupling of adaptation from robustness. The
architecture also allows for transient characterization and robustness in the presence of fast
adaptation without using persistent excitation, applying gain scheduling, or using high-gain
feedback. Moreover, L,-adaptive control can be used for nonlinear time-varying systems in the
presence of state constraints, Hovakimyan, 2010, and Hacker, 2011.

To achieve its goals, L;-adaptive control uses three distinct laws; state predictor law,
adaptation law and control law. The state predictor law is responsible for modelling the
system's desired performance, while the adaptation law ensures that the state estimates and
plans are identical. Additionally, the control law tries to reduce the chattering in the control
loop by including a low pass linear filter.

The L1 controller has already been shown to be beneficial in many control applications such
as drilling systems, wing rock, aerial vehicles, acrobats, the hysteresis in smart materials, and
the regulation of arterial CO; tension in blood, Techy, et al., 2007, and Pomprapa, et al.,
2013.

In the present work, two controllers have been suggested, £1 controller and Model
Reference Adaptive Controller for positioning control of single axis positioning table. The
performance comparisons of the presented controllers are assessed, via simulation, in terms of
tracking and robustness.

2. ANALYSIS OF L;-ADAPTIVE CONTROL

Two different architectures of adaptive control will be studied: Direct MRAC and Direct
MRAC with state predictor which can be developed later to synthesize £;-adaptive control
architecture. It is worthy to mention that L;-adaptive control is a modified version of direct
MRAC. Therefore, one can proceed to analyze the MRAC and then to state the main
constructing elements of £1 —adaptive control.

2.1 Direct Model Reference Adaptive Control (MRAC)
Let the system dynamics obey to the following structure of differential equation,
Hovakimyan, 2010:
x(t) = Ax(t) + b (u(t) + kT x(t)), x(0) = x4 1)
y(®) = T x(t)
where x(t) € R™ is measured state of the system, A,, € R™", a known Hurwitz matrix,
defines the desired dynamics for the closed-loop system and its eigenvalues should have
negative real values, b,c € R™ are known constant vectors, , u(t) € R is the control input,
y(t) € R is the regulated output, and K, € R™ is a vector of unknown uncertainty constant
parameters. The development of MRAC architecture is initiated by suggesting the nominal
controller;
Unom = _k; x(t) + kg r(t) 2)
where r(t) € R is uniformly bounded piecewise-continuous reference input and kg is given by
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1

9= cTAlb 3)
The direct MRAC is given by
u(t) = —k{(©)x(t) + kg r(t) (4)

where k,(t) € R™ is the estimate of k,. Substituting Eq.(4) into Eq.(1) yields the closed — loop
system dynamics, Hovakimyan, 2010:

() = (Am — b EI(©)) 2(t) + bkgr(t), x(0) = xo (5)

y(®) = cT x(®)
where k,(t) £ k,(t) — k, denotes the parametric estimation error. The signal of tracking
error will be:

e(t) £ xp, () —x(0)

é(t) = A, e(t) + b kF(H)x(t), e(0) = 0. (6)
The updated law of the parametric estimate is given by Cao, 2009, and Maalouf, 2013:
k() = =T x()e” (t) Pb, ke (0) = kxo (7)

where I'eR* is the adaptation gain. The matrix P = PT > 0 is found by solution of the

algebraic Lyapunov equation, Hacker, 2011, and Hovakimyan, 2007:
ALP+PA,=-Q (8)
For arbitrary Q = QT > 0. The block diagram of the closed—loop system is in Fig.1.

The following is the candidate of Lyapunov function:

V(e®.k(0) = ") Pe(®) + £ KL(O Rel® ©)
Its time derivative along the system trajectories Eq.(6) — Eq.(7) is given by
V() =—eT(t)Qe(t) <O. (10)

Hence, the equilibrium of Eq.(6) and Eq.(7) is Lyapunov stable. The asymptotical convergence
to zero of tracking error, the second derivative of Eq.(9) is used,;

V() = —2eT()Q é(t). (12)
It follows that é(t) is uniformly bounded, and hence V(t) is bounded, implying that V(¢t) is
uniformly continuous. Application of Barbalat’s lemma yields, Hovakimyan, 2010:

lim V()=0 (12)
which leads to the fact e(t) — 0 ast — oo. Thus, x(t) asymptotically converges  to x,,,(t).

2.2 Direct MRAC with State Predictor
One can re-parameterize the above-discussed structure utilizing a state predictor as follows,
Hacker, 2011, and Hovakimyan, 2007

®(t) = ApZ(0) +b (u(t) + kf (Ox(®),  2(0) = x, (13)

() = (),
where x(t) € R" is the state of the predictor. By subtracting Eq.(1) from Eq.(13), the
prediction error dynamics can be obtained,

¥(t) = Ay () + b kX (t) x(t), %(0) =0 (14)
where (t) 2 %(t) — x(t) and k. (t) 2 k,(t) — k,(t). One may note that these error dynamics
are equivalent to the error dynamics indicated in Eq. (6). Next, let the adaptive law for k&, (t) be
given as

k()= —Tx(t) ¥"(t) Pb k. (0) = k. (15)
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This adaptive law is identical to Eq.(7) in its structure with an exception of replacing the
tracking error e(t) is by the prediction error X(t). The Lyapunov function candidate is chosen
as Hovakimyan, 2010, and Maalouf, 2013:

V(X0 k(D) = F'(0) PR + L EE(®) Fa(0) (16)
r
which leads to
V(t) = =%T(t) Q %(t) <0. (17)

This means that both errors ¥(t) and k,(t) are uniformly bounded. However, Barbalat’s
lemma cannot be applied to prove asymptotic convergence of X(t) to zero without introducing
the feedback signal u(t). Moreover, the estimation error X(t) can be kept uniformly bounded if
both x(t) and X(t) diverge at the same rate.

The closed-loop of state predictor would mimic the reference system Hovakimyan, 2010 :
x(t) = Anx() + bk r(t),  2(0) = x, (18)
y(©) = cTx()

Thereby, Barbalat’s lemma can be included to deduce that X¥(t) — 0as t — o. Fig. 2 shows
the block diagram of the direct MRAC with state predictor.

3 PROBLEM FORMULATIONS:
The class of system indicated in Eq.(1) can be extended to the following more general class,
Hovakimyan, 2010, Cao, and Hovakimyan, 2007, and Cao, and Hovakimyan, 2008;

x(t) =A,x(t)+b (a) u(t) +07(t) x(t) + a(t)), x(0) = x, (19)

y(®) = cTx(t) (20)
where 8(t) € R™ is a vector of time-varying unknown parameters, w € R is an unknown
constant with known sign, and a(t) € R accounts for input disturbances.

The control objective is to ensure that y(t) tracks a bounded piecewise-continuous reference
signal r(t) using full-state feedback adaptive controller, Hovakimyan, 2010, and Cao, and
Hovakimyan, 2007, and Hovakimyan, 2007.

4. L;-ADAPTIVE CONTROL ARCHITECTURE
In what follows, the elements of £--adaptive controller will be explained. The controller

comprises three main parts; state predictor, adaptation law and control law, Hovakimyan,
2010, and Cao, and Hovakimyan, 2007, and Hovakimyan, 2007.

4.1 State Predictor
The following state predictor will be considered:

2(t) = A, %(t) + b (w(t)u(t) +OT(Ox(E) + 5(1:)), 2(0) = x,

() = cTR(t) (21)
which is a similar structure indicated in Eq.(20) except that the unknown parameters w, 6(t),
and o(t) are exchanged by their adaptive estimates @(t), (t), and &(t), respectively.

4.2 Adaptation Laws
The adaptive process is conducted by the projection-based adaptation laws:

0(t) =T Proj (é(t), —~T(t)pbx(t)) 8(0) = 8,
&(t) =T Proj(6(t), —xT(t)Pb) 8(0) = 6,, (22)
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(1) = T Proj( @ (1), —%"()Pbu(t))  @(0) = @,
where %(t) = £(t) — x(t), T € R* is the adaptation rate and P = PT > 0 is the solution of the
algebraic Lyapunov equation A}, P + PA,, = —Q for arbitrary Q = QT > 0.
4.3 Control Law

The control signal is produced as the output of the following (feedback) system Cao, and
Hovakimyan2007, and Hovakimyan2010:

u(s) = =k D(s) (1(5) — ko 7(5)), 23)
where r(s) and 7j(s) are the Laplace transforms of r(t) and 7j(t), respectively, where #(t)
and k, are given by:

A(t) 2 a(®)u(t) + 07 (t) x(t) + 6(b), (24)

ky 2 —1/cTA;b;
where k > 0 and D(s) are a feedback gain and a strictly proper transfer function leading to a
strictly proper stable

A wkD(s)
Clo) 2225 voeq (25)

The DC gain is set at C(0) = 1. Choosing D(s) = 1/s results in a simple first-order strictly
proper C(s) of the form

wk
C(s) =
. stw k :
letting & € © gives, Hacker, 2011, and Hovakimyan, 2010:
L £ maxgee||01l4
H(s) & (sl — A4,,)" b (27)
G(s) 2 H(s)(1=C(9))
The £-adaptive controller is subjected to the following £,-norm condition:
G L=1 (28)
The main elements £;-adaptive control structure is illustrated in Fig. 3.
If 6(t) is a stationary parameter of fixed value, then the £;-norm condition can be further
simplified. For the special choice of D(s) = 1/s, the closed-loop system matrix 4  is given by;
An + 00T bow ]
= , 29
’ —k0T —kw (@)
where A, has to be Hurwitz with all its eigenvalues have negative real values for all 6 € ® and
w € Q,.Figu.4 shows the difference between £;—adaptive controller and MRAC archetechture.

(26)

5. PROJECTION OPERATOR
Consider a convex, compact set with a smooth boundary given by Hovakimyan, 2010, and
Maalouf, 2013.

Q. 2 {6 € R*|f(O) < c} 0<c<1, (30)
where f: R™ — R is described by the following convex function:
Tp_p2
f(B)z% , 0<e <1 (31)

where 6,,,, IS the norm bound confining the parameter vector 6, and &g represents the
convergence tolerance that the adaptive parameter is allowed to exceed compared to its
maximum conservative value. If a special structure of the function f(6) < 1, which defines the
boundaries of the outer set, then one can get that 876 < (1 + &p) 624

85



Number 11 Volume 23 November 2017 Journal of Engineering

The projection operator can be defined as, Cao, and Hovakimyan, 2007, and Hovakimyan,
2010:

y if f(6) <0,
Proj(@,y) A y lf f(@) > 0and Vny <0, (32)
T
— o (DY) if f(6) 2 0and VfTy >0,
To geometrically interpret the above equation, let us define a convex set , as
Q, 2 {0 € R"|f(6) < 0} (33)
and let Q; represent another convex set such that
Q, 2{0 e R"|f(O) <1} (34)
Also, let Q4 represents an annulus region defined by
Qs20,\Q,={0|0< f(0) <1} (35)

Inside Q4 the projection algorithm subtracts a scaled component of y that is normal to
boundary {8|f(8) = A}. If the value of A is set to zero (A = 0), then the scaled normal
component is 0. Also, if the value of 4 is set to unity (1 = 1), then the component of y that is
normal to the boundary Q; is entirely subtracted from y such that Proj(8,y) is tangent to the
boundary {6|f(6) = 1}. Further explanation can be seen in Fig. 5, where 8* denotes the true
value of the parameter 6 and belongto Q,, i.e. 8" € Q,.

6. MODELING OF SINGLE AXIS POSITIONING TABLE

Fig. 6 shows the typical elements in one axis. An incremental optical encoder with a
resolution of +1um can measure the worktable position. A servomotor through a ball screw
drives the worktable or slide. Rotary bearings support the screw at both ends. Linear bearings
support the nut along the displacement axis. The nut is constrained to rotate axially and when
the ball screw is turning, a linear motion is imparted to the nut. Linear guide-way precisely
constrains the movement of the positioning table to a single translational axis. The elasticity of
system is mainly caused due to the ball screw; bearing supports, and flux coupling, Raafat,
2011, and ZAN, 2006. The conceptual model of the mechanical system is illustrated in Fig. 7 .

The following assumptions on the physical system are considered to develop a simplified
model, ZAN, 2006:
1. Dynamic friction can be ignored.
2. The ball screw is rigidly coupled to the motor shaft.
3. The compliance between the slide table position and the ball nut is negligible.

The equation of motion can be derived from the simplified model according to the second
law of Newton's as follows, Raafat, 2011:

J O + B16(t) = Tin(8) = T1 () — Ta(2) (36)

M3 (t) + Box(t) = Fi () = Ty(0)/1 (37)
where J is the rotational inertia which includes motor shaft, 6(t) is the angular position, x(t) is
the measured table linear position, T, (t) is the motor torque, T;(t) is the load torque, T;(t) is
the torque due to disturbances, M is the mass, F;(t) is the equivalent force acting on the
positioning table, the coupling, and ball screw mass inertias, B, is the viscous damping arises
from the rotational bearing and ball nut (lumped together), 1, is the screw pitch transformation
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factor (from rotational to linear motion) and B, is the mechanical damping due to linear
bearings.

It is well known that the torque T,,(t) is related to the motor current I by a proportionality
torque constant K given by motor the equation.

T, (t) = K;I (38)

The control voltage is the actual input of the system. The servo amplifier receives the applied
voltage and supplies the current to the motor to develop the required electro-mechanical torque.
It is assumed that amplifier has fast response such that its dynamic can be ignored and it is
designated by constant gain K, only for a certain range of operating point. Therefore, the motor
torque can be written as, Raafat, 2011:

Tm(t) = Kq K7 u(t) (39)
where u is the input voltage signal. Consequently, the equation of motion (36) will be :

(/L) &+ (B1/1,) % = KoKru — L,M % — LyBy% + fyc(£) (40)
By regrouping the x terms in the left-half side, the equation can be expressed as follows:

JHM B ., B1+B,13

(o) + (i) = v (/K uc® D

where the uncertainty function f,,.(t) accounts for nonlinear disturbances which includes the
nonlinear friction, torque disturbances and other nonlinearities of the system,

fuc(t) = f(l?) + F, (42)

f@) = (F — F)sgn(v())e” @@/ 1 F.sgn(v(1) (43)
where F; is the load force and k, is the coefficient of viscous friction. Equation (41) can be
written as

My X% + Byx = u + (1/KoKr) fuc(t) (44)
where M, and B, can be given by:

M, = <]+Ml,2,>' B, = <31+le§)

KaK1lp KoKl

Letting x; = x and x, = x and Eq.(44) can be re-arranged to yield;

X2 = _(Bx/Mx) X2 — (1/Mx) u-— (1/MxKaKT) fuc(t) (45)
The state space form can be written in the following form;

[ l ——l [ ] [O] qu N MxKaKTfuC( )) (46)

y=11 0[]

If equation (46) had been compared with the following class of state equation,
#(8) = Apx(6) + b(w u(t) + 67() x(8) + 0 (1))
By induction, one may easily find that
©=1/My, 0(t) =~ 3= (F@) +F,), 0T = [0 —ky/My],
b=[0 1]Tand c=[1 0]

where 4,, = A — bK,,, and K,,, = [k; k] is the state feedback gain necessary for making the
state matrix A being Hurwitz which all its eigenvalues have negative real values.

7. CONTROLLABILITY CONDITION FOR POLE-PLACEMENT
The requirement for applying pole placement is that the system must be completely stated
controllable. The state space matrices for DC motor are given by:
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0 1

A= [0 _B_xl andb=1[0 1]7 (47)
My

which has the following parameters, Raafat, 2011:

M, = 0.0064 and B, = 0.1966

The controllability matrix is given by
0 1
M= [b Ab]=l1 _ﬁl (48)
M

Also, it is clear that the controllability matrix has a rank equal to 2; i.e., the rank value is equal
to system order and the DC-motor based system is said to be completely controllable.
Substituting the numerical values of model parameters into state and input matrices, one can
obtain,

A:[g —30.17692] ’ b:[(ﬂ

The eigenvalues for this system is s; = 0 and s, = —30.7692. Since the system has been
shown to be completely state controllable, then the pole placement can be applied. If the
desired eigenvalues are set as follows;

A =—12.02 and A, = —20.2
The state feedback gain K,,, which transfer the eigenvalues to desired location is given by

K, =[k; k;] =[242.804 1.4508]
This model matrix can be easily calculated as follows

oA _ 0 1
Am =A =D Kn _[—242.804 —32.22]

8. STABILITY ANALYSIS OF £;-ADAPTIVE CONTROL FOR THE SINGLE-AXIS
POSITIONING TABLE

In order to prove the system stability, the A ; matrix must be Hurwitz. Considering the
values of the uncertainties in Tablesl and 3, the following matrices can be found:

_[ 0 1 0] ot _
An=|_yungos _3029 » P=|1| + 0T =10 -12521], © = 15651077

Again, based on the simulation, k = 100. Substituting these parameters into the matrix Ay will
produce the following matrix:

0 1 0
A, =|-242.804 -33.4721 156.51077
0 —125.21 -15651.077

Using MATLAB package, the eigenvalues of matrix 4 ; is given by;

Al = _12, AZ = -20 y 13 = _15652
Since all of these eigenvalues have negative real parts, this made A4, being Hurwitz and this

will lead to the stability of overall system.

9. SIMULATED RESULTS OF SINGLE-AXIS POSITIONING TABLE

In what follows, the effectiveness of the two suggested controllers will be examined for
different uncertainty structures and for different types of inputs. Tablel gives different
uncertainty structure used in simulated results for various input types. If f(v) is the friction
force given by the following equation;
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f) = (F — E)sgn(v(t)) e~/ + F.sgn(v(t)) (49)
The values of friction parameters used in the simulation are given below, ZAN, 2006.
k, =0.008 N.s/mm, F. = 0.0008 N, F; = 0.012 N, v,=0.0008 mm/s
Other system parameters can are listed below, Raafat, 2011.
M, = 0.0064 kg, B, = 0.1966 kg/s
The form of the uncertainty o(t) becomes
a(t) = _(1/MxKaKT)(f(v) + F)
The other standard parameters are
0T =[0 —k,/M,], w=1/M,
Using the numeric values, the range of compact set of o(t) for this application is given
o(t) € A=[-81.4939,79.6953] N
and the values of 8T and w are given, respectively, as
6T =[0 -1.2521], w = 156.25 (N/Amp.Kg)

9. 1 Results based on ramp input

The behaviours of position and control signals for the single-axis system are reported based on
different structures of uncertainties and under the supervision of two suggested controllers. The
first structure of uncertainty is indicated as case (1) in Table 1. Fig. 8 shows that £,adaptive
controller could keep good tracking performance giving a small value of steady state error (0.03)
mm. On the other hand, MRAC could keep the tracking only for a period of time (2.4 sec), beyond
which the system shows instability characteristics and the response would grow without limit. This
is shown in Fig. 9.

For the uncertainty structure described in case (2) of Table 1, the system responses and
control signals are shown in Fig. 10 and Fig. 11. In case of Fig. 10, £;-adaptive controller still
gives good tracking characteristics. However, the steady state error based on this controller is
equal to 0.001mm. Again, MRAC could only keep a tracking for a while as shown in Fig. 11.
Beyond 2.4 sec., the response due to MRAC becomes unstable and the response would grow
without bound.

The uncertainty structure of Case (3) will be considered. Fig. 12and Fig. 13 show the position
and control signal responses for both suggested controllers. The same discussion as the above
can be argued with the exception that the steady state error resulting from £;-adaptive controller
is equal to 0.03mm. Also, the responses based on MRAC shows instability behavior after a
period of time (2.4 sec.).

For the fourth case of Table 1, the responses and the control signals are shown in Fig. 14.
Unfortunately, large steady state error are recorded for both controllers; as the value 0.25 mm
is measured for the response based on r;-adaptive controller and the value 0.33 mm is
measured for MRAC.

Table 2 lists the summary of steady state errors for all considered cases and for prescribed
input. It is clear from the above scenarios that the steady state errors resulting £,adaptive
controller is much less than those resulting from MRAC.

9. 2 Results based on step input

In the next scenario, the uncertainty structures listed in Table 1 are reformulated and
presented in Table 3. For the first case of Table 3, the responses and the control signals for bot
controller are shown in Fig. 15. It is clear from the figure that £,-adaptive controller offers
better tracking characteristics rather than MRAC. The steady-state error resulting from
L-adaptive controller is about 0.0076mm, while that for the MRAC is 0.0329mm.
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For the uncertainty structure described in case (2) of Table 2, the responses and the control
signals are shown in Fig. 16. Again £;-adaptive controller gives better tracking performance
with smaller delay time than its counterpart. The steady-state error recorded for this scenario is
0.274 mm for r;-adaptive controller-based response and 0.4 mm for the MRAC-based
response.

For the uncertainty structure depicted in case (3), the responses and the control signals for
the suggested controllers are illustrated in Fig. 17. In case3, the disturbance amplitude was
fixed, but the frequency was changed to 100 times of the first case. It is clear from the relative
figure that the tracking performance given by £;-adaptive controller is better than the other one.
Also, the steady-state error for £;-adaptive control response has been measured to be 0.0083 mm
while that for the MRAC has been measured to be 0.025mm.

For the last case of Table 3, the responses and the control signals based on suggested
controllers are shown in Fig. 18. In the present simulation, one can easily see that an oscillation
would appear at the responses resulting from both controllers. However, at the steady state, low
variance oscillation has been observed at the response resulting from £,-adaptive controller,
while a considerable oscillation with large variance has appeared at the output resulting from
MRAC. The steady state values given by £;-adaptive controller and MRAC are 0.0265 mm and
0.2774mm, respectively.

Table 4 gives the summary of different steady state errors for different cases. Again, the
errors based on £;-adaptive controller are much less than those obtained from MRAC.

Table 5 shows the settling time for step input response of 5 mm. It can be noticed that the
settling time of £;-adaptive controller for all considered cases are less than MRAC. This means
that £;-adaptive controller has a faster adaptation rate than MRAC.

CONCLUSIONS
Based on observations of the simulated result, the following conclusions can be drawn:

1. For ramp exciting input, the results showed that £;-adaptive controller has better tracking
performance than MRAC. However, for specified uncertainty structures, MRAC fails to
follow ramp input after a short time. This leads to instability problems in MRAC and its
corresponding response grows without bound.

2. For step exciting input, £-adaptive controller could track and gives better transient
characteristics than MRAC. However, for specified uncertainty structures, the response
based on MRAC shows severe oscillatory characteristics.

3. In case of step input, it can be concluded that the settling time of the £,-adaptive controller
for all cases of uncertainties is less than that of MRAC. This means that the adaptation rate
of £;-adaptive controller is faster than that of MRAC.

4. Chattering shown in responses of positions occurred because of the presence of Signum
function in the friction model.
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Table 1. Structure of uncertainty.

Parameter Case 1 Case 2 Case 3 Case 4
o(t) 0.002 sin(t) 0.51 sin(t) 0.002 sin(10t) 0.51 sin(10t)
+ f) +fW) +f) +f)
Table 2. Steady-state errors for different cases.
Steady state error (mm)
Case 1 Case 2 Case 3 Case 4
L-controller 0.03 0.001 0.03 0.25
MRAC Undefined Undefined Undefined 0.33
Table 3. Structure of uncertainty for step input.
Parameter Case 1 Case 2 Case 3 Case 4
() 0.002 sin(t) 0.11 sin(t) | 0.002sin(100¢t) | 0.11 sin(10t)
+£(6) +£(6) +£(6) +£(6)
Table 4. Steady-state errors for different cases of ramp input.
Steady state error (mm)
Case 1l Case 2 Case 3 Case 4
L;-controller 0.0076 0.274 0.0083 Un defined
MRAC 0.0329 0.4 0.025 Un defined
Table 5. Settling time for different cases of step input signal.
Settling time (sec)
Case 1 Case 2 Case 3 Case 4
Li-controller 0.76 0.7 0.75 0.6
MRAC 1 1.4 1.2 0.73
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ABSTRACT

Baghdad city has been faced numerous issues related to freshwater environment deteriorations
due to many reasons, mainly was the discharge of wastewater without adequate treatment. Al-
Rustamiya Wastewater Treatment Plant (WWTP) have been constructed among many plants in
Baghdad city to reduce the amount of wastewater discharged into natural environment and its
subsequent adverse effects. This study was conducted to evaluate the performance of the plant
which consist of a conventional activated sludge (CAS) and sequencing batch reactors (SBR)
systems as secondary treatment units and its ability to meet Iragi specifications. A reliability
level determination and analysis also were conducted to find the plant's stability and its
capability to produce effluents that met the local standards. Coefficient of Reliability (COR)
determination was done for effluent's concentrations of BODs, COD, and TSS obtained from Al-
Rustamiya WWTP for two years' data operation (2015-2016), using Iragi standards
concentrations. Generally, the results showed the effectiveness of Al-Rustamiya WWTP-(CAS
and SBR system) was a major concern due to inadequate sewage treatment and that the plant
effluents of both systems selected parameters BODs, COD and TSS are not meeting the Iraqi
standards due to many problems mainly were operational problems result in overall poor
performance.

Keywords: performance, reliability, sequencing batch reactor, Al-Rustamiya, wastewater
treatment plant.

A ) Al aatil) o jlaal) sl dadlae ddase g Aladdeiial) cillaad) g3 Jelial) (s 4 e

4 & gall
puala G5 2 o1 oA s
iinale Al selie i
33 el deigl IS 3130 el deigl IS
DA

3 Ll L1 (e il I A 5250 (e Al Al e Jalindly (3hets L clanctl (e tssed) ks A 453
slsa dallaal sliiall cillanall o el (s e 3805 8 daaiua Ml £ 5 e Aulin 5 ) gy Aallaa ) (g laall ol = sl
e&uﬁ‘;ﬁ\ ddasdll sl c.\J\e;\:\ﬂgg‘)j)aﬂwu\Saﬂjﬂ GMMUJLLP‘)LUC&N\@)&\ )UY\ M}@)M\
shoa ok o Lt (s E e Gl g By gl AalleaS Adlaid) lueall Jelia s snlitll Al selaal) olai o JS
BODs, ) bl ol e &3 sl A1) e Alaall AL Ll 53 o5 280 481 pel) il sl A lae Anllae (5 jloe
1Y) Cina Lasan s Tl JSLke S L) ) (G 3p2all A e e il S S 5 ((COD and TSS
Adle 5 ) peay

ol i yeall slse Al Alune cpatn I (ALdutl illanl) 55 Jolia (48 55 sl celo¥) g sibseasi ) ciLalS)

97


mailto:basim22003@yahoo.com
mailto:shathaabdulrazzak@gmail.com

Number 11 Volume 23 November 2017 Journal of Engineering

1. INTRODUCTION

Wastewater disposal without adequate treatment have been made numerous issues of health
hazards and freshwater environment deterioration that depended on the plant failure type and its
duration especially when population explosion and increasing water requirements, Rasheed,
2016.

Reliability may be defined as a time percentage at which the effluent concentrations under stated
conditions for a specified time fulfilled with certain discharge standards or treatment
requirements, Metcalf and Eddy, 2003. The reliability is often related to the investigation of an
object’s effectiveness and its ability to function in an acceptable way, Miynski, et al., 2016. The
reliability analysis is associated with the occurrence of partial damage that limits the objects’
performance but does not necessarily result in breakdown, Nowakowski, 2011.

Wastewater treatment plant can be described as completely reliable if the process performance
response has no failure, Gupta and Shrivastava, 2006, that is to say, if the limits established by
the targets or environmental legislation are not violated, Kottegoda and Rosso, 2008. The
treatment process fails when the required effluent discharge standards or targets are exceeded,
Oliviera and Sperling, 2008. Whether the assumed wastewater treatment efficiency can be
achieved strongly depends upon the design and execution of a good system in accordance with
technical design guidelines, Chmielowski, 2009. In cases where there is a poor quality of
effluent, it is important to determine the origin of operation problems and eliminate them in
order to prevent risks associated with environmental pollution. Thus, the reliability and
performance study is one of the methods used to determine failures or malfunctions of the
wastewater treatment process, Krzanowski, et al., 2006.

Baghdad city had been challenged number of difficulties related to freshwater environment
decline, in general, the plants have been received quantity of wastewater more than its design
capacity may even reach double or triple its capacity in recent years, UNEP, 2003. So, more
wastewater was released directly to the river and more pollution contribution was introduced. On
the other hand, even the pollution indicators of treated effluent (BODs, COD and TSS) were not
within the Iraqi standards, AbdulRazzak, 2013. Evaluation of the plant's performance helps in
investigating the situation and identify possible risk of the negative assessment of work of the
plant, Sudasinghe, et al., 2011. Thus, the goal of this study was performed a quantitative
analysis of the reliability and functionality evaluation of the conventional activated sludge (CAS)
and sequencing batch reactors (SBR) systems at Al-Rustamiya WWTP. Based on the results of
their effluents' physico-chemical analysis, coefficient of reliability and the overall efficiency of
wastewater treatment, to assure that the treated effluent meets the lIraqi standards, doesn’t
threaten the water resources and to find whether or not that these units have been operated
efficiently.

2 MATERIAL AND METHODS
2.1 Study Area Description

Al-Rustamiya WWTP is located on the banks of the Diyala River south of Baghdad city and
considered the wastewater collected through the sewerage network of Al-Rusafa part as shown in
Plate 1. The conventional compartment of the plant comprised of preliminary treatment as
screens, grit chambers and primary aeration tanks. Next, the primary treatment units as primary
sedimentation tanks. Then, the secondary biological treatment as conventional activated sludge
systems which consisted of three production lines (FO, F1, F2), each line consisted of aeration
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tanks and subsequent secondary sedimentation tanks with total capacity of (175000 m*/d). The
other compartment of the plant comprised of preliminary treatment as the inlet chamber with
coarse screen, the intermediate pit and the compact pre-treatment unit. Then, the wastewater sent
to the biological treatment as SBRs system, the new technology in Irag, which consisted of five
compacted units (U1, U2, U3, U4, U5) with total capacity of (75000 m®d) and controlled by a
matrix, WATERLEAU, 2009. Both of CASs and SBRs final effluents ran through the
chlorination contact tank for disinfection before final discharge. Flow diagrams of the two
systems are shown in Fig. 1 (a) and (b).

2.2 Data Collection and Analysis

Data were collected from Baghdad Mayoralty and Al-Rustamiya WWTP office for CAS and
SBRs systems for two years (2015-2016). Table 1 and 2 showed the average yearly
concentrations of influent and effluent of selected parameters and removal efficiency for the
systems. In addition to the data collection, the plant was visited several times during the study to
accomplish the performance index by completing a checklist from observation and discussion
with employees who working at the plant. The checklist consisted of several criteria: general,
technical, physical, personal responsibility, operation and maintenance.

3. WWTP RELIABILITY ASSESSMENT

The WWTP process behavior was the base for the reliability assessment and should be
discharged an effluent with selected parameters that would not exceeded discharge's threshold.
Niku, et al., 1979 model was used and recommended, which based on a probabilistic analysis to
determine the threshold by relating the average concentration of a parameter with the threshold
value supposed to be met, Crites and Tchobanoglous, 2000, Metcalf and Eddy, 2003. So, when
required standards to the discharged effluent were exceeded failure of treatment plant process
happened, Al Saleem, 2007. The mathematical model proposed by Niku, et al. 1979 was
adopted for assessing the reliability of Al-Rustamiya WWTP and for stepping toward a first
valuation of critical components of the wastewater treatment process. The failure of WWTP can
be determined by a Eq. (1):

F=C,>C, 1)
Where:

F : Failure

C, : Specified effluent parameter concentration

C, : Specified effluent parameter concentration identified by standards.

Since, probability of success or probability of acceptable performance was the essential concept
of reliability. Then, the reliability would be equaled to:

R=1-P(F) )
Where:

R : Reliability

P(F) : Probability of failure

From Eq. (1) the value of R is equal to:

R=1-P(C, >C,) )
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The probability distribution function of the required treated effluent quality parameters
concentration was extremely related to the probability of failure. Therefore, when this
distribution function was identified, an analytical countenance can be used to find the portion of
time that a specified concentration was exceeded in the past. Assuming that the process
situations and governing parameters were reserved unchanged, that expression can be used to
expect future performance of an WWTP, Dean and Forsythe, 1976. The threshold (mx) for a
specified treated effluent quality parameter average component could be derived from the Eq.

(4):

m, =CORxC, (4)
Where:

m, : average concentration of the component; regulation for a required treated effluent parameter
concentration.

COR: Coefficient of reliability.

The coefficient of reliability (COR), could be processed via the following mathematical model,
Niku, et al., 1979:

COR=(C,% +1)**x ol

()
Where:
C,  : Coefficient of variation for required treated effluent parameter Concentration.

Z, . Standardized normal variation (gotten from the standard normal variation tables)

l-a *

equivalent to the probability of no exceedance at a confidence level of (1-a);

o : Significance level

4. RESULTS AND DISCUSSION
4.1 Reliability Application of Al-Rustamiya WWTP
4.1.1 Preliminary statistics used for verification of selected data distribution

The theoretical expressions mentioned above was used to calculate the reliability of Al-
Rustamiya WWTP of the CAS and SBR systems. It was employed using the daily measured
concentrations of selected parameters for tracking the treated effluent quality. The reliability
model of, Niku, et al., 1979, can be applied to data have a lognormal distribution. Thus, the first
step is to determine the probability distribution function of the required treated effluent
parameters. Three parameters: Five-day biochemical oxygen demand (BODs), chemical oxygen
demand (COD), and total suspended solids (TSS) have been widely used to assess the quality of
the plants effluents as shown in Table 3, using the daily measured concentrations of selected
parameters.

A preliminary check of data's normality was done by finding the coefficients of skewness and
kurtosis for treated effluents parameters as shown in Table 3, which showed positive values of
skewness that indicated that data were skewed to the right and were not symmetrical. The
coefficient of kurtosis on the other hand, had values varied from that of normal distribution
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(three). Thus, the pre-check indicated the non-normality of data. In addition, the histogram is an
effective graphical technique for showing both the skewness and kurtosis of data set, Helsel and
Hirsch, 1992.

4.1.2 Distribution laws of selected parameters

Variability of concentrations for selected parameters were used for finding the effluent quality
can be revealed and analyzed by defining the histogram and probability density function of each
parameter concentration. Fig. 2 and 3 showed historical daily measured concentration data
histograms and the Probability Distribution Function (PDF) of the CAS and SBR effluent's
BODs, COD, TSS concentrations for the year (2015-2016), which showed that the data are
generally skewed to the right, as illustrated in Table 1. Normal, lognormal, and gamma
distribution laws for concentration of BODs, COD, and TSS were tested. The tests used to check
the goodness-of-fit of these effluents concentrations data. The "software™ used to perform the
tests was STATGRAPHICS Centurion XVI.I. The probability plots of effluents’ parameters:
BODs, COD and TSS concentration were shown in Fig. 4 and 5. MINITAB 17 "software" was
used to perform the probability plots.

Results showed that the lognormal distribution is the most representative of the behavior of
selected effluent parameters (BODs, COD, and TSS) for CAS and SBR WWTP. Also, results
obtained are reliable with the observations which indicated that it was useful to employee the
most widely applicable, the lognormal distributions for effluent parameters to assess the water
quality, Charles, et al., 2005, Oliviera and Sperling, 2008, Bugajski, 2014 and Gorka, 2015.
Since the model applied for data had lognormal distribution, then, data were applicable for
reliability assessment.

4.2 Application of Coefficient of Reliability (COR)

The data collected for two years of the specified effluent quality parameters (BODs, COD, and
TSS) for CAS and SBR WWTP, were tabulated, monthly average and standard deviation were
found and analyzed for 95% confidence. Values of the coefficient of variation (Cv) and
coefficient of reliability (COR) were processed for a confidence level equal to 95% («a = 5%,
significance level), Eq. (5) and (subsequently 1-« values) leads to the equivalent cumulative
probability of the standard normal distribution (Z-distribution).

The COR was processed based on the original data properties (monthly average effluent
concentrations) and not on the logarithms of the data. Fig. 6 and 7 showed that a higher value of
the Cv which indicated that data did not represent their population adequately, results in a lower
COR and a lower (mx), for the same level of reliability (95%). In general, most of (Cv) for the
effluent concentrations were lower than 1 and for all selected parameters (BODs, COD and TSS)
the lowest COR values were gotten. Microsoft office Excel 2016 was used to perform the
analysis mentioned above.

4.2.1 Application for setting operational guidelines

The theoretical background mentioned above leads to get operational limits (mx) for selected
parameters employed for tracking the treated effluent quality. Those operational limits were
achieved using Eqg. (4) of the model, which combines the average of parameter concentration in
the effluent with the standard values in the effluent and the probability of their occurrence. The
values of the variable Cs were derived from the Iraqi standard adopted at Al-Rustamiya WWTP
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in strength: Cs (BODs) = 40 mg/L; Cs (TSS) = 60 mg/L; Cs (COD) = 100 mg/L. Results of the
numerical applications are presented in Table 4 and 5. The method applied for identifying
operational guidelines produce more specific thresholds than the regulation in force. In other
words, if the attention is on the reliability then, the plant should be designed and operated in such
a way that the average concentration of selected parameter is kept below the regulation limit.

4.3 Determination of Reliability Level for CAS and SBR at Al-Rustamiya WWTP

The reliability level was processed using Eg. (3). In the model, the calculated (mx) concentration
substitute the value of the variable Cs concentration. The collected data of the WWTP provides
the ability for calculating the probability of failure P(Ce>Cs=mx). First, a comprehensive
analysis of data was made to collect all required data. Then, a comparison was made between
monthly average effluent concentrations of WWTP and the range of average concentration
conferring to the different reliability level to find the proper reliability for the selected
parameters. The calculations of monthly average reliability level of Al-Rustamiya WWTP for
effluent BODs, COD and TSS are shown in Fig. 8 and Fig. 9.

As observed that WWTP had a variable level of reliability which indicated failures or
malfunctions in the treatment process. Many factors were the reason of this variability that
effected the performance of the plant (reliability). In such case, it was important to identify
the source of issues and eliminate them in order to prevent environmental pollution hazards. A
discussion of the present situation and possible issues that maybe the CAS and SBR at the plant
were faced, which may help to evaluate the overall performance of Al-Rustamiya WWTP.

4.4 WWTP Operational Performance Index

The observed criteria were compared with ideal one and the result was used to decide if the
performance was good, satisfactory or poor. If the index value was greater than 70% the
performance was considered as good. The performance was considered as poor and satisfactory
if the index values of lesser than 50% and between (50 — 70) %, respectively, Sudasinghe, et al.,
2011. First, the index was calculated for each of the performance criteria. Then, the overall
performance was determined by dividing the number of good performing criteria observed by the
overall number of criteria investigated. The mentioned criteria were discussed below:

a) General Criteria: The general performance criteria specify whether the management is
careful to keep records of general information of WWTP such as funding agency, cost,
wastewater generation number of connection, water supply and make annual reports at
regular intervals. An indication about the availability of such information by the
management of the WWTP is provided by this index.

b) Technical criteria: These criteria specify whether the WWTP have an appropriate
design and functional characteristics to treat the wastewater. A higher index value gives
an indication that the WWTP has the ability to treat the wastewater effectively.

¢) Physical criteria: This criterion gives an indication about the existing physical status of
the WWTP to perform its technical functions effectively and efficiently. A higher index
value means that the physical condition is good and the plant do not require repairs.

d) Personal responsibility criteria: Personal responsibility criteria give an indication of
whether workers have the sufficient responsibility and skills to perform various functions
of the WWTP. A higher index value means that there are adequate, trained staffs who
have the ability to carry out various activities in operating and maintaining the plant.

e) Operation and maintenance criteria: By these criteria, a knowledge would be had
about the plant whether it is operated and maintained properly so it could perform its
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function efficiently. Many reasons are responsible of getting a lower value of this index
such as lack of funds, structural and functional flaws and carelessness of the maintenance
staff to carry out their responsibilities.

CAS systems at Al-Rustamiya WWTP were designed efficiently for treating the expected
domestic sewage influents. So, technically criteria were very good, it got 90% scores. However,
population explosion, increasing water requirements and legal and illegal connection to the
collection system caused overloading of the designed capacity of the CAS leading to the
treatment process’ malfunctioning. As a result, CAS discharged partially treated or raw
wastewater (overflow) to the environment, which enhance the pollution of soil and water
resources. The bad odor due to malfunctioning of the treatment process was also observed during
the study, which could be resulted in health issues, environmental deteriorations, property
devaluation, and overall quality of life, Witherspoon, et al., 2002.

In general, WWTP life time is 30 years, Tchobanoglous, et al., 2003, whereas the latest
extension of CAS system (F2) was since (1974). All of these observations result in poor
physically criteria with 10% scores indicate a very bad condition. Thus, the WWTP
management which generally got 60% satisfactory scores, had been faced equipment's' aging
besides issues of the funds' lack. Personality criteria were satisfactory which got 65%, whereas
the workers had been in the field for many years. In addition, the CAS system can be operated
and controlled easily, less time sensitive and less sophisticated if compared with SBRs system at
the plant for the same employees. As mentioned above, lack of funds and functional flaws
resulted in poor operation and maintenance criteria with 15% scores. The CAS effluent had been
discharged without disinfection rather than the other issues illustrated above. This resulted in
overall CAS poor performance with 48% scores as shown in Fig. 10 (a).

Fig. 10 (b) showed the overall performance of the SBR system at Al-Rustamiya WWTP which
reveals that the system is in very bad conditions with overall poor performance of 16% scores. It
produces effluent does not meet the adopted standards that are even less than the limits according
which SBR was designed. Where general criteria with a score of 10% show that the officers do
not possess the required efforts to operate the plant to the highest standards, assure to provide
educate operators and equip them with the important skills, develop the management skills and
improve maintenance practices. Technical criteria with a score of 30% also showed a deficit due
to many operational reasons. Actually, the units were designed in such a way that if a unit faced
an issue then the access to solve this issue would be very difficult and costly. In addition, the
plant was designed to treat domestic wastewater only but in fact, number of factories and storm
sewer have been connected legally and illegally to the collection system. This fact resulted in a
flow variability and their characteristics, the treatment nature, mechanical failures and overall
deterioration in the treatment process.

Physically the index value in SBR of 30% was also poor where some units were even out of
serves for several months without repairing. The units were faced many issued due to the gasses
emissions present in the ambient air at the plant. These emissions cause equipment's corrosion
and failure subsequently. In addition to the quantity of grit carried out by the wastewater that
seems to be more than amount that a unit can tolerate. Recently, SBRs discharge effluents
without disinfection, again due to lack of funds result in receiving waters contamination and
health hazards. The observed operational problems and conversations with the staff responsible
of operating the units. Personal criteria with 5% index value showed a weakness due to lack of
knowledge and skill to run out such systems. Non-repair of damaged parts of the SBR system as
soon as they happened, non-repair of already existing operational and functional flaws at the
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whole plant and for sure the main effective factor that is lack of funds, all of these factors were
responsible of getting lower value of operation and maintenance criteria index of 5%.

5. CONCLUSION

The study of biological treatment system at Al-Rustamiya WWTP by the data collected for two
years, contributes information that can be used by the operators of the plant to evaluate the
reliability level, understand the biological treatment's performance, and consider the effluent's
quality to develop discharge's standards that are suitable, operative and technically achievable.
The study also reveals that both systems have overall poor performance. Indicate that technically
perfect WWTP alone does not assure its successful operation and reliability over time. Funds are
essential to pay personnel and cover other operational costs. In addition, regular maintenances
need to be done to provide the best possible performance.

WWTP effluent's quality is variable because of varying organic loads, changing environmental
condition and new industrial discharges. Sewage overflow is found to be a common experience
in the plant. Rate and volume of sewage overflow of the plant should be evaluated to address this
problem.

Operation and maintenance of WWTP should prepare odor managing plan by identifying causes
of odor, finding failure of treatment process and its subsequent problems, taking the action to
reduce odor, keeping records and settling the communities complains. For sure, it is a necessity
to use chlorination in the plant to save the water resources. Providing of trained staff, developing
a plan for operation and maintenance and construction of primary sedimentation tank prior to
SBR system may be recommended to save the system from regression downward, big loss of
money and loss of an international important technology.
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Figure 1. Al-Rustamiya WWTP flow diagram.
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Table 1. Average concentrations of influent and effluent with removal efficiency at Al-
Rustamiya -CAS WWTP during (2015-2016).

2015 2016
FO F1 F2 FO F1 F2
BODs Influent | Effluent 20 19 20 Influent 18 20 23
mg/L 216.7 Removal 91 91 91 205.6 91 90 89
mg/L efficiency mg/L
(%)
COD Influent | Effluent 37 35 36 Influent 37 38 41
mg/L 436.2 Removal 92 92 92 440.6 92 91 91
mg/L efficiency mg/L
(%)
TSS Influent | Effluent 24 19 19 Influent 31 21 26
mg/L 207.6 Removal 88 91 91 197 84 89 87
mg/L efficiency mg/L
(%)
Table 2. Average concentrations of influent and effluent with removal efficiency at Al-
Rustamiya -SBR WWTP during (2015-2016).
2015 2016
Ul | U2 | U3 | U4 | U5 Ul | U2 | U3 | U4 | U5
BODs | Influent | Effluent 20 22 15 23 25 | Influent | 26 26 28 44 31
mg/L | 213.3 | Removal | 91 90 93 | 89 88 199 87 87 86 78 | 85
mg/L | efficiency mg/L
(%)
COD | Influent | Effluent | 39 48 49 45 41 | Influent | 69 99 93 96 89
mg/L 430 Removal | 91 | 89 | 89 | 90 | 91 480 86 | 79 | 81 80 | 81
mg/L | efficiency mg/L
(%)
TSS | Influent | Effluent | 32 24 | 24 | 28 30 | Influent | 153 | 169 | 149 | 166 | 158
mg/L 244 Removal | 87 90 90 | 89 88 204.5 25 17 27 19 | 23
mg/L | efficiency mg/L
(%)
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Table 3. Statistic descriptive of effluent's parameters during (2015-2016).

. BODs (mg/L) COD (mg/L) TSS (mg/L)
Statistical parameter CAS SBR CAS SBR CAS SER
Average 19.15 | 20.24 | 36.23 | 43.91 | 23.22 | 24.03
Standard deviation 7.75 12 1597 | 28.81 | 11.35 | 12.55
Coefficient of variation % | 40.48 | 59.27 | 44.09 | 65.61 | 48.78 | 52.21
Minimum 7 2 12 13 6 5
Maximum 49 72 95 165 58 85
Range 42 70 83 152 52 80
Skewness 1.44 1.69 1.23 2.54 1 1.71
Kurtosis 2.96 3.69 1.68 7.99 0.84 5.82

Table 4. Average coefficient and operational guidelines values at Al-Rustamiya -CAS WWTP
during (2015-2016).

2015 2016
FO F1 F2 FO F1 F2
BODs Cv 0.25 0.22 0.28 0.17 0.28 0.1
mg/L COR 0.69 0.78 0.66 0.77 0.66 0.85
Mmx 27.5 28.6 26.4 30.7 26.4 34.1
COD Cv 0.22 0.17 0.22 0.2 0.3 0.26
mg/L COR 0.72 0.77 0.72 0.74 0.64 0.68
mx 715 76.8 71.5 73.6 64.3 67.8
TSS Cv 0.38 0.26 0.28 0.28 0.06 0.19
mg/L COR 0.58 0.68 0.66 0.66 0.91 0.75
mx 35 40.7 39.6 39.6 54.4 44.8

Table 5. Average coefficient and operational guidelines values at Al-Rustamiya-SBR WWTP
during (2015-2016).
2015 2016
Ul U2 U3 U4 U5 Ul U2 U3 U4 U5
BODs | Cv 038 | 032 | 005 | 032 | 1.02 | 0.38 | 0.51 | 0.47 0.4 0.19
mg/L | COR| 0.58 | 0.63 | 093 | 0.63 | 0.35 | 058 | 0.51 | 0.53 | 0.57 | 0.75
Mx 23.2 | 252 | 37.2 | 25.2 14 232 | 204 | 212 | 228 30
COD Cv 028 | 032 | 038 | 022 | 0.32 | 0.22 | 0.39 | 042 | 0.73 | 0.17
mg/L | COR| 066 | 063 | 059 | 0.71 | 063 | 0.71 | 057 | 056 | 0.42 | 0.77
Mx 66 63 59 71 63 71 57 56 42 47
TSS Cv | 103 | 024 | 027 | 029 | 0.39 | 082 | 0.76 | 0.82 | 0.68 | 0.76
mg/L | COR | 0.35 0.7 0.67 | 0.65 | 0.58 0.4 0.41 0.4 0.44 | 041
Mx 21 42 40.2 39 34.8 24 24.6 24 26.4 | 24.6
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ABSTRACT

General Directorate of Surveying is considered one of the most important sources of maps in
Irag. It produced digital maps for whole Iraq in the last six years. These maps are produced from
different data sources with unknown accuracy; therefore, the quality of these maps needs to be
assessed. The main aim of this study is to evaluate the positional accuracy of digital maps that
produced from General Directorate of Surveying. Two different study areas were selected: AL-
Rusafa and AL-Karkh in Baghdad / Irag with an area of 172.826 and 135.106 square kilometers,
respectively. Different statistical analyses were conducted to calculate the elements of positional
accuracy assessment (mean L, root mean square error RMSE, minimum and maximum errors).
According to the obtained results, it can be stated that the maps of the General Directorate of
Surveying can be used in reconnaissance or in works that require low or specified positional
accuracy (eg. £5m), and it cannot be used for applications need high accuracy (e.g. precise
surveying).

Key words: accuracy, general directorate of surveying, maps, descriptive statistic.
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1. INTRODUCTION

Maps provide important information about the resources of earth and about the distribution of
these resources and help to identify their locations. Therefore, information from accurate maps
should be extracted; otherwise, the results will be surprised and may be unacceptable. Many
reasons lead to evaluating the map accuracy. First, a user may need to know how the extent of
the map that has been produced or it is needed to enhance or increase the quality of a map by
determining and correcting the errors sources. Second, it needs to compare between techniques,
algorithms and analysts to know which is best. Accuracy evaluation can be qualitative or
quantitative, expensive or inexpensive, quick or time consumption, has good and efficient
designed or inefficient. Accuracy evaluation identifies the accuracy of map which are created
from different datasets, thus, it is important and required, Congalton and Green, 2009. In this
research, the positional accuracy is adopted which is considered the most important type of
quantitative parameters.

Positional accuracy is the degree of matching of point coordinates taken from the map or
imagery which desired to evaluate its accuracy with the coordinates of the same points taken
from survey or other sources that considered more accurate. Positional accuracy can be referred
to horizontal (in plane) or vertical (elevation) accuracy, Russell, 2009. Several sources of error
can affect the positional accuracy of the map or referenced image, such as scanning errors, the
inherent error in the original map that used to produce these maps, image processing errors,
errors that occur during the collect of point samples and editing errors, Yanwei, 2005.

Several studies have been previously conducted to evaluate the positional accuracy of the various
spatial data sources. For instance, Potter , 2008, addressed horizontal positional accuracy for
Google Earth high-resolution imagery archive (A global images collection with roughly 2.5
meter resolution) using 436 control points distributed in 109 cities around the world. This was
carried out by comparing the locations of points from Google Earth with its locations from the
Landsat GeoCover which is an orthorectified product has absolute positional accuracy of less
than 50 meters Root Mean Square Error (RMSE). In order to assess the accuracy of Google
Earth, the locations of control points in Google Earth was compared to their corresponding
locations in Landsat. It was concluded that this sample of the control points has an overall
accuracy of 39.7m RMSE and the accuracy of these points was 24.1m RMSE in the more
developed countries, which are more accurate than the control points in developed countries that
have an accuracy of 44.4m RMSE. This means that the Google Earth high-resolution imagery is
sufficient to use in analyzing the remote sensing results with medium resolution.

In another study, Koukoletsos et al , 2011, evaluated the positional accuracy of OpenStreetMap
(OSM) data by comparing it with commercial data using a simplified version of the Increasing
Buffer Method. The study showed that OSM can be relied upon as a source of data, but there are
some limitations in its completeness in rural areas. Farah and Algarni, 2014, estimated the
positional accuracy of Google Earth in Riyadh city by appointed nine stations in the campus of
the King Saud University. They measured their coordinates using differential static-GPS
technique. The study concluded that the error (RMSE) of Google Earth is up to (2.18m), and
these results were similar to the results that obtained from other researches that conducted to
evaluate the positional accuracy of Google Earth. In 2015, Pulighe et al, analyzed the horizontal
accuracy of Google Earth images of Rom / Italy city for three different years: 2007, 2011 and
2013. They used (41) GPS points and (57) control points as an accurate source of data. Accuracy
was measured by calculating the differences between the real coordinates and the coordinates
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taken from the images. The data were statistically analyzed using the laws of descriptive
statistics and statistical graphics such as (histograms and Q-Q plot). The obtained results showed
that the Google Earth very high resolution imagery of Rom has accuracy about 1m and it is
possible to use these images to obtain precise measurements and produce large-scale maps.

This literary review showed how some of different spatial data sources are accurate in addition to
the possibility of using these data in some surveying works such as taking measurements and
producing maps in different scales depending on the accuracy of data.
The main purpose of this study is to test the positional accuracy of the maps produced from the
General Directorate of Surveying in Iraq for AL-Karkh and AL-Rusafa in Baghdad using
different statistical measurements and graphs.

2. DATASETS

In the last six years ago, the General Directorate of Surveying in Iraq produced digital maps for
whole Iraq with different detailed features. These maps are reliable as a source of spatial data for
different surveying applications. However, these maps, similar to other geospatial data sources,
need to ensure their quality to rely upon, especially for the applications that require high
accuracy. Thus, in this study, the accuracy of the horizontal position of the maps produced from
the General Directorate of Surveying was assessed. They were produced from several and
different sources. These sources are: satellite images, aerial photos, field surveying and Military
Survey Maps. These maps were produced using GIS software. These maps were referenced to
WGS84 spheroid and projected into UTM. In order to assess the accuracy of the General
Directorate of surveying maps, an aerial photo of 10 cm resolution that was referenced to the
WGS84 spheroid was adopted as a reference data. These aerial photo maps cover the two a case
study areas.

3.STUDY AREA

A photo map of Baghdad city was used to evaluate the accuracy of the maps of General
Directorate of Surveying. Two parts of Baghdad were chosen: AL-Karkh and AL-Rusafa as two
case studies. The study area in AL-Rusafa covers about 172.826 square kilometers, while the
part taken from AL-Karkh covers about 135.106 square kilometers. Both of the study areas
contain various features such as paved and non-paved roads, pedestrian roads, major roads,
agricultural areas, residential areas, hospitals, train stations, railways and other features that have
been reliable in the accuracy assessment. Fig.1 and Fig.2 show the case study areas that taken
from the Baghdad city map.

4. THE SAMPLE OF POINTS

Horizontal positional accuracy evaluation was conducted by selecting 186 and 120 tested points
from AL-Rusafa and AL-Karkh respectively. The coordinates of these points were extracted
using ArcGI1S10.2 software program from corrected Baghdad photo map. The tested points were
selected as sharp, clear and non-removable points such as road junctions, road endings and
beginnings. Fig.3 and Fig.4 show examples of point locations in AL-Rusafa and Karkh. These
points have been selected to be evenly distributed over the study area to represent all selected
part. Horizontal coordinates of these points were measured from both the targeted data (General
Directorate of Surveying maps) and the reference data (aerial image) and saved as tables.
Horizontal coordinates of these points were saved as excel sheet in order to be imported in the
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MATLAB code. This code has been programmed using MATLAB programming language in
order to calculate the elements of positional accuracy assessment.

5. EVALUATION POSITIONAL ACCURACY

Horizontal positional accuracy assessment was conducted on data from the General Directorate
of Surveying / Irag maps using descriptive statistics and some statistical tests such as t-test and f-
test. The descriptive statistics laws were applied to determine statistical elements such as (mean
M, RMSE, minimum and maximum values). They can be considered as a metric accuracy
measurement. The determination of spatial error in the elements requires calculating the
differences between the coordinates of test points to assess their accuracy (coordinates from
General Directorate of Surveying maps) and the reference coordinates (coordinates from aerial
image). Equations used to calculate these elements are presented in the next section. In addition,
the statistical tests that used in this study to calculate the errors convergence between the two
case studies will be also presented and discussed.

5.1 Statistical Procedures

In this study, the horizontal positional accuracy of maps is assessed for two components of
coordinates (Easting (E) and Northing (N)). This means that each of the statistical elements will
be applied in the E- and N-components. The calculations of statistical elements will depend on
computing the differences between the coordinates of the reference and target points (AE, AN).

Eqg. (1) can be used to calculate the arithmetic mean which is an expected value of error:
# — Z(En; Emi) (1)

H: the mean

E,; : reference coordinate (photo map coordinate)

E,,;: map coordinate (General Directorate of Surveying data)
N: total number of tested points

The RMSE is the square root of the mean of the differences between the reference coordinates
and the map coordinates and it can be calculated as follows:

N L .
RMSE = Zl=1(ET—lEml)2 (2)
N

RMSE: root mean square error

E,;: reference coordinate (photo map coordinate) of east component

E,,;: map coordinate (General Directorate of Surveying data) of east component
N: total number of tested points

The same procedure has been applied to the y-coordinate of tested points.
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6. RESULTS ANALYSIS
6.1 Results of Descriptive Statistics

The points which were extracted from the General Directorate of Surveying maps for the parts
AL-Karkh and AL-Rusafa have been statistically analyzed after excluding outlier points from
them. The MINITAP software version 16.1 was utilized to analyze the data graphically using
histogram and probability plots. The positional error values for points extracted from the parts of
AL-Karkh and AL-Rusafa along Easting (E) and Northing (N) coordinates have been calculated
by descriptive statistics laws as listed in Table 1.

It can be seen from Table 1. that the mean of errors for the differences in easting component
(AE) were 8.987m and 8.889m for AL-Rusafa and AL-Karkh, respectively, while the mean of
errors in the northing component (AN) were 13.010m and 11.480m for AL-Rusafa and AL-
Karkh. The RMSEs were 12.1553m and 11.2108m for the easting components while they were
16.2001 and 13.9143 for the northing component for AL-Rusafa and AL-Karkh, respectively. It
can be also noted that the resultants of the RMSESs (RMSEgy) were 20.2532m and 17.8686m for
AL-Rusafa and AL-Karkh, respectively. This means that there are errors in the point positions in
both easting and northing components. It can be also noted that the errors in the AL-Rusafa part
larger than the errors in AL- Karkh part and this is clear from the minimum and maximum
values. The maximum error in the easting components reach to about 40 m for AL-Rusafa and
27 m for AL-Karkh. While the maximum error in the northing components reach to 38 m and 30
m for AL-Rusafa and AL-Karkh, respectively. This means that the error values in point positions
in AL-Rusafa part are larger than the differences in AL-Karkh part.

6.2 Histogram Analysis

Histogram is one of the statistical tools that graphically represent distribution of numerical data
that grouped into frequency or percentage. Histograms give first indication of normally errors
distribution.

6.2.1 AL-Rusafa Case Study

Histograms of AL-Rusafa/Baghdad show that the normal distribution curves do not match the
easting and northing components very well. The histogram of easting component of AL-Rusafa
Fig.5 shows that the most errors ranging between (0-15) meters and the largest proportion of the
points contains inaccuracies ranging between (0-5) meters. It can be also seen sharp peaks on the
left of the histogram. The rest of the errors ranging between (20-40) meters with deviations on
the right side of the histogram.

Fig.6 shows the histogram of errors in the northing component of AL-Rusafa. It is clear from
this figure that the large proportion of the errors in the points ranging between 1-15 m. It can be
also noted that there is a great peak on the left side. This means that there is a large proportion of
point’s deviate of about 5-8 m from their true positions. Then the proportion of the errors
increases and reaches to about 40 m but in fewer rates of points.

6.2.2 AL-Karkh Case Study

It can be shown from the histograms of AL-Karh/Baghdad in Fig. 7 and Fig. 8 that the normal
distribution curves do not converge along easting and northing coordinates very well. It is clear
that the errors in the easting component is centered between 0 to 10 meters, then the error values
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increase but in less rate of points. The errors rise to more than 25 meters in different rate of
points. The majority of the points contain inaccuracies ranging from 3 to 5 meters. The northing
component errors are concentrated between 1 to 19 meters. Then the errors increase to more than
30 meters, while the proportion of these errors is increase and decrease. The majority of the
points contain inaccuracies ranging from 1 to 5 meters. There are sharp peaks on the left of the
histogram for both easting and northing components.

6.3 The Analysis of Probability Plot
6.3.1 AL-Rusafa Case Study

The probability plot follows a normal distribution for both the easting and northing components
but there are a number of points in the both ends take the long tail pattern Fig. 9 and Fig. 10.
This means that it bends from the straight line and do not follow the pattern of rest of the points,
and this is usually bending from the bottom to the bottom and from the top to the top. It can be
noted that the long tail pattern begins after approximately 25 m in the easting component and
after 32 m in the northing component. It can be also noted that the points that contain errors of
25 m and above in the easting component are more deviate from the straight line, which
represent the mean of errors, because of increasing the errors in these points. It can be seen from
these figures that the long tail pattern in the northing component is increasing to the top than in
the easting component for both case studies.

6.3.2 AL-Karkh Case Study

The probability plot of AL-Karkh follows a normal distribution for both easting and northing
components but there are number of points in the both ends take the long tail pattern Fig. 11 and
Fig. 12. The long tail pattern begins after approximately 20 m in the easting component while it
begins after 27 m in the northing component. It can be seen that the points to the right of easting
component, which represent the points that contain errors more than 20 m, are deviated from the
mean (straight line) more than the points in the northing component because of increasing the
errors in these points which lead to this deviation.

6.4 The Horizontal Shift Analysis

The horizontal shift can be calculated using Eg. (5) which represents the deviation of point from
its true position in both directions easting (E) and northing (N). The horizontal shift was
computed for each point in the both case studies. The minimum horizontal shifts were 0.740 m
and 1.073 m for AL-Rusafa and AL-Karkh respectively, while the maximum horizontal shift
reaches to more than 50 m for AL-Rusafa and more than 30 m for AL-Karkh. The mean
horizontal shift was 17.218 m and 15.893 m for AL-Rusafa and AL-Karkh respectively as
illustrated in Table 2.

Horizontal shift = VAE? + AN? (3)
Where:

AE:The difference between reference coordinates and tested coordinates in the east direction.
AN:The difference between reference coordinates and tested coordinates in the north direction.

The histogram of the horizontal shift was produced for both the case studies as shown in Fig. 13
and Fig.14. The horizontal errors follow the normal distribution curve in the two case studies but
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do not much the normal distribution curve very well. It can be seen that errors in AL-Rusafa part
centered between (1 to 30) m then it increases and reaches to more than 50 m, while in AL-
Karkh part, the errors rise in some points and become lower in the other until they reach to more
than 30 m. From these figures and Table 2, it can be concluded that the horizontal shift errors in
AL-Rusafa part greater than errors of AL-Karkh part and it can be also seen that errors in AL-
Karkh part are more normally distributed.

7. STATISTICAL TESTS

This section will discuss the T-test and F-test that used in this research. T-test was used to see
how close the errors in the study areas to each other. F-test was applied because it is one of the t-
test requirements. T-test one of the important statistical tests and the most frequently used in
studies that designed to detect statistical differences between the means of two samples,
Heiman, 2013. Types of this test are: one sample t-test and two samples t-test. To conduct this
test, two hypotheses should be assumed: null hypothesis (HO) and alternative hypothesis
(Ha).While the F-test represents the ratio between the variances of two populations, and it is one
of the t-test requirements, Berenson and Levine, 1998.

In the current study, two sample of T-test was used to determine whether the errors between the
two case studies were convergent or not. MINITAB software was used to conduct this test
because it contains tools to facilitate the calculations. Before applying T-test, F-test should be
applied firstly to compare the variance of the two datasets. Before starting these tests, it should
be applying normality test, which was designed to find whether the data are normally distributed
and following the normal distribution curve or not.

7.1 The Statistical Tests Results

In order to test the difference in error values between the two parts of AL-Karkh and AL-Rusafa,
two Samples T-tests were adopted to detect whether the errors of AL-Karkh convergence to
errors of AL-Rusafa or not. Hypotheses for this statistical test are the null hypothesis which
states as follow:

Ho: M1= M2

where:

pl: mean of AL-Resafa part

p2: mean of AL-Karkh part

While the alternative hypothesis (H;) states (Hi: p1# po).

In this test, (95%) has been used as confidence level and the results have been discussed based
on the (P) value. If the P value is more than (0.05) this means that the mean of the two compared
parts are equal and if the P value is less than (0.05) this means that the mean of the two
compared parts are not equal.

In this study, after applying T-test on the coordinates taken from Baghdad map for the two case
studies (AL-Karkh and AL-Resafa), the results showed that these values of coordinates have P
value larger than 0.05 for both easting and northing. This means that the discrepancies between
the two case studies were close. The results also showed that the P value for the easting
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component is greater than p value for northing component, which means that errors in the north
coordinates greater than errors in the easting coordinates. The results from these tests are shown
in Table 3.

The results obtained from applying two sample t-test have been analyzed as a box plot, see Fig.
15 and Fig. 16. The box plot reflects the convergence of errors in the two case studies
graphically. The horizontal axis represents the different in easting and northing components in
the two case studies while the vertical axis represents the errors in the two case studies. The
upper circle refers to the mean value, the lower circle represents the median value and the
straight line represents the different in means of the two case studies. The difference between the
mean of the two case studies has been taken. The low value of the mean means that the errors
between the two case studies are converges. From box plot analysis, it is clear that the difference
in mean values between the study areas was 0.098m in easting component and 1.530m in
northing component. These results showed that the match is good with respect to the easting
coordinates but it becomes less in the northing coordinates.

8. CONCLUSIONS

This study presented the spatial accuracy assessment of the digital maps that produced by
General Directorate of Surveying Irag. Two study areas: AL-Karkh and AL-Resafa in Baghdad
were selected as two case studies and the point samples were extracted in order to use them in
the assessment. Different statistical tests and analysis were applied to compute spatial accuracy
assessment. MATLAB and MINITAB software were utilized to represent the errors graphically.

After the elements of positional accuracy assessment were calculated, the mean of errors were
8.987m and13.01m of the easting and northing components of AL-Rusafa respectively, while the
errors were 8.889m and 11.480m of the easting and northing components of AL-Karkh
respectively. The RMSEs were 12.1553m and 16.2001lm for the easting and northing
components of AL-Rusafa, while they were 11.2108m and 13.9143m for the easting and
northing components of AL-Karkh.

The statistical tests (t-test and f-test) were used in order to see whether the errors in these map
are converge or not. Therefore, t-test was applied on the data that taken from the two case studies
(AL-Rusafa and AL-Karkh).The results showed that the errors in the two case studies are
converge.

From these results it can be shown that these maps have limited positional accuracy and they
cannot be used in the precise surveying works (of accuracy, for example, £0.5 m). While it can
be used in the not precise surveying works (with accuracy, for example, +2m) such as
reconnaissance or academic studies.
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Figure 1. The study area of AL-Rusafa (General Directorate of Surveying).
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Figure 3. Point 1 in AL-Rusafa part: it is an intersection of two roads.
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Figure 4. Point 23 in AL-Karkh part: it is an intersection of road and bridge.
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Figure 5. Histogram of the errors in Easting coordinates in AL-Rusafa map.
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Figure 6. Histogram of the errors in Northing coordinates in AL-Rusafa map.
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Figure 7. Histogram of the errors in Easting coordinates in AL-Karkh map.
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Figure 8. Histogram of the errors in Northing coordinates in AL-Karkh map.
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Figure 9. The probability plot of Easting coordinates in AL-Rusafa map.
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Figure 10. The probability plot of Northing coordinates in ALRusafa map.
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Figure 11. The probability plot of Easting coordinates in AL-Karkh map.
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Figure 12. The probability plot of Northing coordinates in AL-Karkh map.
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Table 1. The results of descriptive statistics of tested datasets.

Descriptive AL-Rusafa AL-Karkh
statistics AE (m) AN (m) AE (m) AN (m)
Mean 8.987 13.010 8.889 11.480
Min 0.004 0.018 0.035 0.042
Max 39.757 37.587 26.669 29.797
RMSE 12.1553 16.2001 11.2108 13.9143
Total RMSE 20.2532 17.8686
Table 2. Horizontal shift in the two case studies.
Horizontal Shift (m)
AL-Rusafa AL-Karkh
Minimum shift 0.740 1.073
Maximum shift >50 >30
Mean shift 17.218 15.893
Table 3. Results of statistical tests.
Method Statistic parameter E difference N difference
F-test DF1 185 185
DF2 119 119
Test Statistic 1.43 1.50
P-Value 0.035 0.017
T-test T-Value 0.11 1.51
P-Value 0.910 0.132
DF 284 287
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ABSTRACT

Induction motor faces various stresses during operation conditions. The conditions of
monitoring, diagnosis of faults and protection become needful in order to avert tragic failures.
The stator winding faults are usually related with insulation failures which are generally known
inter turn, line-to-ground, line-to-line and loss phase faults. Discrete and packet wavelet
transforms can be employed to extract certain features for induction motor line currents to
diagnosis between the healthy and faulty conditions and detect the type of fault. This paper
proposes a current signature from the second level of decomposition (ad?) and (dd?). The
mother wavelet is chosen according to mean square error (MSR) technique, while the optimal
level of resolution is chosen according to non-normalized Shannon entropy criterion. The
Matlab-simulation results reflect that the proposed signature method has the ability to detect and
discriminate the fault within quarter cycle (using Laptop computer,Windows_7,Matlab_R2010a).
Keywords: wavelet packet transform, induction motor protection, Shannon entropy, MSR.
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1. INTRODUCTION

Induction motor is commonly used in industries application for many causes; it is simple
construction, solid and high reliability like compressors, low maintenance requirement, such as
fans, pumps and other applications. The harmonics which are included in induction motor
currents are used as indication of various faults. The Squirrel cage induction motor is an
important type as it can operate during fault conditions until the fault becomes rise, Hamma,
2014, Gaeid, and Ping, 2011, Jawadekar, et al., 2014.

Many various techniques are applied to fault detection that focus on the stator faults to non-
invasive properties. The tools of signal processing contain discrete Fourier transform (DFT), fast
Fourier transform (FFT) are useful tools for non stationary signal analysis,Yang, et al., 2003,
Coifman, and Meyer, 1992. The techniques of FFT signal processing which are depend on the
stator current fundamental frequency, motor speed and load are enough for faults diagnosis but
sometimes they cannot be applied for high sharp signals with nonlinear systems, Hamma, 2014.

The wavelet technique is capable to get information in frequency and time domains in
additional to it have a high sensitive for diagnosis faults compared with classical signals
processing techniques such as DFT and FFT, Pons-Llinares, et al., 2015. The wavelet becomes
one of the most important tools which are used for analyzing the frequency and time domains. It
has multi-resolution analysis and perfect time localization which produces very attractive
researchers in faults diagnosis Zhang, et al., 2015.

A research has been done to enhance and perform reliable technique to monitor, protection
and diagnostic faults of electrical machines. These techniques are based on applying tools for
digital signal processing on stator currents of induction motors, Liang, et al., 2002. Another
technique, Fuzzy logic is applied in induction motor faults detection, Mini, et al., 2010,
Agrawal , et al., 2015, besides the wavelet technique. The last is used in transformer protection,
Saleh, and Rahman, 2005, Saleh, 2003, to discriminate inrush and normal current from faulted
current. The wavelet is also used for permanent magnet motor faults protection, Kafiey, 2006,
Pons-Llinares, et. al., 2015. The technique uses the detail coefficients form the second level to
find a signature for line current which is used for faults diagnosis.

In this paper, the WPT is used to construct an extraction features from the second level
details and approximation coefficients. For this purpose, the paper includes collection of data
from a 3-phase induction motor for different faults for no load and different loading conditions,
chosen of the optimized mother wavelet and optimized levels number for resolution used off-line
testing for data collected by Matlab_R2010a environments.

2. WAVELET PACKET TRANSFORM (WPT)

The wavelet packet transforms are alternative base; it forms the linear-collections wavelet
components. They get property like time-frequency location of their identical wavelet
components. A wavelet packet component is composed of three indices (j), (k) and (n), as shown
in Eq.(1), Coifman, and Meyer, 1992, Kafiey, 2006, Mohd Tumari, et al., 2013, Khan, and
Rahman, 2008.

wih =272 wh( 27t — k) (1)

The wavelet packet transform allows to make multi-resolution analysis of signals as they are
possible to have similarity of the connected scaling function and smooth wavelet with
consolidated support. Any resolution level (j) in wavelet packet transform contains (2/) cases
which they are formed through low pass filter (LPF) and high pass filter (HPF) tree. The process
up to 2" level of resolution as shown in Fig. 1.
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The original signal x(n) that has the length (N) is decomposed in the first level. The
decomposition tree creates two-frequency sub-bands, the LPF (G) which is the approximation
coefficient (a) with length (N/2) and HPF (H) which is the detail coefficient (d*) with the length
(N/2). The 2" decomposition level creates four-frequency sub-bands represented the same
group filters in the first level of resolution, (aa?), (ad?), (da?), (dd?) with length (N/4) for each
one. These operations are repeated while the original signals are become as sampled to a sure
level of frequency in Hertz which represent highest-rate frequency that signal could restrain.

3. SIMULATION SETUP AND DATACOLLECTION

The initial and important step in this work is to setup the protected induction motor with all
the necessary blocks to accurately collect the needed data. The needed data consists mainly of
three phase normal currents (unloaded, loaded) and fault currents Line to Ground unloaded and
loaded fault, Line to Line unloaded and loaded fault, multi-ratio turn to turn unloaded and loaded
fault, phase loss unloaded and loaded fault. The collected data is employed for choosing both the
optimized mother wavelet and number of level of decomposition. A 3-ph induction motor of
10hp, 380V, 4-poles, 1440 rpm, 50Hz is used in this simulation.

The sampling frequency of 12.8 kHz (256 samples /cycle) is applied in the proposed
simulation. The fault signatures are the research requirement from the model simulation of
induction motor.

3.1 Modeling of Healthy Induction Motor

The stator and rotor equations for flux, voltage, and torque in dq axis theory are shown in
Eq.(2-5), Gerhard, 2002, Djalal, and Aissa, 2009, Obed, 2010.

- = Va1 — lg1- Ry + w1.¥Pgq (2
0 = vy — g1 Ry — 01 ¥ 3)
dlzltdz =—i'gy- R’y — (0w — 0)1)'1”,(12 4)
dlzltqz =g R+ (0 —w)¥ g )

The current equations result from the flux linkages equations as shown in Eq.(6-9).

. 1 .,

ta1 = - [Pa1 — Lin- Va2l (6)
. 1 .y

lg1 = L_s [lIUql — L. 0 q2] (7)
.y 1 , .

Vaz = - [ a2 — Lin-la1] (8)
. 1 , .

Lg2 = ; [V q2 — L. lql] 9)

The dynamic equation as shown in Eq.(10).

dw _p

= 5 [P-(Par-lar — You.taa) — My (10)
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3.2 Stator Faults Modeling of Induction Motor

In this section, it is representative a simulation model for squirrel-cage induction motor under
multi-stator faults conditions. A model takes the effects of shorting for one or more circuits of
stator phase winding as turn-to-turn phase fault, line-to- line fault, line-to-ground fault and loss-
phase.
The stator faults are defined by two parameters:
— A real angle represents between stator phase axis (i.e. phase A) and turn-to-turn stator winding
which is a localization parameter(6,..). It allows the faulty winding that occurs in specific
localization (0, 27/3, or 4m/3) corresponding respectively to a short circuit on the stator phases A,
BorC.
— The ratio of number of turns short circuit winding to total number winding in same phase as
shown in Eq.(11). This detection parameter (n..) allows measure the unbalance value of short
circuit winding, Smail, et al., 2006, Jesper, and Carsten, 2006, Khan, et al., 2007.

nee = == (11)

ns

The short circuit currents as shown in Eq.(12-15):

fcck = 52k . P(=6). Q(8ccr)- P(6)- gy (12)
cos(8) cos(6 + g)
@) = | . . n (13)
sin(8) sin(0 + ;)
_ cos(B,.)? cos(B,.) .sin(8,.)
Q%) = [cos(@cc).sin(HCC) sin(f,.)? ] (14)
The resultant dq stator currents became as shown in Eq.(15)
idql = i,dql + Z?:l lecK (15)

3.3 Data Collection for Various Operating Conditions

Each stator winding is characterized by its faulty parameters (Mek ,0cck). The desired
simulation results include different fault currents. Fig. 2 shows the 25% turn to turn (phase B)
fault condition case. Fig. 3 shows the full phase B to ground fault condition case of induction
motor. Fig. 4 shows the phase to phase (10% turn phase A with 25% turn phase B) fault
condition case of induction motor. Fig. 5 shows the loss phase (phase-A) fault condition case.

4. SELECTION OF OPTIMAL MOTHER WAVELET FUNCTION AND LEVEL
NUMBER OF DECOMPOSTION

The collected data are mainly used for simulation test and for applying the mean square error
(MSR) technique criterion in the MATLAB environment. It is also applied to choose the optimal
mother wavelet filter. The non normalized Shannon entropy based criterions are used for
determining the optimize decomposition level numbers. Mother wavelets have many types that
used for analysis such as, Daubechies (db.), Coiflets, Symlets, Haar, etc. The simulated data is
used for choosing of the mother wavelet filter.
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4.1 Selection of Mother Wavelet Filter

There are a number of wavelet families which can be applied for electrical power system
transient application. The variable orthogonal and non-orthogonal wavelets of the Matlab
wavelet toolbox could be tested by the mean square error (MSR) technique criterion for the
optimal mother wavelet selection. The candidate mother wavelets with different length of filters
for this work are:
1. Orthogonal Wavelet Families which contain Daubechies (db3, db4), Coiflet (coifl, coif3), and
Symlet (symb5).
2. Biorthogonal Wavelet Families which contain (Dmey).

MSR technique is used for selection the optimal mother wavelet. The MSR index could be
determined for the original signal x(n) and the reconstructed signal x*(n), Saleh, 2003 ,Kafiey,
2006, Mohd Tumari, et al., 2013 as shown in Eq.(16):

e=|lx—x| = (ZhZ6 Ix —x*)"0.5 (16)

The results of the mean square error indices for healthy and multi-types of fault signals are
given in Table 1:

The Daubechies family (db3) is selected as a mother wavelet because it has the smallest
MSR indices as a dominate of all the candidate mother wavelets. As a result, ‘db3’ can be
employed to carry out a MRA with the highest degree of similarity between the approximations
and the original signal.

4.2 Selection of Optimal Level of Decomposition

The resolution levels number of the WPT chooses the resolution of an original signal in
expression of its time and frequency with great time resolution. So, a signal decomposes into
many different levels. But the compulsion of high memory requirements and complex
calculations in real time applications, the optimum resolution levels number is the least number
of decomposition levels, wherever the decomposed signal could be reconstructed into the
original signal without any loss of its information.

In this section, the optimal levels number of resolution is determined by the non normalized
Shannon entropy criterion using the chosen optimal mother wavelet ‘db3’. The entropy
values H(x) of any subspace of wavelet packet tree as shown in Eq.(17), Obed, et al., 2011.

HX) = — XnZ51 x(n) |2 * log | x(n) |2 (17)

The entropy of a parent sub-space compares with its children sub-spaces to find optimal out
level of resolution by the equation as shown in Eq.(18), Hassan, et al., 2016:

Fig. 6 shows the entropy values of each subspace of wavelet packet tree up to the 3" level of
resolution in case of normal no-load current of the induction motor.

Here, according to Eq.(18) the children subspaces can be kept in the tree because the entropy
values of each children subspace are lower than these of their parent's substance consented. As a
result, the decomposition signal up to the third level of resolution is not enough to represent its
properties.
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Fig. 7 gives the entropy values of each subspace of wavelet packet trees up to the third level
of decomposition for the phase to phase stator winding fault current of the induction motor.
Here, the entropy values of high frequency details of the first level are lower than its combined
children subspaces. A according to Eq.(18) the entropy values of each children subspace are
higher than these of their parent's substance consented which its children can be omitted from the
tree.

So, the optimal resolution level is the second level which is enough calculation to use with
the wavelet packet transform algorithm. It is based on the protection requirements of fault
current disturbance in induction motors.

5. PROPOSED DISTURBANCE AND CLASSIFIER DETECTOR

The modern approaches for induction motor protection are mainly based on the mathematical
modeling of the motor according to the disturbances. These approaches monitor currents
waveforms of the faulted motor in order to detect and diagnose faults in induction motor drive.
The algorithm is used on WPT analysis of fault currents.

5.1 Colour Strip of the WPT-Coefficient for Different Fault Currents

In this section, a proposed signatures analysis criterion is used for the feature extraction.
Figs. 8-11 show time location color diagrams of the coefficients of wavelet packet transform
(ad?),(dd?) of line currents of (unloaded—loaded) normal and fault conditions. When a
disturbance occurred as in Figs. 10-12 the details (dd?) shows a high density of color strips
between the faulted regions which are compared with these of healthy current (load and unload)
of Figs. 8-9, Khan and Rahman, 2010.

5.2 WPT Proposed Algorithm for Tripping Signal

The evaluation of the Wavelet Packet Transform coefficient could be down by filtering the
signal with filters created by the optimal mother wavelet (db3). Fig. 12 shows the realized
procedure as in Flowchart.

The proposed wavelet packet transform algorithm for protection the three phase induction
motors checks the highest frequency sub band values for the resolution 2™ level (optimal level
of resolution) of the wavelet packet transform. It determines whether those values are greater
than the threshold value or not. The thresholds are set by minimum of absolute of WPT-
coefficient values aa?, ad? and da? of the highest frequency sub band which determined under
the normal condition of the induction motors. It is to be noted that because of leakage energy
between the low pass filter and high pass filter magnitude response and the effect of induction
motor parameters on the magnetic saturation, some highest frequency sub-band components are
present at the 2" level high frequency approximate and detail coefficients for the state under
normal operating condition of induction motor.

The required off line test will contain multi-fault currents and healthy operating current as
details.Fig. 13 shows the case of unload-to-load normal (un-faulted) duration condition of the
induction motor model, Fig.14 shows the case of loaded normal (un-faulted) steady state
condition. They are clear that the WPT algorithm has responded accurately by keeping the status
of the trip signal unchanged. Figs. 15-23 show the multi-case of un-normal (faulted) duration
condition of the induction motor. They are clear that the WPT algorithm has specified the
troubles fairly and changed the trip signal case at the first quarter cycle after the fault
appearance.
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6. CONCLUSIONS

This paper proposes an approach for diagnoses stator fault types from three phase stator
currents based on wavelet packet transform. It can conclude the follows:
* The optimal chosen of mother wavelet and the number of decomposition level evaluate the
wavelet packet transform coefficients to help the correct discrimination between healthy and
faults conditions. The proposed approach revels accurate, fast and reliable method which could
be applied in protection of stator faults of induction motor.

* The WPT algorithm has changed the status of accurately by keeping the case of the trip signal
only for the status of fault current data, and it occurred almost at the first a quarter cycle of the
fault (first frame of cycle fault which contain 64 samples) occurrence on a 50Hz system. The
response of the WPT algorithm was very fast when it compared with the use of DWT in
transformer protection with a different signature approach, Saleh, and Rahman, 2005, Saleh,
2003, which need half cycle to appear the trip signal after the time of fault occurrence.

* The Shannon entropy values can be used to show leakage energy between the HP and LP
filters magnitude response for in the cases of multi- stator faults operating condition of the
induction motors.

* The important features for fault detection is taken-out based on density of color strips of the
WPT coefficients of fault currents, which able to supply reliable and correct diagnostic multi-
fault currents. The WPT algorithm depends on the similarity of high frequency components dd?
of line currents of the wavelet packet tree.

NOMENCLATURE

€ = mean square error index (MSR).

n.. = number of inter-turns S.C windings.
n, = total number of turns S.C windings.
0. = short-circuit rotor angular position.
Y(t) = wavelet function.

W4, = stator d axis flux linkage.

Wy, = stator g axis flux linkage.

Y’ 4, = rotor d axis flux linkage.
W42 = rotor g axis flux linkage.

w =rotor speed, rad/sec.

w, =synchronous speed, rad/sec.

G = low pass filter (LPF).

H = high pass filter (HPF).

H(x) = the value of entropy.

i.c = short-circuit currents, A.

ig1 = stator d axis currents, A.

i41 = stator g axis currents, A.

i’ 4o = rotor d axis currents, A.

[’z = rotor g axis currents, A.

J =moment of inertia of motor, Kg.m2.
J =scale operations index.

K= number of the stator phase.

k =translation operations index.

144



Number 11 Volume 23 November 2017 Journal of Engineering

Ls =stator self inductance per phase, Henry.
L, =rotor self inductance per phase, Henry.
L, =mutual inductance, Henry.

M,, = load torque, N.m.

N = length of signal.

n =modulation parameter index.

P = number of pole pairs.

R, = stator resistance per phase, Ohm.
R, =rotor resistance per phase, Ohm.
V41 = Stator d axis voltages, V.

vqq = Stator g axis voltages, V.

x(n) = the original signal.

x(n) = the reconstructed signal.

X(t) = continuous signal.

CWT = continuous wavelet transform.
db = Daubechies mother wavelet.
DFT = discrete Fourier transform.
DWT = discrete wavelet transform.
FFT = fast Fourier transform.

MRA = multiresolution analysis.

Sym = symlet mother wavelet.

WPT = wavelet packet transform.
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Figure 2. 3-ph currents for the case 0f 25% inter turn to turn (phase B) fault condition.
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Figure 3. 3-ph currents for the phase to ground (phase B) fault condition case.
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Figure 4. 3-ph currents for the phase to phase (10% Phase A - 25% Phase B) fault condition.
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Figure 5. 3-ph currents for the case Of loss-phase (phase A) fault condition of induction motor.
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Figure 6. The entropy values of each subspace of wavelet packet tree up to the 3rd level of
decomposition for the normal no-load current of the induction motor state.
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Figure 7. The entropy values of each subspace of wavelet packet tree up to the 3rd level of
decomposition for phase to phase load current fault of the induction motor state.
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Figure 12. Flowchart of the proposed (WPT) disturbance detector.
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Figure 13. WPT based indicator response and 3-phase stator currents of the healthy (un-faulted)
no load-to-load duration condition.
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Figure 14. WPT based indicator response and 3-phase stator currents of the normal (un-faulted)
loaded condition.
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Figure 15. WPT based indicator response and 3-phase stator currents of the 10% turns of phase
B fault condition case.
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Figure 16. WPT based indicator response and 3-phase stator currents of the 15% turns of phase
B fault condition case.
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Figure 17. WPT based indicator response and 3-phase stator currents of the 20% turns of phase
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Figure 18. WPT based indicator response and 3-phase stator currents of the 25% turns of phase

B fault condition case.
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Figure 19. WPT based indicator response and 3-phase stator currents of the phase-to-ground
(phase B) fault condition case.
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Figure 20. WPT based indicator response and 3-phase stator currents of the 10% turns phase A -
to- 25% turns phase B fault condition case.
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Figure 21. WPT based indicator response and 3-phase stator currents of the 10% turns phase A -
to- 50% turns of phase B fault condition.
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Figure 22. WPT based indicator response and 3-phase stator currents of the 25% turns phase A-
to- 50% turns phase B fault condition case.
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condition case.

Table 1. the Mean Square Error (MSR) indices for multi-types of signals

dmey db3 db4 db44 symb Ccoif3

Healthy 7.17 1.87 7.02 1.25 5.84 6.10
(load) E-05 E-12 E-13 E-03 E-13 E-13
Healthy 6.32 2.64 3.17 2.14 3.30 3.48
(no-load) E-08 E-13 E-13 E-06 E-13 E-13
10%Turn 2.51 5.14 5.63 1.46 5.75 5.90
(no-load) E-04 E-07 E-07 E-03 E-07 E-07
Phase loss 4.20 5.30 2.80 1.95 3.88 1.01
(No-load) E-03 E-10 E-10 E-01 E-12 E-11
Line-Ground 3.32 5.88 2.97 1.89 4.87 1.88
(load) E-03 E-10 E-10 E-01 E-12 E-11
Line-Line 141 1.72 3.44 6.26 1.17 3.69
(load) E-03 E-10 E-11 E-02 E-12 E-12
Sum 9.26 5.15 5.64 4.49 5.75 5.90
(error) E-03 E-07 E-07 E-01 E-07 E-07
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Facters affected trends of Contemporary Mosques Architecture
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Lecturer Assistant Professor
Department of architecture-technology university Department of architecture-technology university
Asmaamh1@Yahoo.Com z_alobaidi@yahoo.com
ABSTRACT

Recently new trends of mosques’ architecture have appeared. These trends differed from those
of traditional ones in charictaristics which include two and three dimentional level. The
traditional mosques' architecture are affected by several factors, so the research problem is (lack
of knoweledge about factors forming traditional mosques' architecture and its effect on
contemporary trends of mosques' architecture).The hypotheses of research is (the functional,
aesthetic and symbolic religious factors of style are the most active factors in forming
contemporary trends of mosques' architecture than religious and environmental factor).The
research conclusion is that the symbolic functional factor is most effective factor in forming the
layout of contemporary trends of mosques architecture while aesthetic and symbolic religious
factors represent the factors that form main prayer hall and formal level of new trends.

Keywords: traditional mosque architecture, styles, contemporary mosque architecture.
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