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ABSTRACT

This research aims to investigate and evaluate a reactive powder concrete (RPC) cast using

economical materials. Its mechanical properties were investigated and evaluated by studying the
effects of using different cement and silica fume contents and locally steel fibers aspect ratios as
reinforcement for this concrete. A compressive strength of about 155.2MPa, indirect tensile
strength of 16.0MPa, modulus of elasticity of 48.7GPa, flexural strength of 43.5MPa, impact
energy of 3294.4kN.m and abrasion loss 0.59% have been achieved for reinforced RPC contains
910 kg/m® cement content, silica fume content 185 kg/m® of cement weight and fiber volume
fraction 2%. The water absorption values were 1.5 times higher for the normal strength concrete
in comparison with the reactive powder concrete.

Keywords: reactive powder concrete, mechanical properties, abrasion, impact strength, steel
fibers
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1. INTRODUCTION
1.1 Background

The development of concrete material may be divided into several stages. The first is the
traditional normal strength concrete (NSC). The second is the high strength concrete (HSC) that
is considered to be the strongest and stiffest cement based material. HSC has a compressive
strength of approximately 70 MPa, a flexural strength of about 10 MPa and a Young's modulus
of 14 to 42 GPa. Now, given the improvements on a microscopic scale, the technology of the
Reactive Powder Concrete (RPC) is covered by one of many patents in a range known as Ultra
High Performance Concretes ,Xiaoa, et al., 2004.

Reactive powder concrete (RPC) is a new generation concrete with ultra-high performance
and it was developed through microstructure enhancement techniques for cementitious materials
,Richard and Cheyrezy, 1995. As eliminated the coarse aggregates, reduced the water-
cementitious material ratio, lowered the CaO to SiO, ratio by introducing the silica components,
and incorporated steel micro-fibres ,Chan and Chu, 2004. RPC has a remarkable strength and
very high ductility. Its ductility is about 250 times higher than that of conventional concrete
,Shaheen, and Shrive, 2006. Nowadays, RPC seems to be a promising material for special pre-
stressed and precast concrete members. Due to ultra-high mechanical performance of RPC, the
thickness of concrete elements can be reduced , Aitcin, 2003.

RPC represents one of the most recent technological leaps witnessed by the construction
industry. It lies at the forefront in terms of innovation, aesthetics and structural efficiency,
Prabha, et al., 2010. This new family of materials has compressive strengths of 170 to 230 MPa
and flexural strength of 30 to 50 MPa, depending on the type of fibers used ,Moallem 2010 and
AL-Hassani, 2014. Additionally, it has a tensile strength of between 6 and 13 MPa that is
maintained after first cracking. The traditional concrete has tensile strengths on the order of 2 to
4 MPa that is lost when cracking occurs ,Washer, et al., 2003. It has also an increased
resistance to abrasion, erosion, corrosion and greatly reduced permeability to moisture, chlorides
and chemical attack ,Moallem 2010 and Abdelrazig, 2008. In order to achieve ultra-high
strength and ductility, RPC should contain some steel micro-fibres and has a very low water-
cementitious material ratio ,Talebinejad, et al., 2004. When cracking appears on a very small
scale, the fibres intervene to prevent the microscopic crack from being propagated and causing
the ruin of the structure. During multi-cracking of material, action known as of "bridging" of
cracks by fibres involves many micro-mechanisms.

One of the most significant assets of RPC is the improvement in compressive strength; RPC has
been demonstrated to achieve compressive strengths ranging from 23-33 ksi (158-228MPa)
,Perry and Zakariasen, 2003. This improvement in compressive strength has far exceeded the
results achieved with conventional concretes and may allow for the possibility of RPC to be
more competitive in markets that have been typically dominated by steel construction ,Harris,
2004. The significant improvements in compressive strength are complimented by the fact that
RPC also exhibits tensile strength that has not been demonstrated in conventional concretes.
This tensile strength allows the material to support both pre-cracking and post-cracking loads
without experiencing the brittle failure that would be common in a conventional concrete. RPC
has demonstrated tensile strengths ranging from 0.9-1.7ksi (6-12) MPa with various curing
regimes and standard ASTM testing methods ,Kjellsen and Atlassi, 1999. These tensile
strengths were achieved as a result of the interaction of the steel fibers on the microscopic level
and their ability to sustain load after the onset of cracking ,Harris, 2004.

In addition to the improvements in tensile strength, UHPC can also achieve flexural strengths
ranging from 5,000-7,200 psi (35-50 MPa) ,Perry and Zakariasen, 2003. This combination of
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the tensile and flexural strength makes UHPC an extremely ductile material, capable of
supporting significant loads beyond cracking ,Harris, 2004.

Experimental study carried out on the tensile behaviour of different Ultra High Performance
Fiber Reinforced Concrete (UHPFRC) mixes using four types of high strength steel fibers;
straight with aspect ratio 65, hooked with aspect ratio 79, high twisted with aspect ratio 100, and
low twisted with aspect ratio 100 with different volume fractions (1%, 1.5%, 2% and 2.5%). The
results showed that both the tensile strength and the maximum post-cracking strain are
significantly improved by using deformed steel fibers instead of smooth fibers. Moreover the
path of the stress strain curves of UHPFRC reinforced with hooked steel fibers and UHPFRC
reinforced with twisted steel fibers are similar up to the peak load of UHPFRC reinforced with
hooked steel fibers. While UHPFRC reinforced with hooked steel fibers begins softening at post
cracking strain tp = 0.46%, UHPFRC reinforced with twisted steel fibers keeps increasing the
tensile stress up to post cracking strain gtp ~0.6% ,Wille, et al., 2011.

The mechanical properties and impact resistance of RPC containing silica fume and ground
granulated blast furnace slag (GGBFS) and fly ash as a replacement by weight of cement were
studied. To improve ductility, steel fibers with polypropylene fibers in hybrid were used. All
specimens were cured in 20°C and 90°C for 7, 14 and 28 days. The test results showed that the
modulus of elasticity is 50 to 60GPa. Initial results from simple impact load test on 1000 mm
square, and 100mm thick unreinforced slab supported on all sides, were very encouraging. The
concrete on the top was powdered under repeated impacts but there was no indication of tensile
cracking. After 70 impacts, a cone of concrete sheared off from the underside of the slab when
the thickness of the slab had been reduced by the powdering on the top surface ,Marios, et al.,
2003. The mechanical properties and impact resistance of RPC were investigated. Tests on the
mechanical properties indicated that RPC has enhanced tensile strength and ductility; i.e.
Flexural strength values are likely to be between (30-60) MPa and fracture energies above
10000 J/m?.It has been shown that concrete with compressive strength as high as 200 MPa and
flexural strength as high as 40 MPa can be produced in the laboratory and the addition of steel
fibers to the RPC mixes increase not only the flexural strength and ductility but also increase the
compressive strength ,Soutsos, et al., 2001.

1.2 Research Objectives

In this context, the present study is devoted to investigate the feasibility of manufacturing
reactive powder concrete RPC mixtures with its ultra mechanical properties using locally
available materials in Irag. The main variables are; cement content, silica fume content and steel
fibers. In this research, the available sand with its suitable size for this type of concrete and two
types of cement ordinary Portland and sulphate resisting Portland cement are used instead of
using expensive materials such as quartz powder and steel aggregates to produce comparable
mixtures as most researchers do. The experimental test program is performed to study the
behaviour of the RPC under the previous variables in compressive strength, modulus of
elasticity, indirect tensile strength, flexural strength, water absorption and impact strength. In
this research, the effect of compressive strength and number of blows on abrasion loss of normal
and reactive powder concrete was taken into consideration. This research provides data for the
researchers concerning main properties of RPC manufacturing using economical (local)
available materials.
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2. EXPERIMENTAL SET-UP

All tests in this research were carried out in the Construction Materials Laboratory in Civil
Engineering Department, College Engineering, Babylon University. The materials used,
preparing, casting, curing of test specimens and testing procedures were discussed in this
section.

2.1 Materials

2.1.1 Cement

Two types of Portland cement, conforming to the 1QS 5/1984 are used. The first type is
ordinary Portland cement (OPC) and the other sulphate resistant Portland cement (SRPC)
(ASTMC150- type | and type V) manufactured by united cement company commercially known
(TASLUJA-BAZIAN). The chemical and physical properties of these types of cement are
presented in Table 1. Test results indicate that the adopted cement conforms to Iraqi
specifications (1QS No.5/ 1984).

2.1.2 Silica fume

Silica fume has been used as a mineral admixture added to the RPC mixes of this study. It is a
waste by-product of silicon and silicon alloys industry consisting mainly of non-combustible
amorphous silica (SiO,) particles. It was produced by Iragq Ferro Alloys Corporation. Silica fume
is used with (20%) as replacement of cement. The chemical composition and physical
requirements show that the silica fume conforms to the chemical and physical requirements of
ASTM C1240-05 specifications see Table 2.

2.1.3 Fine aggregate

Al-Ekhaider natural sand of 4.75mm was used as fine aggregate. The grading of original fine
aggregate is shown in Table 3. The sand was washed and cleaned by water several times, later it
was speared out and left in air to dry before use. Results indicate that fine aggregate grading is
within the requirements of the Iraqi Specification N0.45/1984. For RPC, very fine sand with
maximum size 600um was used. This sand was separated by sieving, its grading satisfied the
fine grading in accordance with the Iraqi Specification N0.45/1984. Table 4 illustrates the sieve
analysis of the separated fine sand. Table 5 shows the specific gravity, sulfate, and absorption
content of fine aggregate, the latter being within the requirements of the Iraqgi specification
No0.45/1984.

2.1.4 Water
Clean, drinkable, fresh and free from impurities tap water used for both making and curing the
tested specimens.

2.1.5 Admixtures superplasticizer: high range water reducing admixture

The high range water reducing admixture used in this study is a third generation super
plasticizer for concrete and mortar, it is Aqueous solution of modified Polycarboxylates, which is
known commercially as SikaViscocrete-5930.Itis High Performance Super plasticizer Concrete
Admixture, It is imported from Sika company in Egypt. SikaViscocrete-5930 has been primarily
developed for applications where the highest durability and performance are
required.SikaViscocrete-5930 is free from chlorides and complies with ASTM C494-99 type G
and F. The technical description is shown in Table 6.
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2.1.6 Steel fibers

Short discrete iron wire used as alternative of standard fiber which used at different volume
fraction with aspect ratio (I/d = 37.5). The fibers are used to increase tensile capacity and
improve ductility. The steel fibers used in this investigation are clean of rust or oil of straight
steel wire fibers. The used steel fibers are chopped or cut from steel wires that locally used to
link the reinforcement bar to the stirrups. The steel wires are cut into the desired length which
was 30 mm omit. The fibers used are of diameter 0.8 £0.02 mm where as the diameter that
usually used in nearly all the research in producing RPC which was 0.2 mm. This type of fiber is
very cheap in comparison with the other types of steel fibers and is available in all markets in
Irag. The fiber use confidence with ASTM E 882 and the tensile test were done in laboratory of
materials at the University of Babylon. The properties of the steel fibers used are shown in
Table 7.

2.2 Determination of the Workability of Concrete Mixtures

The flowability was tested by the flow table test in accordance with ASTM C-1437. Fig. 1
shows flow table device and workability test. The flow is the resulting increase in average base
diameter of the mortar mass, expressed as a percentage of the original base diameter of flow
table cone (100 mm), i.e.:

D — 100
100

Flow, Dy = % 100

Where:
D: Average diameter of the spread mix measured in four directions, (mm).

2.3 Strength Activity Index for Mineral Admixture

Reference and high performance mortars were prepared for pozzolanic activity. All mortars
consist of 1 part of cement or cementitious materials and 2.75 parts of graded standard sand by
weight in accordance with ASTMC311-05. Table 8 shows w/c or w/cm ratio and pozzolanic
activity index. The pozzolanic activity index (P.A.l.) with Portland cement was determined as
follows, according to ASTM C311-05.

P.A.l. = (A/B) x100

Where:

A: average compressive strength of test mix cube.

B: average compressive strength of reference mix cube.

2.4 Mixing Procedure

All trial mixes were performed in a small rotary mixer of 0.01m>capacity, while the mixes of
RPC specimens were performed in a rotary mixer of 0.09 m* for RPC concrete. Before using the
mixer, any remaining concrete from previous batch was cleaned off. A damp cloth was used to
wipe the pan and the blades of the mixer. The silica fume powder was mixed in dry state with the
required quantity of cement for 5 minutes to ensure uniform dispersion of the reactive powder
particles throughout the cement particles. Then, fine sand was loaded into the mixer and mixed
for 5 minutes. The required amount of tap water was added to the rotary mixer within 1 minute.
Then all the super plasticizers were added and mixed for an additional 5 minutes. When steel
fibers were used, they were introduced, and dispersed uniformly. These were added slowly to the
rotary mixer after the rest of the materials had been properly mixed and the concrete had a wet
appearance and mixed for an additional 2 minutes. The same mixing procedure, schematized in
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Fig. 2, was rigorously applied for each batch. The mixing of one batch requires approximately
20 minutes from adding water to the mix.

2.5 Mixtures Proportions

The mixture ratios were based on guidelines and specifications given in several different
approaches presented in literature. The composition of normal weight concrete (NC) with water-
to-cement ratio (W/C) of 0.35 is given in Table 8. Cement dosage of RPC is generally higher
than 1000 kg/m® to achieve ultra-high strength under very low water/cement ratios. A high
amount of cement not only affects the production costs, but also has negative effects on the heat
of hydration and may cause shrinkage problems. Mineral admixtures can be a feasible solution to
overcome these problems in RPC. Table 9 summarizes the mixture designs of RPC produced in
this study; the water-cementitious material ratio of 0.175 used in this study is also included in
this table.

2.6 Concrete Samples

Samples were divided into four groups. (i) standard cubes of dimensions 50x50x50 mm for
measuring the compressive strength and water absorption, (ii) cylinders of 100 mm diameter and
200 mm height for measuring the indirect tensile strength and the modulus of elasticity and (iii)
prisms of 50x50x300 mm to measure the flexural strength and (iv) cylinders of 150 mm
diameter x 65 mm height for measuring the impact strength. All tests in this research were
carried out to investigate the main properties of RPC samples as reported in this section.

2.7 Compressive Strength and Water Absorption Test

The compressive strength test was carried out according to B.S: 1881: part 116 using a digital
testing machine with a capacity of 2000 kN. Three cubs were cast for each mix at each age, for
determination of compressive strength. Cubes were removed from curing solution at age of 3, 28
and 56 days.

In general, either the ASTM C642 or BS1881:122 standards can be used for the water
absorption test of RPC specimens. In this study, the latter was referred to. The cylindrical
specimens were dried in oven for 24 hours first and then its oven-dried weight was measured
denote by WD. Then the dried specimens were saturated completely in water for one hour, one
day, three days and seven days, respectively. Then the specimens were taken out of water, wiped
out the excessive water on the surface of specimen with cloth and measured its saturated weight
denoted as WW. The water absorption ratio Ra is simply defined as

W, — W
R =%x1nn% 1)

e}
n

1) Prism Flexural Test: The concrete modulus of rupture was determined by testing prism
specimens in conformity with ASTM C 78-02. Each prism was simply supported and subjected
to a two point loading using an electrical testing machine with a capacity of 2000 kN.

2) Tension Test: Indirect tension test (splitting method) has been determined by testing standard
cylinders for every mix depending on ASTM C496-05 specification. A 2000 KN capacity
compression testing machine was used.

3) Modulus of Elasticity Test: This test was carried out on cylindrical specimens. The 40% of
ultimate compressive strength of concrete specimen was applied on the concrete cylinders to
perform the elastic modulus test as specified by ASTM C-469. The specimens were tested at age
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28 days and the average of three specimens was adopted. A 2000 kN capacity compression
testing machine was used to apply a compressive axial load and compress meter (dial gauge with
accuracy 0.01 mm and a maximum capacity of 10 mm) was used.

4) Impact Strength Test: The impact resistance (dynamic energy absorption as well as strength)
is one of the important attributes of RPC and there are several methods to find impact resistance,
the test done according ACI 544.2R, using drop-weight test which is modified according CBR
hummer test using three cylinders at 28 days age. Fig. 3 states the device and specimen tested.
The test measure the impact resistance depending on number of blows necessary to cause
prescribed levels of distress in the test specimen. The hammer is dropped repeatedly, and the
numbers of blow cause first visible crack on the top and cause ultimate failure are both records.
The test specimen is supported by a rigid base. In practice both supports and boundary
conditions of a fiber concrete element may be quite different from those adopted in the test. The
manual application of the impact load tends to be tedious and inconvenient particularly if several
hundreds of blows are required to produce final failure. Nevertheless the falling weight test
method appears to take into account the properties of the matrix, the nature of the fiber, the
nature of interfacial zone between particles of the matrix as well as between fiber surface and
matrix. Impact toughness of RPC was measured by number of blows for first crack and failure,
using the equation blow:-

W=nxmxgxh (2)
Where,

W: impact energy (Joule (J) or KN.m);

n: impact number;

h: the height hammer drops (457mm);

g: accelerating velocity (9.81m/s?);

m: weight of hammer (4.536kg).

5) Abrasion Test: The abrasion resistance of NSC and RPC was measured through testing
according to ASTM C944, in which a rotating abrading wheel bears on and wears away the
concrete surface for a period of two minutes. One modification to the standard test method
was made in this program. The reported test results are the product of 10 total minutes of
abrasion representing five two-minute cycles completed on each specimen. The abrasion
testing was performed on three specimens from each of the NSC and RPC. However, as
abrasion resistance is highly dependent on the surface condition of the concrete, each
specimen was tested on three different surfaces. First, all specimens were tested on the surface
formed by casting NSC and RPC against the steel mould in which they were produced.
Following these tests, the cast (and now abraded) surface was sandblasted until it displayed a
uniform texture. The testing was then repeated for this sandblasted surface. Finally, the
testing was again repeated for all the specimens subsequent to having the test surface ground
plane using a cylinder end grinder. The weight loss due to abrasion was measured.

3.TEST RESULTS AND DISCUSSION

3.1 Mechanical Properties

The test results for mechanical properties in this study are summarized in Table 10. The
compressive strength is one of the important properties of hardened RPC, and in general, is the
characteristic material value for the classification of concrete in national and international codes.
To study the effect of different types of cement and fiber contents on compressive strength of
RPC and NC, several mixes were tested at ages of (3, 28 and 56) days to determine strength
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development as a function of age, three cubes are used within this test. The highest measured 28-
day compressive strength values for the mixes of the NC and RPC specimens are shown in
Fig. 4.

It is obvious from the results slight increment compressive strength of concrete by (7.4, 11.1,
17.0 and 23.6) % from mixes contain steel fibers (0.5, 1, 1.5, 2) % volume fraction respectively
relative to the control (RPC without steel fiber) for both types of cement approximately at the
age of test 28 days. The development of compressive strength for RPC may be come from the
effect of high performance superplasticizer (visco crete 5930) as a water reduction on
compressive strength, and because the low water cementitious ratio used in RPC mixes. Over
and above the chemical reaction of (pozzolanic materials) micro silica fume with calcium
hydroxide released from cement hydration leading to improve compressive strength, reduce the
micro cracking, reduce voids and strengthen the microstructure. The chemical reaction starts at
early ages 3days, and increases till the age of 28 days. It is noted that, unlike the normal weight
concrete specimens with the failure modes of either in crushed state or two separated pieces,
these failed RPC specimens are still kept together by the steel fibers

The flexural strength, expressed as the modulus of rupture. The values of flexural strength of the
specimens considered in the present investigation are summarized in Table 10 and plotted in
Fig. 5. It is worthwhile to note that the fibrous concrete mixes really standout higher in the
flexural strength when compared to the non-fibrous concrete mixes for both concrete NC and
RPC. Results presented in Table above indicated that for mixes which contain steel fiber of
volumetric ratio (0.5, 1, 1.5, and 2) % respectively, the modulus of rupture after 28 days of
curing increased by (38.3, 58.7, 100.4 and 109.6) % and (38, 57.6, 96.2 and 107.1) % for
ordinary Portland cement and sulfate resisting cement respectively relative to the reference
concrete mix that is without fibers. RPC also shows significant increase in flexural tensile
strength in comparison with normal concrete, where this increment is about five times that for
the normal concrete. It is obvious from the results that the addition of steel fibers to normal
concrete increased flexural strength, where this increment is about 1.5 times that for the normal
concrete.

The tensile strength of NC and RPC is much lower than the compressive strength, because of the
ease with cracks which propagate under tensile loads, and is usually not considered in design.
However, it is an important property, since cracking in concrete is most generally due to the
tensile stresses that occur under load, or due to environmental changes. The tensile strength
increases with age for all mixes as shown in Fig. 6. All fibrous mixes demonstrated higher
splitting tensile strength relative to plain mix at all curing ages. Splitting tensile strength
indicated significant increase in strength due to the inclusion of steel fibers. The split-cylinder
loading configuration causes vertical compressive stress and lateral tensile stress in the cylinder.
This biaxial stress state has a definite effect on the post cracking behavior while the cylinders
with fibers are cracked at failure without separation. The mode of failure in RPC cylinders
without micro steel fiber is done by splitting the specimen into two symmetrical parts whereas
the mode of failure in specimen with steel fiber was done by splitting the specimen but still as
one mass with crack along the specimen. The mode of failure in normal concrete NC without
steel fiber was done by splitting the specimen to two parts with crashing some parts of the
specimen but the specimen with steel fiber was splitting and stills the parts together and there
were lateral side cracks.

The modulus of elasticity is strongly influenced by the concrete materials and their proportions,
MAHDI, 2009. The static modulus of elasticity results for all mixes is presented in Table 10 and
Fig. 7. It can be noticed that the increase in steel fibers ratio show only slight increases in the
static modulus of elasticity. This may be because the modulus of elasticity was calculated to the
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stress corresponding to 40% of the ultimate load, so it is determined prior to concrete cracking;
therefore, the fibers were not activated. The highest value of 51.3GPa was measured in the mix
(NRPC2). The lowest value of the modulus of elasticity which equalled slightly over 26.2GPa
was measured in the case of the mix (SNCO0). The types of cement did not have significant effect
on the measured values. In general, the modulus of elasticity increased due to the presence of
steel fiber and silica fume.

Brittleness factor is the ratios between splitting tensile strength to compressive strength which
represent the degree of hardness of fiber reinforce concrete which increased with the increase of
volume fraction friction of fiber. The values of the Brittleness factor for all main types of mixes
are shown in Fig. 8. In this figure, the graph of coefficient of brittleness is increasing by
increasing the volume fraction friction of fiber. This result indicates that splitting tensile strength
of RPC shows ability well because of tensile performance of fibers. Depending on this
experimental result, increase of volume fraction friction of fiber helped rise of ductile behavior
of RPC. The ratios of decrease for water absorption are in range of 49.0 to 66.7% imply this test
method although is rather simple but seem to properly reflect the function of pozzolanic reaction
and type of cement and shown in Fig. 9.

In the Figs. 10 and 11, the graph of brittleness factor is reducing by increasing the volume
fraction of fibers. This result indicates that splitting tensile strength of concrete fibered shows
ability well because of tensile performance of steel fibers. Depending on this experimental result,
increase of volume fraction of fibers helped rise of ductile behavior of NC and RPC.

3.2 Impact Strength and Abrasion Test
Improved impact resistance is one of the important attributes of RPC. The number of blows
required causing first crack and ultimate failure for reference and RPC reinforced with different
percent of volume fraction of steel fiber are summarized in Table 11 and plotted in Fig.12.
Fig. 13 reveals the fracture toughness increased with increased fiber volume. This behaviour
related to the bond strength between the steel fiber and cement paste. The test results illustrate
that the number of blows or the energy required causing initial crack and ultimate failure for
RPC specimens reinforced with different volume fraction of steel fibers is higher than that of
reference concrete. It is clear that the impact strength or the number of blows causing first crack
and ultimate failures significantly increase as the fiber content increases and for different types
of cement. Generally using ordinary Portland cement show higher impact strength (No. of blows)
at both first crack and ultimate load than sulphate resisting cement for both types of concrete NC
and RPC. It can be recognized that the failure surfaces of the fiber reinforced concrete specimens
differ clearly from those of the plain concrete through the specimen of non-fiber reinforced
dispread to several pieces in less number of blow after the first crack appears while fiber
reinforced specimens still almost together after ultimate failure and displayed different modes of
failure. Although the falling weight test is a simple, practical test carried out under rather
arbitrary conditions and can give an indirect assessment of the

e The test specimen is supported by a rigid base. In practice both supports and boundary

conditions of a fiber concrete element may be quite different from those adopted in the test.
¢ The manual application of the impact load tends to be tedious and inconvenient particularly if
several hundreds of blows are required to produce final failure.

Nevertheless the falling weight test method appears to take into account the properties of the
matrix, the nature of the fiber, the nature of interfacial zone between particles of the matrix as
well as between fiber surface and matrix.
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Abrasion resistance can be an important parameter for any concrete that is exposed to contact
with other materials. The average weight loss per 2 minute abrading results is shown in Fig. 14.
The highest value of 3.82% was measured in the SNCO mix. The lowest value of the abrasion
loss which equaled slightly over 0.59% was measured in the case of the NRPC2 mix. The type of
cement did not have significant effect on the measured values. In general, the abrasion loss
decreased due to the presence of steel fibers and depended on the type of concrete. The addition
of steel fiber in the composite produces a denser and stronger surface, which results in a higher
resistance to abrasion. It is obvious that particle loss under mechanical abrasion effect is much
more difficult in the vicinity of steel fibers. Results indicated that addition of steel fibers (2%)
decreased weight loss due to abrasion by 45% and 44% for RPC and NC respectively. RPC
demonstrated very low abrasion compared to NC. This result was more pronounced in the case
of plain matrices.

Fig. 15 shows the relationship between compressive strengths and mass losses for NC and RPC.
Mechanical properties were compared with abrasion loss values and a good correlation was
obtained. The relations follow exponential functions. It is well known that compressive strength
is the most important factor governing the abrasion resistance of concrete (Laplante, et al.,
1991). Steel fiber reinforcement improves not only flexural performance but also compressive
strength in the case of ultra-high performance concrete. Furthermore, relationship between the
compressive strength of fiber reinforced RPC and the mass loss is meaningful.

3.3 Statistical Evaluation of Test Results

The compressive strength, number of blows and abrasion loss are given in Table 12. A multiple
regression analysis was applied to obtain the following relationship among compressive strength,
number of blows and loss on abrasion.

The comparison of experimental and estimated loss on abrasion (obtained from Eq. 3) as well as
95 % confidence intervals is shown in Fig. 16. The estimated values are in excellent agreement
with the experimental values obtained in this study. The coefficient of correlation between
estimated and experimental values is 95%. In the other words, with a few exceptions, the
differences between calculated and experimentally obtained values are within a range of £2.45.

LOA=4.67-0.0037xNB-0.022xfc (3)
Where,
LOA : 28-day abrasion loss of normal and reactive powder concrete,
fc : 28-day compressive strength of concrete, (MPa),
NB : number of blows.

4. CONCLUSION

The presented results showed that it is feasible to produce reactive powder concretes from

locally materials applying reactive powder concretes principles and packing density theories.

The 28-day compressive strength and the rheology of the normal and of the reactive powder
concretes appeared to be comparable. A compressive strength of 172.4MPa, indirect tensile
strength of 17.1MPa, modulus of elasticity of 51.3GPa and flexural strength of 48.2MPa were
approached for steel fibers reactive concrete samples of 910 kg/m® cement content and 230
kg/m? silica fume (NRPC2). The use of fine sand whose grain size is (<600um) improves the
compressive strength due to the more dense microstructure of the cement matrix. RPC without
fibers is a brittle material and fails suddenly and violently.

The addition of steel fiber to concrete increases the impact resistance of the composite
significantly. The increase in the steel fibers volume fraction and using ordinary Portland cement
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led to a good increase in the impact resistance of the normal concrete and RPC specimens. Also
addition of steel fibers in discrete forms to RPC changes its brittle mode of failure into a more
ductile. It is recommended to use of steel fibers as an enhancing material to RPC. It seems that
RPC is a good alternative material under mechanical abrasion exposure due to heavy traffic
loads. The abrasion loss of NC and RPC can be estimated from compressive strength and
number of blows results. The proposed equation has a sufficient reliability.

Finally, it can produce an economic RPC using locally available materials in Iraq, in order to
manufacturing a pre-cast ultra high strength concrete with ultra mechanical properties (RPC).
Further improvement of the mechanical properties of normal and reactive powder concretes
could be achieved by, for instance, incorporation of locally fibers or non-fibers either in both
concretes or only in the transition zone. In this case a more detailed study is needed.
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Table 1. Chemical composition and physical properties of cement.

Limits of Iragi Specification N0.5/1984

Final (hours:minute)

Materials OPC | SRPC OPC SRPC
CaO 62.41 | 62.33
SiO, 19.78 | 21.14
Al,O; 4,98 3.54
Fe,0; 3.48 5.16
SO, 2.47 224 | <2.8%if C3A>5% | <2.5% if CsA <56%
MgO 2.35 2.35 <5% <5%
Alkalis 1.13 1.18
L.O.l. 3.40 2.06 <4% <4%
I.R. 1.28 1.45 <1.5% <1.5%
L.S.F. 0.95 0.90 0.66-1.02 0.66-1.02
Main Compounds (Bogue's Equation) Percentage by Weight of Cement
Tricalcium Silicate C3S 58.20 | 55.47
Dicalcium Silicate C,S 1291 | 18.85
Tricalcium Aluminate C;A 7.30 0.66 <3.5%
Tetracalcium Aluminoferrite C,AF 10.58 15.68
Physical Properties
Fineness, Blain method cmZ/gm 3460 3150 > 2300 | >2500
g:(é?ypsresswe strength, MPa 23 19 > 15
32 27 >23
7 days
setting time(Vicat's method) 180 | 130 > 45 min
' 3:30 2:45 <10 hours

Table 2. Chemical composition and physical analysis of silica fume.

Oxide Composition | Oxide Content ASTM C-1240
Limitations

CaO 1.25 ---

SiO, 89.16 > 85

AlL,O; 0.36 ---

Fe,03 1.16 --=

SO; 0.90 ---

MgO 2.45 ---

Na,O 0.05 ---

K,0 0.07 ---

L.O.l 3.80 <6.0

Moisture content 0.80 <3.0
Physical Properties

Percent retained on 45um (No0.325) | 7 <10

sieve, max, %

Pozzolanic activity index % at 7 147 > 105

days accelerated curing

Specific surface, min, (m’lgm) 21 >15
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Table 3. Grading of the fine sand.

Sieve Size [mm] | Cumulative Passing % | Limits of Iraqi Specification
No0.45/1984, Zone 3
10 100 100
4.75 97 90-100
2.36 92 85-100
1.18 88 75-100
0.600 71 60-79
0.300 30 12-40
0.150 10 0-10

Table 4. Grading of the separated fine sand.

Sieve Size Cumulative Passing % | Limits of Iraqi Specification N0.45/1984, Zone 4
[mm]

10 100 100

4.75 100 95-100

2.36 100 95-100

1.18 100 90-100

0.600 100 80-100

0.300 45 15-50

0.150 11 0-15

Table 5. Chemical properties of the fine aggregate.

Physical Properties Test Results | Limits of Iragi Specification N0.45/1984
Specific gravity 2.7

Sulfate content 0.09 % <0.5%

Absorption 0.75 %

Table 6. Technical description of SikaViscocrete-5930.

Decomposition products
(hazardous reactions)

Basis Aqueous Solution of Modified Polycarboxylate
Boiling 100°C
Hazardous

No hazardous reactions known.

Odor None

Appearance Turbid liquid

Colour Turbid liquid

Specific gravity 1.08 kg/It. £ 0.005

pH 7-9

Chloride content None

Toxicity Non-Toxic under relevant health and safety codes.
Storage Protected from direct sunlight and frost at temperatures

between + 5°C and + 35°C.
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Table 7. Properties of the used steel fibers.

Property Specifications
Relative density 7860 Kg/m’
Ultlmate straight 670 MPa
tensile strength
Form Straight
Average length 30 mm
Diameter 0.8mm + 0.02mm
Aspect ratio (Lf/Df) 37.5

Journal of Engineering

Table 8. Pozzolanic Activity Index and w/c or w/cm Ratios for Test Mortars.

Index SF% by wt. of ]
Cement WI/C or WCM to Give Flow 110+15 | P.A.l

M* 0.50

M - 25SF -

HRWRA** 20 0.35 147

*Mortar with standard sand.
**Mortar with standard sand, 20% silica and 5% super- plasticizer (sika viscocrete 5930) by
weight of cementitious.

Table 9. Composition of NC and RPC..

Ingredient | Cement Water SP Sand Gravel Silica Fume
kg/m® kg/m® kg/m® kg/m® kg/m® kg/m®
NC 440 154 60 635 1045 -
RPC 910 160 80 960 - 185
Table 10. Mechanical properties of NC and RPC specimens.
Compressive Flexural Modulus | Brittleness Water
Type of Strength 28 Day' Splitting. of Ffactor | Absorption
Concrete Mix [MPa] [MPa 28 Day Elasticity Ratio [%0]
28 56 [MPa] 28 Day 3 28
day | day | day [MPa] day | day
Normal NNCO 314 | 453 | 50.7 7.8 5.9 28.5 0.130 1.01 | 1.59
concrete NNCO0.5 | 38.3 | 61.4 | 68.8 8.9 7.9 34.0 0.129 1.01 | 161
NNC1 43.7 | 72.6 | 81.3 9.6 9.1 37.9 0.125 1.02 | 1.62
NNC15 | 515 | 77.8 | 87.1 10.2 10.7 39.6 0.138 1.03 | 1.65
NNC2 55.1 | 824 | 92.3 10.8 11.6 414 0.141 1.04 | 1.67
SNCO 283 | 42.1 | 47.6 7.3 55 26.2 0.131 1.07 | 1.71
SNCO0.5 344 | 57.0 | 64.4 8.4 7.3 31.3 0.128 1.08 | 1.73
SNC1 39.1 | 675 | 76.3 9.0 8.5 34.9 0.126 1.08 | 1.75
SNC1.5 458 | 724 | 81.8 9.6 10.0 36.4 0.138 1.09 | 1.77
SNC2 49.9 | 76.6 | 86.6 10.2 11.0 38.1 0.144 110 | 1.78
Reactive NRPCO | 103.4 | 139.5 | 160.4 23.0 9.7 40.0 0.070 0.63 | 0.96
powder | NRPCO0.5 | 114.0 | 149.8 | 172.3 31.8 12.0 45.2 0.080 0.65 | 0.98
concrete NRPC1 | 120.2 | 155.0 | 178.3 36.5 13.2 47.8 0.085 0.65 | 1.00
NRPC1.5 | 131.0 | 163.2 | 187.7 46.1 16.7 49.7 0.102 0.67 | 1.01
NRPC2 | 134.8 | 172.4 | 198.3 48.2 17.1 51.3 0.099 0.69 | 1.02
SRPCO 88.0 | 125.6 | 143.2 21.0 8.9 38.0 0.071 0.66 | 1.03
SRPC0.5 | 97.3 | 134.8 | 153.7 29.0 11.0 42.9 0.082 0.68 | 1.05
SRPC1 | 102.0 | 139.5 | 159.0 33.1 12.0 45.4 0.086 0.69 | 1.07
SRPC1.5 | 111.2 | 146.9 | 167.5 41.2 15.0 47.2 0.102 0.71 | 1.08
SRPC?2 115.6 | 155.2 | 176.9 43.5 16.0 48.7 0.103 0.72 | 1.08
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Table 11. Impact resistance of NC and RPC specimens.
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AbrasioL loss No. of Blows up to Average Impact Energy
Type of Mix (% by wt.) (3 or kN.m) for
Concrete First crack Ultimate First Failure crack
failure crack
Normal NNCO 3.68 39 63 793.1 1281.1
concrete NNCO0.5 3.25 54 85 1098.1 1728.5
NNC1 2.68 68 97 1382.8 1972.6
NNC1.5 2.33 76 106 15455 2155.6
NNC2 2.06 81 116 1647.2 2358.9
SNCO 3.82 39 61 793.1 1240.5
SNCO0.5 3.37 51 82 1037.1 1667.5
SNC1 2.75 64 94 1301.5 1911.6
SNC1.5 2.40 73 105 1484.5 2135.2
SNC2 2.11 79 113 1606.5 2297.9
Reactive NRPCO 1.07 64 89 1301.5 1809.9
powder NRPCO0.5 0.94 79 113 1606.5 2297.9
concrete NRPC1 0.77 88 142 1789.5 2887.7
NRPC1.5 0.67 96 151 1952.2 3070.7
NRPC2 0.59 99 165 2013.2 3355.4
SRPCO 1.13 61 87 1240.5 1769.2
SRPCO0.5 1.00 74 110 1504.8 2236.9
SRPC1 0.83 84 139 1708.2 2826.7
SRPC1.5 0.72 92 147 1870.9 2989.3
SRPC2 0.60 90 162 1830.2 3294.4
Table 12. Measured and estimated abrasion loss values.
Type of Concrete Mix Abrasion Loss (% by wt.) No. of Blows up to Compressive
Measured Estimated Ultimate Failure Strength
[MPa]
Normal concrete NNCO 3.68 3.41 63 45.3
NNCO0.5 3.25 2.97 85 61.4
NNC1 2.68 2.67 97 72.6
NNC1.5 2.33 2.52 106 77.8
NNC2 2.06 2.37 116 82.4
SNCO 3.82 3.49 61 421
SNCO0.5 3.37 3.08 82 57.0
SNC1 2.75 2.79 94 67.5
SNC1.5 2.40 2.64 105 72.4
SNC2 2.11 2.52 113 76.6
Reactive powder NRPCO 1.07 1.18 89 139.5
concrete NRPCO0.5 0.94 0.86 113 149.8
NRPC1 0.77 0.63 142 155.0
NRPC1.5 0.67 0.41 151 163.2
NRPC2 0.59 0.15 165 172.4
SRPCO0 1.13 1.50 87 125.6
SRPCO0.5 1.00 1.21 110 134.8
SRPC1 0.83 1.00 139 139.5
SRPC1.5 0.72 0.80 147 146.9
SRPC2 0.60 0.55 162 155.2
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Cast of concrete in mould ‘sur.iTg of ®ontrete flow
A v

Figure 1. Flow table device used.

Slow mixi_ng High speed mixing Time (min)
30 rot/min 10 11 60 rot/min 16
0
I I

Additional  Additional SP End of mixing

Introduction of
water

Solid compounds

Figure 2. Mixing procedure of RPC.

Impact hammer

h=457

Transmitting load ball

[—— Baffle

Figure 3. Impact test.
This test was conducted in the laboratory of College Engineering-Civil Department- Babylon University.
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Evaluation of Alum/Lime Coagulant for the Removal of Turbidity from Al-
Ahdab Iraqgi Oilfields Produced Water

Basma Abbas Abdul-Majeed Hussein Basim Oleiwi
Assistance Professor Ph.D. Chemical Engineer
College of Engineering College of Engineering
University of Baghdad University of Baghdad
E-mail:basmal957@yahoo.com E-mail:husseinbasim537@yahoo.com
ABSTRACT

The removal of turbidity from produced water by chemical coagulation/flocculation
method using locally available coagulants was investigated. Aluminum sulfate (alum) is selected
as a primary coagulant, while calcium hydroxide (lime) is used as a coagulant aid. The
performance of these coagulants was studied through jar test by comparing turbidity removal at
different coagulant/ coagulants aid ratio, coagulant dose, water pH, and sedimentation time. In
addition, an attempt has been made to examine the relationship between turbidity (NTU) and
total suspended solids (mg/L) on the same samples of produced water. The best conditions for
turbidity removal can be obtained at 75% alum+25% lime coagulant at coagulant dose of 80 mg/|
at pH 6 and 120 min for sedimentation time. At these conditions, the turbidity reading was
reduced from 92 to 2.1 NTU.

Key words: coagulation, turbidity, alum, produced water.
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1. INTRODUCTION

Treating oilfield water can help facilitate additional water management options for
operators such as beneficial uses that in the short and long term can potentially provide certain
community and economic advantages. Treated produced water has the potential to be a valuable
product rather than a waste. A large number of methods were used as treatment technologies
such as heat treating, gas flotation, chemical separation, membranes, filtration, and biological
degradation. Several methods are available to remove the suspended solids or turbidity (like
cuttings, sand, clay particles, and microorganisms) and their methods are filtration, coagulation,
gravity separation, and biological treatment, Arthur, 2005.

All waters, especially produced water, contain both dissolved and suspended particles.
Coagulation and flocculation processes are used to separate the suspended solids portion from
the water. The suspended particles vary considerably in source, composition charge, particle
size, shape, and density. Correct application of coagulation and flocculation processes and
selection of the coagulants depend upon understanding of the interaction between these factors,
,Smita, et al., 2012.

Turbidity is cloudiness or haziness of water (or other fluid) caused by individual particles
that are generally invisible to the naked eye. It is a characteristic related to the concentration of
suspended solid particles in water and has been adopted as an easy and reasonably accurate
measure of overall water quality, Tseng, 2000. World Health Organization (WHO) has set the
guideline value for the residual turbidity in drinking water at 5 Nephelometric Turbidity units
(NTU), Connachie, et al., 1999. Although turbidity purports to measure approximately the same
water quality property as total suspended solids, but the later is more useful because it provides
an actual weight of the particulate material present in the sample. While a relationship can be
established between turbidity and suspended solids, this relationship can and will change
spatially and temporally due to variations in solid composition and stream energy, Rasmussen,
1995.

For all water types, there are many parameters that affect coagulation performance for
turbidity removal including the character and concentration of the particular material, chemical
and physical properties of the water, mixing time, mixing speed, and temperature. The common
parameters are coagulant type, dose, pH, and settling time, ,Uyak and Toroz, 2007. The
coagulation process utilizes what is known as a chemical coagulant to promote particle
agglomeration. Eilbeck and Mattock, 1987 presented a list of common coagulants in treating
wastewater. They mentioned that the most frequently used coagulants are iron and aluminum
salts and especially, for economic reasons, aluminum sulfate and ferric chloride. Coagulants are
sometimes assisted with further chemicals, known as coagulant aids. They essentially are
polyelectrolytes and lime alkalinity addition, Kiely, 1997.

The aim of this work was to study the feasibility of turbidity removal from real produced
water from Al-Ahdab Oilfields by alum and lime coagulants. The process was examined for the
first time in Iraq under different values of coagulant/ coagulants aid ratio, coagulant dose, water
pH, and sedimentation time.
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2. MATERIALS
2.1 Produced Water

A volume of produced water obtained for sampling from Al-Ahdab OQilfields, 180 km
south-east of Baghdad, was stored in a plastic container for the duration of the study. Samples of
this water were analyzed chemically in the Al-Ahdab Oilfields and results are listed in Table 1.

2.2 Coagulants

The chemical coagulants used in the present study were aluminum sulfate and calcium
hydroxide. Aluminum sulfate (Alum) is selected as a primary coagulant, while calcium
hydroxide (lime) is used as a coagulant aid. Alum is a white crystalline solid with the formula
Aly(S04)3.18H,0 with purity of 97.3%wt. Lime is a very fine white powder. It has the chemical
formula of Ca(OH),, purity of 95%wt. The selected coagulants have been chosen in this work
due to their physical and chemical properties which give their ability to remove turbidity on their
molecular species from the bulk liquid. Also, they are of low cost and are locally available.

3. EXPERIMENTAL PROCEDURE

All coagulation experiments were conducted in six-place conventional jar-test apparatus.
Six beakers with 1 liter volume of produced water are used at time of experiment. The study
includes the effect of coagulant/ coagulant aid ratio, coagulant dose, pH, and sedimentation time
on turbidity removal. Different combinations of coagulant dose (20, 40, 60, 80, 100, and 120
mg/l), pH (3, 4, 5, 6, 7, and 8), and sedimentation time (30, 60, 90, 120, 150, and 180 min) were
tested. The pH was adjusted by adding drops of HCI (0.1M) or NaOH (0.1M) prior to the
addition of coagulant. To simulate coagulation, flocculation, and sedimentation conditions, rapid
mixing at 200 rpm was performed for 3 min, followed by slow mixing for 30 min at 30 rpm and
final step (0 rpm) for 60 min settling time, Degremont, 1979. After completing the settling time,
supernatant was withdrawn with a plastic syringe from near 3 cm below the liquid-air interface
for analysis of turbidity and total suspended solids. All the experiments were carried out at
ambient temperature of 20-25 C°.

Total suspended solids (TSS) are that portion of the total solids that are retained on a
filter paper (Cellulose nitrate membrane, approximately 0.45 mm pore size). Before sampling,
filter papers were prepared by first soaking them in distilled water, drying them at 100 C°,
weighing and recording their weights. Now, a measured volume (100 ml) of produced water is
passed through the filter. The filter containing the residue is then dried in an oven for one hour at
100 C°. The sample is then cooled and weighed. The increase in weight represents TSS. Finally,
TSS was calculated by using the equation below, APHA, 1998.

TSS (%) =2 x 1000 (1)

where A = final weight of the filter (mg), B = initial weight of the filter (mg), and C = volume of
water filtered (I). This inexpensive TSS tells much about the produced water character and can
be run in less than two hours with fairly inexpensive equipment.

4. RESULTS AND DISCUSSION
4.1 Evaluation of the Percentage Ratio of Coagulant/Coagulant Aid

Different doses of aluminum sulfate (alum) as a primary coagulant with the coagulant aid
(lime) were added to the produced water with initial turbidity as 92 NTU, uncontrolled pH as
5.8, coagulant dose as 60 mg/l, and 60 min as sedimentation time. The results are shown in table
2. Examining this table, it is clear that there was an improvement in the turbidity removal when
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25% lime were used as a coagulant aid in conjunction with 75% alum compared to alum alone
and this can be regarded as the best coagulant. Lin, et al., 1971 showed that the addition of alum
to water releases hydrogen ions and consequently lowers the pH. Unless the hydrogen ions can
be removed, the formation of an effective floc, AI(OH)s, is impossible. The hydrogen ions can be
removed by the alkalinity in natural water or by the addition of lime. This finding is in
agreement with ,Degremont, 1979 and Kiely, 1997. They mentioned that if there is insufficient
alkalinity in the water with high turbidity, alkalinity is added by means of lime addition, even
with small amount, to improve the alkalinity and optimize coagulation.

4.2 Effect of Coagulant Dosage

Coagulant dosage was one of the most important parameters that have been considered to
determine the best condition for the performance of coagulant used (75%alum+25%Ilime) in
coagulation/ flocculation process. The effect of coagulant dosage on the removal of turbidity is
shown in Fig. 1. Coagulant dosage was varied from 0 to 120 mg/l while other parameters were
kept constant at pH 5.8 and 60 min for sedimentation time. From Fig. 1, it can be seen that the
best dose of coagulant was 80 mg/l and the removal efficiency of turbidity was 91.41%. It is
noticed that turbidity values are decreasing for coagulant dosage level of 0 to 80 mg/l and
gradually increasing for dosage level of 100 to 120 mg/l. This may be explained by: high dose of
the coagulant in the suspension caused charge stabilization of colloid particles, due to the
adsorption of counter ions (in this case was Al*®). Increasing the dose of coagulant more than 80
mg/l raised the turbidity because the excess adsorption of the counter ions caused the charge of
colloidal particles to become positive (i.e. re-stabilization of the colloidal particles). The results
obtained in this study are similar to those reported by Ghaly et al., 2007 who reported that
colloidal particles are negatively charged and upon addition of aluminum sulfate to wastewater,
the Al™ ions are attracted to these particles. At the point of complete charges neutralization, the
colloids begin to agglomerate due to collisions between particles. If excess coagulant is added to
the wastewater, the results are a reverse of the net charge on the colloidal particles (from
negative to positive). Particle re-stabilization by charge reversal allowed greater amounts of
smaller particles to remain in solution, thus increasing the total solids as well as the color
intensity of the treated water.

4.3 Effect of pH

In the coagulation/ flocculation process, pH is very important as the coagulation occurs
within a specific pH range. An optimum pH range, in which metal hydroxide precipitates occur,
should be determined to establish best conditions for coagulation. In this study, a range of pH
between 3 to 8 was selected. The results of the study showing the effect of pH on the removal of
turbidity are presented in Fig. 2. To determine the best pH value, coagulant dosage was
maintained at 80 mg/l and 60 min for sedimentation time. The best pH was determined at a value
of 6 followed by 5 and 7 and the turbidity removal was 91.09% as shown in Fig. 2. It was found
that the percentage of turbidity removal was increased at pH from 3 to 6 and then it declined for
pH 7 to 8. The obtained results are in accordance with those obtained by Degremont, 1979 and
Sadeddin et al., 2011, which indicated that aluminum salts work best in a pH range of 5.5-7.4.
Outside this range, a higher concentration of dissolved aluminum is liable to be found.

4.4 Effect of Sedimentation Time

In this experiment, the sedimentation times were varied from 30 to 180 minutes. Other
parameters were kept constant at pH 6 and 80 mg/l for coagulant dosage. The effect of
sedimentation time on coagulation process is given in Fig. 3. From this figure, it can be seen
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that the turbidity decreased with increasing settling time and it reached equilibrium at 120 min.
At this point, removal efficiency of turbidity was 97.72 %. Further increase in time had no effect
on turbidity removal. This result explained that almost all flocs produced after the coagulation
and mixing process have settled to the bottom of the sludge layer after 120 min. The settling
process is mainly affected by the gravity where heavier flocs will settle faster than dispersed
particle.

4.5 Turbidity versus Total Suspended Solids

Both turbidity and total suspended solids (TSS) are defined by the method used to
measure them. Turbidity is an optical measurement; it depends on the number of particles in the
sample and their shape and size. While TSS is a gravimetric measurement, it depends on the total
mass of filterable material in the sample, Rasmussen, 1995, Fig. 4. The final relationship
between turbidity and TSS at Al-Ahdab oilfields produced water was shown in Fig. 5. This
figure confirms the existence of a strong linear relationship between turbidity readings and TSS
concentrations. High coefficient of determination (R?=0.972) value was obtained for this
relationship. From the published NTU-TSS relationship, Irvine, et al., 2002 and Hannouche,
2011. It is seen that it can vary considerably between different aquatic systems and even at
different times for the same stream, so there is no universal correlation of turbidity and TSS.

5. CONCLUSIONS

The aluminum sulfate (alum) combination with coagulant aid (lime) provided higher
removal efficiencies of turbidity compared to coagulation with alum alone. The added alum to
water causes the release of hydrogen ions which lowers the pH.

The best conditions for turbidity removal using a jar test process can be obtained at 75%
alum+25% lime coagulant ratio at coagulant dosage of 80 mg/l at pH 6 and 120 min for
sedimentation time. This dose caused colloid particles to be charge stabilized, while increasing
the dose increase the turbidity where re-stabilization occurs.

At these conditions, the NTU reading was reduced from 92 to 2.1. The TSS-turbidity
relationship may be both site and time specific, so the relationship is normally unique for a
particular catchment and within a particular period of time.
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Table 1. Analysis of produced water from Al-Ahdab oilfields, date: 2-3-2013.

Parameter Value | Permissible Limit
pH 5.5-5.9 6.5-8.5
Turbidity (NTU) 92 5
TSS (mg/l) 2520 30
Density (kg/m°) 1095 B

Table 2. The percentages of the coagulant doses.

Sample Final Turbidity | Removal Efficiency
No. Coagulants (NTU) %)
1 100 % alum + 0 % lime 54.4 40.87
2 75 % alum + 25 % lime 128 86.09
3 50 % alum + 50 % lime 37.2 59.57
4 25 % alum + 75 % lime 614 33.26
5 0 % alum + 100 % lime 3 20.65
100
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Turbidity (NTU)

20

0 20 40 60 80 100 120
Dose (mg/l)

Figure 1 The effect of coagulant dosage on turbidity removal from produced water.
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Figure 2. The effect of pH on turbidity removal from produced water.

Turbidity (NTU)

30 60 90 120 150 180

Settling Time (min)

Figure 3. The effect of sedimentation time on turbidity removal from produced water.
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ABSTRACT

Two different oxidative desulfurization strategies based on oxidation/adsorption or
oxidation/extraction were evaluated for the desulfurization of AL-Ahdab (AHD) sour crude oil
(3.9wWt% sulfur content). In the oxidation process, a homogenous oxidizing agent comprising of
hydrogen peroxide and formic acid was used. Activated carbons were used as sorbent/catalyst in
the oxidation/adsorption process while acetonitrile was used as an extraction solvent in the
oxidation/extraction process. For the oxidation/adsorption scheme, the experimental results
indicated that the oxidation desulfurization efficiency was enhanced on using activated carbon as
catalyst/sorbent. The effects of the operating conditions (contact time, temperature, mixing speed
and sorbent dose) on the desulfurization efficiency were examined. The desulfurization
efficiency measured at the best operating conditions(optimum conditions): 60°C, 500rpm, 60min
contact time and sorbent dose of 0.7g AC/100 ml AHD crude, was 32.8% corresponding to a
sulfur content of 2.6 wt%. Applying the same optimum operating conditions and at 3:1
solvent/oil ratio, the oxidation/extraction method gave comparable desulfurization efficiency of
31.5%.

Key words: desulfurization technologies, oxidative desulfurization, adsorption, extraction,
activated carbon.
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1. INTRODECTION
A common problem facing refineries around the world is that crude oils are becoming
heavier, with higher sulfur contents. This result in higher sulfur levels in both straight-run
and secondarily processed fuels. Therefore, it is preferable to reduce the sulfur content of
crude oil before the oil is refined.
The current HDS technology cannot be suited for the desulfurization of sour crude oil since
it leads to shortened catalyst life and more hydrogen consumption, so the production cost
will increase. Studying new desulfurization processes is the key to bring more profit to the
oil refining companies. A lot of effective work is being done to reduce or eliminate the
pollution resulted from processing of sour crude oils and many new technologies for the
desulfurization of crude oil are being studied recently.
,Reda, 2006 used oxidative desulfurization assisted by 35 kHz frequency ultrasonic
irradiation to reduce the sulfur content of East Baghdad crude oil. The experimental results
revealed that the highest removal efficiency was about 76% at 60°C, 80W/cm? sonication
power intensity applied for 12 minutes.
Torkmani et al., 2008 isolated the first native fungus, identified as Stachybotrys sp. which
is able to remove sulfur and nitrogen from heavy crude oil selectively at 30°C. This fungus
was able to desulfurize 76% and 64.8% of the sulfur content of Iranian heavy crude oils
(Soroush and Kuhemond oil fields) with initial sulfur contents of 5wt% and 7.6wt% in 72
and 144 h, respectively.
Lin et al., 2010 studied the oxidative desulfurization (ODS) of Azeri crude oil under the
electric field. The desulfurization process was carried out in the electric desalting unit. The
desulfurization rate of crude oil reached about 77 at 115°C, a desulfurizer dosage of
200ug/g, and a demulsifier dosage of 50ug/g. Also the test results showed that the density
and viscosity of crude oil decrease with the removal of sulfur compounds while other basic
properties of crude oil are little affected after desulfurization process.
Hammad et al., 2012 treated high sulfur content crude oil feed stream by combined
solvent extraction and hydrotreating and provided a treated crude oil product stream of
substantially reduced sulfur content and without significant volume loss.
Wang et al., 2013 investigated the simultaneous desulfurization and demetalization of
crude oil by electric desalting based on the oxidation of alkyl thiophene and
nickel compounds with the compound of Chitosan Schiff Base under the
condition of microwave irradiation. By using the optimized conditions for
microwave irradiation, upto 56% of sulfur and 82% of nickel removal rates
were achieved for model compounds in crude oil samples.
Hosseini and Hamidi, 2014 examined the effect of ultrasonic irradiation on the removal of
sulfur from sour crude oil (5.2wt% sulfur) using oxidative method. The results showed a
desulfurization efficiency of about 93.2% when ultrasound irradiation was used.
Oxidative desulfurization (ODS), as the name implies, involves a chemical reaction
between an oxidant and sulfur that facilitates desulfurization. ODS involves two
conceptually different steps. The first step is the sulfur oxidation, which oxidize the
organic sulfur compounds to their corresponding sulfoxides, Eq.(1) and sulfones, Eq.(2).
R-S-R +1/20; = R-(SO) - ¥ 1)
R-S-R'+0, &+ R-(SO,) - K 2

The sulfoxides and sulfones have two properties that are different from the unoxidized

sulfur compounds and that facilitate desulfurization. First they are more polar, which
increase selectivity during solvent extraction and adsorption. Second, the C-S bond
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strength is decreased when the sulfur is oxidized therefore it is easier to remove the
oxidized sulfur by thermal decomposition from the unoxidized sulfur compounds. The
second step is the sulfur removal, which exploits the properties of the oxidized sulfur to
effect their removal by extraction, adsorption, distillation, or decomposition methods.

In the present work the capability of two oxidative desulfurization schemes to desulfurize
AL-Ahdab Iraqgi crude oil with initial sulfur contents of 3.9wt% was studied. The factors
that affect this process such as contact time, temperature, mixing speed and sorbent dose
were investigated.

2. MATERIALS AND METHODOLOGY

2.1 Materials

Acetone, acetonitrile and methanol (>99.0% purity) were obtained from Aldrich. Formic
acid (>99% purity) and hydrogen peroxide (30 wt%) were obtained from Fluka. Granular
activated carbon (AC) was obtained from local markets, the physical specification of the
activated carbon, as measured in the laboratories of Petroleum Research and Development
Center/Ministry of Oil are summarized in Table 1. All the chemicals were used as received
without any further treatment. Al-Ahdab (AHD) crude oil (API = 25.8, SG = 0.896, Sulfur
content = 3.9 wt%) obtained from Al-Daura refinery was used as a feed stock.

2.2 Method of Analysis:

The total sulfur content of the untreated and treated crude oil samples was determined by
SELFA-2800 sulfur in oil analyzer (Horiba, USA). The test method is based on ASTM D-
4296. All total sulfur measurements were performed by Central laboratory of AL-Daura
Refinery.

The desulfurization efficiency is calculated as the ratio of sulfur removed to that initially
present in crude oil, Eq.(3).

cl‘.‘l‘
DE% = —~— X100 (3)

o

2.3 Experimental Procedure

2.3.1 Oxidation/adsorption experiments

In the oxidation/adsorption experimental runs, 100ml of Al-Ahdab crude oil, 3ml hydrogen
peroxide, 4ml formic acid, 5ml distilled water, and the required dose of activated carbon
(0.2 to 0.7g) was heated to the required temperature ( 35 to 60 °C) and stirred at 500 rpm
for the required period of time (15 to 60 min). The contents were allowed to cool to room
temperature and the reaction mixture is transferred to a vacuum filtration system to
separate the activated carbon particles from the reaction mixture for which the sulfur
content is measured. A simplified process flow diagram is given in Fig. 1.

2.3.2 Oxidation/extraction experiments

In each oxidation experiment, 100 ml of AHD crude oil was mixed with an aqueous
solution consisting of 3 ml hydrogen peroxide, 4ml formic acid and 5ml distilled water and
introduced into the reactor. The reaction mixture was continuously stirred at 500 rpm and
60°C for 60 min. Afterword stirring for the required contact time, the aqueous and oil
phases were decanted in a separation funnel. This oxidized feedstock was used throughout
the extraction experiments.
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In the extraction run, 20ml of AHD crude oil with an appropriate amount of solvent
according to the preset solvent/oil ratio were charged into 500ml three-necked flat-
bottomed glass reactor equipped with a condenser and a thermometer. The reactor was then
placed in a constant-temperature water bath and the mixture was stirred at 300 rpm for 30
min at 30°C. The dispersion formed was then allowed to separate in a separation funnel
into two distance phases. The aqueous phase was removed and the oil phase (treated crude
oil) was analyzed for the total sulfur content measurements. Each experimental run was
repeated 2 to 3 times and each data point was determined based on the mean value with
slandered deviation of 1-3%. A simplified process flow diagram is given in Fig. 2.

3. RESULTS AND DISCUSSION

3.1 Oxidation / Adsorption Desulfurization

Among the several oxidants that have been used in ODS processes, hydrogen peroxide
(H20,) is preferentially chosen as the primary oxidant due to its environmentally benign
properties as stated by Javadli and De Klerk, 2012. However, H,O, needs to be activated
in the presence of a catalyst. Among the different oxidation systems, H,O,/carboxylic acid
especially formic acid has the advantages of reaction simplicity and commercial
availability as proposed by Mamaghani, et al., 2013.

Activated carbon is a material with well-developed porous structure, large surface area and
many surface oxygen-containing functional groups. To elucidate the effect of activated
carbon as a catalyst/sorbent on sulfur removal from AHD crude oil the following operating
variables were studied.

3.1.1 Effect of catalyst/sorbent dose

The sorbent dosage is an important parameter, since it determines the capacity of a sorbate
at a given initial concentration. As shown in Fig.3 the rate of sulfur removal increases
gradually in direct relationship with the increase in catalyst/sorbent dose. This is an
expected result because as the amount of sorbent increased, the available surface area
increased, thereby exposing more active sites for the binding of sulfur species. Moreover, it
was thought that activated carbon catalyzes the decomposition of hydrogen peroxide to
produce hydroxyl radicals that act as strong oxidizing agents like perhydroxyl ions (OH™)
that can easily oxidize the refractory sulfur compounds into sulfones as explained by Zhou
et al., 2009.

On increasing the sorbent dose beyond 0.7g the desulfurization efficiency is almost
constant and no more sulfur is further removed from the solution. This implied that there
were enough active sites for sulfur compounds oxidation in the case of activated carbon
dose amount of 0.7g.

3.1.2 Effect of reaction time

The effect of the reaction time is shown in Figs.4 and 5 for high and low mixing speeds. At
a contact time of 60 minutes and 500 rpm, the desulfurization efficiency obtained was
32.8%, but to obtain the same desulfurization efficiency at lower speed (200 rpm) it needs
mixing time of about two hours. Increasing the mixing time increases the contact time
between the unoxidized sulfur and the oxidation system on one hand and between the
oxidized sulfur and the sorbent on the other hand. Besides, on increasing the mixing speed
fine emulsions are formed between the two immiscible liquids, which is beneficial when
working with biphasic systems. When these emulsions are formed, the surface area
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available for reaction between the two phases is significantly increased, enhancing the
mass transfer in the interfacial region, thus increasing the rate of reaction.

Moreover Fig.5 indicates that no significant change in desulfurization efficiency is
obtained beyond 2 hours contact time. This is due to the adsorption of alkyl-substituted
sulfoxides and sulfones, produced during the oxidation process on the surface of activated
carbon, thus suppressing the adsorption process in accordance of Campos-Martin et al.,
2010. At this point of time, it is thought that a dynamic equilibrium is reached and the
amount of sulfur adsorbed indicates the adsorption capacity.

3.1. 3 Effect of reaction temperature

The effect of temperature on the removal of total sulfur was studied at range of 35-60°C.
The results show that temperature has large effect on removal of total sulfur. Fig.6
indicates clearly a strong dependence of desulfurization efficiency on temperature. The
desulfurization efficiency increased from 16.4% to 32.8% by increasing the temperature
range from 35 to 60°C.

The main function of oxidants is that they can donate oxygen atoms due to electrophilic
addition reaction to the sulfurous compounds present in crude oil to convert them into
respective sulfones or sulfoxides. The rate of decomposition of H,O, during oxidative
desulfurization is dependent on the temperature and concentration of the peroxide present
in the compound. The increase in temperature leads to the increase in the rate of free
radical formation and also indicates that there is activation energy for the adsorption
process. At low temperature, the adsorption process is basically governed by weak Van
der Waals forces; however at higher temperature chemisorption and probably chemical
reaction dominate showing an increase in the sorption capacity.

Increasing the reaction temperature beyond 60 C and operating at mild operating pressure
causes the loss of valuable volatile hydrocarbons in crude oil. Moreover, crude oil is very
complex mixture that contains alkenes and aromatics, and these compounds can also be
oxidized consuming part of the oxidant and degrading the quality of the crude oil. These
undesirable oxidation reactions are evident at temperatures of about 80-90°C, For this
reason, the reaction has to be conducted at temperatures lower than 80°C and short reaction
times as found by Campos-Martin et al., 2010. Moreover, Manatt et al., 2004, found that
when the temperature exceeds 70°F, H,O, rapidly decomposed and reduce the oxidation
rate.

3.2 Oxidation/Extraction Desulfurization

The efficiency of extractive desulfurization is limited by the solubility of the organosulfur
compounds in the solvent. So, appropriate solvent selection is very important for efficient
desulfurization. In the present work, methanol, acetone and acetonitrile were chosen in a
pre-screening step as potential solvents. The effect of solvent type and solvent to oil ratio
(S/O) on the desulfurization efficiency of AHD crude oil have been investigated to select
the most effective solvent and the best (S/O) ratio. The results, as presented in Fig.7 show
that acetonitrile performed the best as an extraction solvent in the desulfurization of AHD
crude oil. Martinie et al., 2010 showed that the sulfur removal ability of acetonitrile is
mostly due to its higher polarity as compared with acetone and methanol.

Acetonitrile is used widely as an extractive agent in desulfurization of petroleum fractions
due to its high polarity, volatility (having a relatively low boiling point at 355K and can be
easily separated by distillation) and its low cost as clarified by Shiraishi, 2000.

As can be observed from Fig.7, acetonitrile extracting ability increases with increasing its
ratio. For acetonitrile, on increasing the solvent/oil ratio from 1:1 to 3:1, the desulfurization
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efficiency increased from about 10.3% to 28.5%. An increase in the level of
desulfurization can be expected by increasing the solvent/oil ratio. However, on the other
hand, an increase in the solvent/oil ratio leads to a decrease in the oil recovery. Similar
findings were obtained by Sobati et al., 2010.

The main problem is related to the presence of two phases: an oil phase with the oxidized
polar sulfur compound and a polar solvent which is not soluble in the oil phase. For this
reason, there is some mass transfer limitation between the two phases. Accordingly, the
increase in solvent/oil ratio facilitates the transfer of oxidized sulfur compounds at the
polar-apolar interface, increasing notably the mass transfer across the interphase as
explained by Campos-Martin et al., 2010.

Using single stage extraction treatment with acetonitrile, Fig.8 indicates a decrease in the
sulfur content of AHD crude from 3.9 wt% to 2.7 wt%, corresponding to a desulfurization
efficiency of 31.5 %, while maintaining a high crude oil recovery yield. These findings
indicate that oxidation/extraction process is an efficient desulfurization method and
comparable with oxidation/adsorption, Fig.9, for treating sour crude oil.

4. CONCLUSIONS

1. The oxidation desulfurization efficiency can be enhanced by using activated carbon
as a catalyst and sorbent since activated carbon can catalyze the decomposition of
hydrogen peroxide to produce hydroxyl radicals that act as strong oxidizing agents.

2. The oxidation desulfurization efficiency increases with increasing; reaction
temperature, time and mixing speed. The optimum operating conditions are 60° C,
60 min and 500rpm.

3. The extraction of sulfur compounds from AHD crude oil with acetonitrile shows
better performance as compared to acetone and methanol due to its higher polarity.

4. The oxidation desulfurization catalyzed by activated carbon is comparable to
oxidation/extraction method. The desulfurization efficiencies of both methods are
32.8 and 31.5% respectively.

ABBREVIATIONS

AC Activated carbon
AHD Al-Ahdab Crude oil
API American Petroleum Institute

HDS Hydrodesulfurization

ODS Oxidative Desulfurization
0OSsC Organosulfur Compounds
SG specific Gravity
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Table 1. Physical properties of activated carbons.

Test Results

Surface area (m?/g) 702
Pore volume (cm®/g) | 0.59
Bulk density (g/cm®) 0.72

Particle density (g/cm®) [ 1.91

Particle Size 1mm

Aqueous/ Acid
Phase
Separated

Figure 1. General process flow of diagram for adsorptive desulfurization.

\
Crude o1l /

Oxadant

Aqueous/Acid Solvent
Phase Recovery
Separated

Figure 2. General process flow of diagram for extractive desulfurization.
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Figure 5. Effect of contact time on the desulfurization efficiency.
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Abstract

|mpressed current cathodic protection controlled by computer gives the ideal solution to the
changes in environmental factors and long term coating degradation. The protection potential
distribution achieved and the current demand on the anode can be regulated to protection
criteria, to achieve the effective protection for the system.

In this paper, cathodic protection problem of above ground steel storage tank was investigated
by an impressed current of cathodic protection with controlled potential of electrical system to
manage the variation in soil resistivity. Corrosion controller has been implemented for above
ground tank in LABVIEW where tank's bottom potential to soil was manipulated to the desired set
point (protection criterion 850 mV). National Instruments Data Acquisition (NI-DAQ) and PC
controllers for tank corrosion control system provides quick response to achieve steady state
condition for any kind of disturbances.

Key words: cathodic protection; impressed current; above ground tank bottom; control; DAQ.

bl Jabs A8y aladiiady (Y1 (3sd Ol A Bas il dga gl dlaal) e 5 )
3l s g a3 )
el Aaals / 4 sLaasl) Asigl) o

AaMAl

Jal 2l Leia 3 yigall <l josiall Wil Sla (g el Ll <ld 30 6K Aglaal) plas e gl ddaid 50 5 ylanidl a0

Sl s S (e S0 Taall g2 35 iy bl sl le inall o3 55 Ty o Al
ARl Al dlaall dgaa I Jgasll 2 53Y) e 530

Llaall s ladesd A (e (a3 b 35 lall paall e AN saclal 4 SK Aleall Gy oSl 13a B
o owrdll A aeally Jualaldl (3l dalladd o 5¥) kel ) Jual sl (Sl jeSI Ll 8 aSail) AplSa) ae A3 5SY
A ey ddasd gy ¥ s il jall JSU e aSail b skl i g Al 5eSl Al daglie dad
s 850 lalis 3 ,liae ddamy ) ddand) ) Al sacld N 4 il e Jeal ol agall i M e clld gl ABVIEW
Ll

Gatal Ay o Alaial 358 G AN lea] NI-DAQ pSaill 8as g5 Coguls (e AdlUall JSUN e 5 )laynd) 2 glaie
bl sl e g s Y Aleaall a3 agally Sl Y Alls

bl Jaan 48Uy 3 yhass o )Y mdaus (358 Ol 33 808 (g pud L A SIS Al il cilall)

136


mailto:naseer@habobi.com

é;é,? Number 7 Volume 21 July 2015 Journal of Engineering

1. INTRODUCTION

Storage facilities for petroleum products usually consist of a collection of above ground storage
tanks called a tank farm. The tanks are cylindrical in shape, constructed of steel, and rest on the
soil. The tank bottom, then, is subject to the same corrosion issues as are buried pipelines. The
provision of cathodic protection to tank bottoms is, if anything, more critical than is provision of
cathodic protection to pipelines. As the tank bottom is supported by the ground and is subjected
to only hydrostatic pressures, the bottom can be made of thinner metal than is used for pipelines,
which operate under pressure. Because the metal is thinner, it can be more easily perforated by
even low rates of corrosion. The provision of cathodic protection to the bottoms of above-
ground storage tanks for petroleum products, however, presents unique design issues as
compared to pipelines, Riemer , et al., 2005.

Corrosion occurs in aqueous (water-containing) environments and is electrochemical in nature.
The aqueous environment is also referred to as the electrolyte and, in the case of underground
corrosion, is moist soil. The corrosion process involves the removal of electrons (oxidation) of
the metal, Peabody, 2001.

It is well known that all metallic structures buried or immersed, and even concreted, inevitably
undergo the phenomenon of corrosion once plunged in an electrolyte. Cathodic protection (CP),
after a good passive protection, is an efficient means of stopping the process of corrosion. It
lowers the potential of the protected metallic structure to the value where the reaction of
corrosion cannot take place; this potential is known as "threshold of immunity” ,Jain A. K et
al., 2011 and Javadi, et al., 2014.

External cathodic protection systems are applicable to tanks of any size where the soil
corrosivity is sufficient to reduce the tank bottom life to an unacceptably short period. One of
the key indicators of corrosivity is the soil resistance. Soil resistivity is used not only to evaluate
corrosivity, but also to design the anode ground bed ,Philip, 2009.

In most cases, it requires energy from an electrical energy source to impress the current. This
power to provide the needed current to prevent corrosion with appropriate potential that change
due environmental conditions. For this purpose, a lot of experimental work has been done. In
this case, a regulated power supply derived by electronic circuit signal from DAQ powered
cathodic protection system has been designed. The developed circuit allows potentials to be all
the time at desired (proper) limits 0.85-0.9V [If a tank has a potential of -850 mV with respect to
the copper/copper-sulfate cell then it is usually considered protected. [Protection Criterion The
well-known protection criterion for steel in soils of -850 mV with respect to a saturated
copper/copper sulfate reference electrode CSE was reportedly pioneered by ,Robert, dating
back to 1933.

When the soil resistivity changes, PC software takes care of this and changing the voltages thru
manipulating DAQ analog output to anode keep the potential 0.85 V - 1.10V. On the other hand,
to stop corrosion entirely, in recent years, there has been increasing interest in the development
of efficient corrosion control to improve CP. Thus, several control circuits intended to regulate
ICCP have been designed and discussed ,Kharzi, et al., 2009.

In this work, to overcome this difficulty, an automatically regulated cathodic protection system
with DAQ control is proposed. This system senses the variations of the surrounding medium
resistivity by measuring the impressed voltage E; of the bottom of the tank branch against a
buried reference electrode Cu/CuSQO, (CSE) and adjusts automatically the (DC) output voltage
of the adapter circuit so that the current is kept nearly constant at the required level regardless of
the soil resistivity variations. This system is developed around the PC—NI DAQ which controls
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the output voltage of the anode, the charging voltage from Power supply Fig. 1. The acquisition
of the different parameters, as well as the measure of the impressed voltage against the buried
reference electrode CSE, is allowed by the DAQ ports. By using this suggested system, two
important goals are achieved. The first one is the prevention of corrosion, because the metallic
structure will always receive the exact current required for protection. The second goal is the
reduction of maintenance costs and system costs by using high-efficiency power conditioners.

In this study an optimized cathodic protection system has been developed for tuning output
voltage of the interface adapter to keep the current of protection (impressed current) nearly
constant in order to reach the protection criterion. On the other hand, the cost powered system is
improved by the efficient use of its generated electric power by way of the maximum power.

2. SYSTEM DESCRIPTION

Storage tank bottoms of steel structure subject to transitional environments due to changes in
soil type (moisture content). Changes simulates the height of the water table or season rains, for
example, will affect not only the availability of water but also the access of oxygen to the
protected structure surface PSS. Transitions between different soil types will also result in
different exposure conditions for different parts of the PSS. These variations can affect the value
of potential on the tank bottoms surface and the ability of the cathodic protection CP system to
provide adequate protection. A combination of different soil in laboratory and field
measurements on operating conditions bottom vessel (1 m diameter) has been used to study the
effect of varying moisture content and water level on the level of cathodic protection for tank
bottoms subjected to environmental conditions. In both laboratory tests and field trials, the
degree of protection was found to depend on the availability of cathodic reactants (O, and/or
H,0), ,Philip, 2009.

Tank to soil potential under protection is measured using Cu/CuSO, (CSE). It is fed as input
signal to analog input module of the Data Acquisition Card (DAQ) [NI 6009]. Desired set point
0.85 V (normally between -0.85 to -1.1 Volts) is entered manually. Controller module gives
output based on the set point (SP). This controller operates in direct acting mode (increase in
error increases the controller output) Fig. 1.

Controller module output is assigned to analog output module of DAQ. Output of the controller
dynamically varies the triggering base of transistor. Single phase AC power supply is fed to the
transistor. Step down transformer (220/30 Volts) positive terminal is connected as load to the
transistor collector [regulated power supply] and emitter feed the anode (30 cm long, 5 cm in
diameter) of high cast iron silicon which is buried 0.5 m (center) down the bottom of the tank
and the negative terminal to tank body, Fig. 2.
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By using computer to control corrosion thru software and modeling program built in LABVIEW
Fig. 3 to maximize the effectiveness of impressed current cathodic protection ICCP. Computer
modeling provides the tools to predict how a particular system will perform even for the most
complex situations. It can provide quantitative information on the protection potentials achieved
and the life of the system, thus reducing the risk of systems not meeting the design goals and
enabling future management of assets to be planned effectively.

Virtual Instrumentation controller front panel is presented in Fig. 3. Over protection window
will become red in color when tank to soil potential (TSP) is greater than -1.0 Volts, under
protection window will become red if the TSP is less than -0.85 Volts. When the controller is set
in without control mode, set point will directly go as output. In manual mode if the set point is
0.85 then controller output will also be 0.85 Volts. Under the Auto TSP mode, it will try to
maintain the TSP as per the Set Point.

Block diagram (program written in LABVIEW), inputs (error and change in error) are used and
one single output (controller output) is used. For corrosion control purpose, TSP is used as
process value. Here formula blocks are used to convert the sign. In this design, TSP, controller
output voltage and controller output current are measured through DAQ input channels
controller output is sent through DAQ output channel.

3. RESULTS AND DISCUSSIONS

One of the main conditions to be satisfied by an ICCP system is that the protected structure is to
be fed by a constant current determined by the structure's metal, the area, and the surrounding
medium. However, due to the environmental conditions, CP resistance changes significantly due
to the anode-to-earth resistance being affected by the variations of the surrounding medium
resistivity accordingly to extreme dry-to-wet conditions, which leads to the variation of the
output current (impressed current).

Sandy soils taken to study electrical soil resistivity changes with wide range of moisture content,
these experiments were taken using four points method Fig. 4.

Soil resistivity is an electrical characteristic of the soil/groundwater which affects the ability of
corrosion currents to flow through the electrolyte (soil/groundwater).

Resistivity is a function of soil moisture and the concentrations of ionic soluble salts and is
considered to be most comprehensive indicator of a soil’s corrosivity. Typically, the lower the
resistivity, the higher will be the corrosivity of variation.

Starting the experiments with initial conditions of electrical soil resistant equal to 1400 ohm cm
at 30% water content under the bottom of the tank, calculating the current and voltage required
to achieve tank to soil potential -880 mV which means the structure are protected.

By changing in moisture of soil by adding water (therefore soil resistivity decreases to ~ 1000
ohm cm) Fig. 6 followed in disturbance with tank to soil potential Fig. 7 potential, this drives
the DAQ to compensate the difference in protected potential thru program built in LABVIEW Fig.
3 to reach the acceptable soil potential (the controlled variable) measured thru CSE
copper/copper sulfate electrode by manipulating anode voltage fed form regulated power supply
derived by DAQ.

Response of the controller is shown in Fig. 7. Initially electrolyte conductivity is varied by
adding water and controller performance is observed. Controller brought the process value
(TSP) towards the set point 850 mV. Variation in soil resistance affects corrosion process which,
accelerates corrosion by access of O, results in a positive shift in potential as more current is
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required to electrochemically reduce the oxidant and the tank bottoms is less easily polarized.
Under some circumstances, the access of water has the same effect. Although more aerobic
conditions lead to more positive potentials, the tank bottoms is not necessarily less well
protected. In many dry and/or high resistivity soils, the tank bottoms surface may well be
passive because of the high interfacial pH and/or high O, concentration ,Fraser , 2011. In both
cases the controller is taking corrective action and bringing process value towards set point.

Fig. 7 also shows response time takes about 2 min which is practically acceptable, many
experiments taken (decreasing moisture/increasing electrical soil resistivity) the results
approximately agree with the limits of period time.

4. CONCLUSIONS

In this work, a controller for the cathodic protection for above ground tank, has been developed,

implemented and evaluated. The model is based on a PC DAQ controller were written by

LABVIEW. The following conclusions may be drawn from constructing and testing this system;

1. The close control protects the bottom tank from the corrosion. The controller was flexible,
and the model corresponded well with the changing of the soil resistivity (the current always
try to keep the voltage on the tank base at the set point with 850 mV under protected at some
points to 1000 mV under over protected at other points. This is with the acceptable range.

2. PC controllers for tank corrosion control system because of quick response to achieve steady
state condition for any kind of disturbances, it is very flexible and easy to operate. Design
and development of virtual instrumentation Corrosion controller has been implemented for
above ground tank. It prevents the tank corrosion by precisely controlling the tank to soil
potential at the desired level, conventional PID and without controller, better time domain
response is obtained about 2 min.

3. In the conventional controllers, operator intervention is more and during start up to be kept in
without controller with tank to soil potential reversely increases with soil resistivity for time
duration of around 1.5 min occurs over/under protection before putting in the with controller
mode.

4. PC DAQ requirements can be successfully reduced. Hence, significant cost savings are
achievable.

5. New controller is designed so that, to take minimum power to ICCP, therefore the overall
efficiency of the system is improved significantly. Moreover, a new circuit model is proposed
for underground tank bottoms lines and can be used in the simulation of cathodic protection
systems. In simulation, the worst conditions have been considered to increase the lifetime of
the system and to cause the designed system to be useful in different climatic condition.

6. There are no restrictions to apply this control protection system for different structure
geometry, and can be used for the case of structure in offshore, subsea or onshore including
shallow coastal waters. Materials include steel - coated or uncoated; other metals; reinforced
concrete and hybrid structures. CP system will perform over time so that can improve the
timing and optimum of ICCP.
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Abbreviations

AC Alternating Current

CP Cathodic protection

CSE Copper/copper Sulfate reference electrode
DAQ Data Acquisition

DC Direct Current

ICCP Impressed Current Cathodic Protection

NI National Instruments

PC Personal Computer

PID Proportional Integral Derivative controller
PSS. Protected Structure Surface

SP Set Point

TSP Tank to Soil Potential
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ABSTRACT

Heuristic approaches are traditionally applied to find the optimal size and optimal location of
Flexible AC Transmission Systems (FACTS) devices in power systems. Genetic Algorithm
(GA) technique has been applied to solve power engineering optimization problems giving better
results than classical methods. This paper shows the application of GA for optimal sizing and
allocation of a Static Compensator (STATCOM) in a power system. STATCOM devices used to
increase transmission systems capacity and enhance voltage stability by regulate the voltages at
its terminal by controlling the amount of reactive power injected into or absorbed from the power
system. IEEE 5-bus standard system is used as an example to illustrate the technique used.
Results showed that the STATCOM was able to reduce the voltage deviation and the apparent
power losses with minimum possible size of installation capacity for STATCOM devices. GA
plays its own requirements by finding best location and best size of STATCOM devices.

Key words: facts, statcom, genetic algorithm.
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1. INRODUCTION

Recently network blackouts related to voltage collapse tend to occur from lack of reactive power
support in heavily stressed conditions, which are usually triggered by system faults. Reactive
power has received less attention recently until the Great Blackout in August 2003 in the
northeastern US, which showed that the reactive power in US power systems was not very well
planned and managed, Zhang, et al., 2006.

Reactive power including its planning process had received tremendous interest after the 2003
Blackout from utilities, independent system operators, researchers, and the government. Power
electronics based equipment, or flexible AC transmission systems (FACTS), provide proven
technical solutions to voltage stability problems. Especially, due to the increasing need for fast
response for power quality and voltage stability, the shunt dynamic Var compensators such as
Static Var Compensators (SVC) and Static Synchronous Compensators (STATCOM) have
become feasible alternatives to a fixed reactive source, and therefore have received intensive
interests, Meena, et al., 2013.

The Static Synchronous Compensator (STATCOM) is a shunt device which employs one of the
latest technologies of FACTS and power electronic switching devices in electric power
transmission systems to control the voltage and power flow. The STATCOM regulates the
voltage at its terminal by controlling the amount of reactive power injected into or absorbed from
the power system. When the system voltage is low, STATCOM generates reactive power and
when the system voltage is high STATCOM absorbs reactive power. The purpose behind
installing STATCOM s is crucial in deciding where to install them and the sufficient number and
size of each STATCOM. The locations of STATCOMs have a significant impact on the power
flow control performance.

In this paper, STATCOM was proposed to reduce the apparent power loss and solve voltage fall
problem for the IEEE 5-bus standard system, this performance has been done by using minimum
possible size of the reactive power injected or absorbed by the STATCOM devices, while
satisfying the stability limits in order to reduce the estimated installation cost of STATCOM
devices. The locations and sizes in MVAr of the STATCOM devices will be calculated by means
of one of the optimization algorithm, namely, “Genetic Algorithm” (GA), Salbi, 2014.

GA is one of the commonly used methods to solve several optimization problems. GA can be
used only for the types of problems where solutions can be represented by chromosome. GA
starts by a randomly generated population of solutions, which will be improved through a
repetitive application of mutation, crossover, and selection operators. Individual solutions are
selected through a fitness-based process, where the more adapted solution is typically more
likely to be selected.

2. STATIC SYNCHRONOUS COMPENSATOR (STATCOM)
STATCOM is a second generation FACTS device used for shunt reactive power compensation.
The principle of STATCOM s the reactive power compensation where the reactive power and
voltage magnitude of the system can be adjusted such as shown in Fig. 1. It consists of three
paths: shunt (coupling) transformer, voltage source converter (VSC), and capacitor. The reactive
power is distributed in the power system by the converter control ,Lin, et al., 2009.
Where V i 01 are the bus voltage and its phase angle of power system.
V's Z0 s: is the STATCOM voltage and its phase angle.
The SATCOM active P and reactive power Q are given in Egs. (1) and (2).

VsV;

P =-="+sinéd 1)

Xs
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2 .
sz#—ECOSS (2)

Xs  Xs
Where Xs: is coupling transformer equivalent reactance
d3=0s-0i 3)

The STATCOM is a combination of a voltage sourced converter and an inductive reactance and
shunt connected to power system. The converter supplies leading current to the AC system if the
converter output voltage Vi is made to lead the corresponding AC system voltage VS. Then it
supplies reactive power to the AC system by capacitive operation. Conversely, the converter
absorbs lagging current from the AC system; if the converter output voltage Vi is made to lag the
AC system voltage VS then it absorbs reactive power to the AC system by inductive operation. If
the output voltage is equal to the AC system voltage, the reactive power exchanges.

3. GENETIC ALGORITHM

Genetic algorithm (GA) is one of the evolutionary Algorithms search technique based on
mechanism of natural selection and genetics. It searches several possible solutions
simultaneously and do not require prior knowledge or special properties of the objective
function, Eseosa, et al., 2012.

GA starts with initial random generation of population of binary string, calculates fitness values
from the initial population, after which the selection, cross over and mutation are done until the
best population is obtained. GA encodes the variables of the optimization function and runs a
searching process that explores the searching space in parallel. The searching mechanism starts
with an initial set of solutions generated randomly and called “Population”. This initial set up
solutions satisfies the equality and inequality constraints of the problem. Each individual
solution in the population is called “Chromosome”. The movement of the algorithm towards
the global point is directed by fitness function evaluation of the chromosomes. GA uses the
criteria of natural selection to evolve the chromosomes through successive iterations called
“Generations”. New chromosomes (offspring) are formed by crossover and/or mutation
operators. And by continuous evaluation of each chromosome during each generation, and by
using selection techniques, a new generation is formed. Typically GA consist of three phases,

(1) Generation

(2) Evaluation

(3) Genetic operation

3.1 Generation

In this phase number of chromosomes equal to population size is generated and each is of length
equals to string length. The size of population is direct indication of effective representation of
whole search space in one population. The population size affects both the ultimate performance
and efficiency of GA. If it is too small it leads to local optimum solution. The selection of string
length depends on the accuracy and resolution requirement of the optimization problem. The
higher the string length, the better the accuracy and resolution. But this may lead to slow
convergence.

3.2 Evaluation

In the evaluation phase, suitability of each of the solutions from the initial set as the solution of
the optimization problem is determined. For this function called “fitness function” is defined.
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This is used as a deterministic tool to evaluate the fitness of each chromosome. The optimization
problem may be minimization or maximization type. In the case of maximization type, the
fitness function can be a function of variables that bear direct proportionality relationship with
the objective function ,Sivanandam, et al., 2008.

For minimization type problems, fitness function can be function of variables that bear inverse
proportionality relationship with the objective function or can be reciprocal of a function of
variables with direct proportionality relationship with the objective function. In either case,
fitness function is so selected that the most fit solution is the nearest to the global optimum point.
The programmer of GA is allowed to use any fitness function that adheres to the above
requirements. This flexibility with the GA is one of its fortes.

3.3 Genetic Operation

In this phase, the objective is the generation of new population from the existing population with
the examination of fitness values of chromosomes and application of genetic operators. These
genetic operators are reproduction, crossover, and mutation. This phase is carried out if we are
not satisfied with the solution obtained earlier. The GA utilizes the notion of survival of the
fittest by transferring the highly fit chromosomes to the next generation of strings and combining
different strings to explore new search points.

i. Reproduction
Reproduction is simply an operator where by an old chromosome is copied into a Mating pool
according to its fitness value. Highly fit chromosomes receive higher number of copies in the
next generation. Copying chromosomes according to their fitness means that the chromosomes
with a higher fitness value have higher probability of contributing one or more offspring in the
next generation.

ii. Cross over

It is recombination operation. Here the gene information (information in a bit) contained in the
two selected parents is utilized in certain fashion to generate two children who bear some of the
useful characteristics of parents and expected to be more fit than parents.

Crossover is carried out using any of the following three methods:

(a)Simple or Single Point Crossover

(b) Multi point crossover

(c) Uniform crossover

ili. Mutation

This operator is capable of creation new genetic material in the population to maintain the
population diversity.

It is nothing but random alteration of a bit value at a particular bit position in the chromosome.
Some programmers prefer to choose random mutation ‘or’ alternate bit mutation. “Mutation
Probability (Pm)” is a parameter used to control the mutation. For each string a random number
between ‘0’ and ‘1’ is generated and compared with the Pm. if it is less than Pm mutation is
performed on the string. Sometimes mutation is performed bit-by-bit also instead of strings.
These results in substantial increase in process time but performance of GA will not increase to
the recognizable extent ,Gen, et al. 2008.

So this is usually not preferred. Thus obviously mutation brings in some points from the regions
of search space which otherwise may not be explored. Generally mutation probability will be in
the range of 0.001 to 0.01. This concludes the description of Genetic Operators.
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4. OBJECTIVE FUNCTIONS

Three objective functions were considered in this paper, which are the apparent power losses
(operational efficiency), voltage deviation (system security and service quality) and minimum
possible value of reactive power injected/absorbed by the STATCOM (economic benefits).
These objective functions can be summarized as follows:

A. Apparent Power Losses

The apparent power loss of the transmission line is one of the essential objectives for the
optimization problem in the electrical power system when it gathers the active and reactive
components in one formula. Then the apparent power losses of the transmission lines are given
as:

Slosses = Zi\,:tl( | Psi - Pril +j [l Qsi - Qril - {Q_glh + Q;”:lh} ] ) (4)
In which
Qf'=VZ ©)

Where S;,sses are the apparent power losses in MVA. Nt is the number of transmission
lines. Py; and P,; are the sent and received active power of the line i, respectively. Qg; and Q,.;are
the sent and received reactive power of the line i, respectively. Q< and Q<! are the sent and
received charging reactive power of the line i, respectively. V; is the voltage magnitude at bus i.
B; represents the susceptance of the r-model transmission line i, Salbi, 2014.

B. Voltage Deviation

The bus voltage is one of the most important security and service quality indexes. Therefore,
minimizing the voltage drop will increase the system security. The voltage deviation of the
system is given as, Vedam, et al., 2009.

(Vre _Vi)z
Vp = S S ©)

The reference voltages for generator (PV) bus are fixed, thus, the equation becomes:
Vp = Z?I:dl(vref - Vi)z (7)

Where
Vp is the voltage deviation. Vs is the reference voltage for bus i. V; is the specified voltage
magnitude at bus i. Nb is the number of buses. Nd is the number of load buses.

C. Minimum Possible Size of STATCOM in MVar

This objective states that the injected/absorbed reactive power in Mvar should be as minimum as
possible to satisfy the optimization and load flow requirements, which will lead to getting a
minimum size of STATCOM Minyy 4 and so minimizing STATCOM initial cost.
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Many different sizes and Standardized configurations of STATCOM are available and the may
be used in bands such as: +25MVar, £35MVar, +50MVar, £100MVar, and above. These units
can be configured as a fully parallel operating system. It is well known that the FACTS devices
can be used to provide reactive power compensation.

Table 1 gives an idea about the estimated cost of various reactive power sources including all
FACTS devices, Mathur, et al., 2002.

5.0OTTIMIZATION OF MULTIOBJECTIVE FUNCTION

The optimization problem may have a singleobjective function or multi objective functions. The
multiobjective optimization problem can be defined as the problem of finding a vector of
decision variables that satisfies the constraints and optimizes a vector function whose elements
represent the objective functions. Most of the real world problems involve more than one
objective, making multiple conflicting objectives interesting to solve as multi objective
optimization problems. Multiobjective problem can be formulated as ,Zitzler, 1999.

Minimize

Y(x,w) = [fi(x,u), ... ... (o, W] (8)

While satisfying

g0, u) = [g1(x,u), e vvrs Gma (X, W] =0 )
h(x,u) = [hi(x,u), ... ... yhma(x,w)] <0 (10)
Where:

= is the number of objectives required to minimize or maximize. m, and m., are the number of equality
and inequality constraints, respectively.

Compared with the single objective problems, multiobjective problems are more difficult to
solve, since there is no unique solution. There is a set of acceptable trade-off optimal solutions.
This set is called Pareto front. The preferred solution, the one most desirable to the decision
maker, is selected from the Pareto set ,Kong, et al., 2009.

There are several methods that can be used to solve multiobjective problems using single
objective approximations. The weighted sum method is used in this work to solve the Pareto
front problem. Weighted sum method changes a weight multiplier among the objectives in the
objective function to obtain the Pareto front. Then, the multiobjective optimization problem
will take the following general form:

Fo,u) = wifi(6,u) + wofo(t,w) + -+ + Wi fo(x,1) (11)

Where:

0<w; <1 (12)
=W = (13)
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6. CASE STUDY
The Genetic algorithm technique will be implemented to find the fitness function solutions for
the proposed cases as shown in Fig. 2. The aim is to find the best locations of the STATCOM
devices as well as the value of injected or absorbed reactive power from each one to satisfy the
minimum values for the three proposed objectives. Two operational case studies will be
discussed and analyzed in details in this research to clarify the significance of the proposed
STATCOM device including the location and the size. The algorithm will be applied on the
IEEE 5-bus standard system, based on the location and the size results of STATCOM.
The proposed algorithm is restricted to the following parameters, Salbi, 2014.
e The number of STATCOM devices that will be installed is one for the case of IEEE 5-bus
standard system.
e The maximum and minimum limits of STATCOM used is :
—25MVar< Qsrarcom <+25MVar
e The algorithm is appropriate that only one STATCOM device is allowed to be installed at
nominated bus.
e The STATCOM devices can be installed only at load buses (PQ).The slack bus and (PV) buses
are excluded.
e GA parameters for the two case studies are:
Population size = 65
Maximum number of generations = 80
Cross over probability = 0.8
Mutation probability = 0.003

7. RESULTS

Fig. 3 shows the single line diagram for the IEEE 5-bus standard system which contains (2)
generators, (7) transmission lines, and (3) load buses. The real data for the IEEE 5-bus test
system are given in Table 2. The number of STATCOM devices that can be used is 0 <
Ngrarcom < 3. Only one STATCOM device with maximum and minimum size limits of +25
MVar was sufficient to satisfy the stability requirements. GA solves the multiobjective function
with equal weights for all factors ( Sipsses, Vp, and Minyyy,,-). The results show that the
STATCOM optimal location is at bus (4) with the size of (22.5806 MVar) as an injected reactive
power to the system. Obviously, the voltage deviation and the apparent power losses are reduced
when compared with the uncompensated system using the conventional Newton-Raphson power
flow. Table 3 shows the STATCOM location, the size of injected MVar, the estimated cost, and
the comparison between V;, and S, for the two cases.

In the STATCOM localization problem, it was noticed that the algorithm found the solution
after around 2 generations. Nevertheless, the number of generations in each case is set to be 80 to
explore all search space and prevent the algorithm from falling in local minima. For this
optimum case, the evolution of the best individual (minimum objective function value) for each
generation of GA with the value of the fitness function is to be minimized which collect three
objective functions as shown in Fig.4.

The bus voltage magnitudes for the two cases uncompensated (before installing STATCOM) and
compensated (after installing STATCOM using GA) are illustrated in Fig. 5. From Table 3 and
Fig. 5, it can be seen that when the reactive power is injected by a STATCOM device in bus 4
(selected by GA), a better improvement in the network voltage level occurs with reducing the
voltage deviation by 53.95%. Also the STATCOM effect is attained to reduce apparent power loss
by 2.25%.
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8. CONCLUSION

In this work, GA was proposed as an algorithm to find the best locations and sizes of STATCOM
devices. The algorithm was applied to IEEE 5-bus standard system. The proposed algorithm was
implemented using MatLab programming language. Three objectives were taken into account,
namely, apparent power losses, voltage deviation, and minimum possible size in MVar injecting
or absorbing by the proposed device of STATCOM. GA was used to solve the multiobjective
optimization problem. The three objectives were combined in one objective function using
weighting method. The application of the algorithm successfully found the optimum location and
the size of STATCOM. STATCOM reduced the apparent power losses of the grid as well as
enhanced voltage profile by reducing voltage deviation from its nominal value for all load nodes.
The optimization algorithm was always restricted to the system voltage limits, STATCOM’s
proposed limits, generators reactive power limits, etc.
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NOMENCLATURE
Minyy,q.-» Minimum reactive power supplied by STATCOM
Ngrarcom: Number of STATCOMSs
P: active power
Q: reactive power
Qsrarcom - reactive power of STATCOM
Siosses- apparent power losses
Vp: voltage deviation
V,: ac bus voltage
V;: STATCOM bus voltage
@s: phase angle of power system
@1i: phase angle of STATCOM
Xs: coupling transformer equivalent reactance
Nt: number of transmission lines
¢h: charging reactive power of line i
B; : susceptance of the 7-model transmission line i
Nd: number of load buses
F(x, u): multiobjective optimization function

Tablel. Cost estimates for FACTS controllers.

Controller Cost
Shunt Capacitor 83US /Kvar
Conventional series capacitor 20%US /Kvar
SVC 40$US /Kvar — controlled part
TCSC 40$US /Kvar — controlled part
STATCOM 508US /Kvar
UPFC series portion 50$US /Kw — series power flow
UPFC shunt portion 508US /Kvar — controlled part
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Table2. The input branch data for the IEEE 5-bus standard system.

From To R X B

Bus Bus p.u. p.u. p.u.
1 2 0.02 0.06 0.06
1 3 0.08 0.24 0.05
2 3 0.06 0.18 0.04
2 4 0.06 0.18 0.04
2 5 0.04 0.12 0.03
3 4 0.01 0.03 0.02
4 5 0.08 0.24 0.05

Table3. Results of comparison between uncompensated and compensated cases.

Minimum _
Voltage | Apparent injected | Estimated
L Bus ..
Case deviation | power loss location | SiZ€in cost
Vp Si0ss(MVA) MVar ($x105)
MinMVar
Uncompensated | 0.0569 15.9568 _ .
Compensated
using one 0.0262 15.5975 4 22.5806 11.2903
STATCOM
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Figure 1. Block diagram of a typical STATCOM.
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Figure 2. The proposed implemented Genetic Algorithm (GA).
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Figure 3. Single line diagram of IEEE 5-bus standard system.
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Figure 4. Best individual evolution for each generation in GA for IEEE 5-bus standard system.
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ABSTRACT

In wireless broadband communications using single-carrier interleave division multiple access
(SC-IDMA) systems, efficient multiuser detection (MUD) classes that make use of joint hybrid
decision feedback equalization (HDFE)/ frequency decision-feedback equalization (FDFE) and
interference cancellation (IC) techniques, are proposed in conjunction with channel coding to
deal with several users accessing the multipath fading channels. In FDFE-IDMA, the
feedforward (FF) and feedback (FB) filtering operations of FDFE, which use to remove
intersymbol interference (ISI), are implemented by Fast Fourier Transforms (FFTs), while in
HDFE-IDMA the only FF filter is implemented by FFTs. Further, the parameters involved in the
FDFE/HDFE filtering are derived according to the minimum mean square error (MMSE)
criteria, and the feedback symbol decisions are directly designed from soft detection of the
decoded signals at the previous iteration. The simulation results including comparisons with
those of frequency domain equalization (FDE), SC-FDE-IDMA and multi-carrier OFDM-IDMA
schemes, with cyclic prefixing (CP) and zero padding (ZP) techniques, show that the
combination of FDFE-IC/HDFE-IC provides an efficient solution with good performance for
IDMA systems in ISI channels. Moreover, these iterative structures with block equalization yield
a much lower complexity than equivalent existing structures, making them attractive for a wealth
of applications.

Key words: frequency-domain equalization, interference cancellation.
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1. INTRODUCTION

In recent years, wireless communication systems have been widely used to offer a broadband
access on a common channel and deliver high-data-rate in numerous applications, which range
from wireless LANS, to digital audio and video broadcasting. Further, the latest wireless systems
require low power consumption and low complexity to support various applications on multiple
access channels. Therefore, multiple access schemes are needed to share and allocate the channel
resources to multiple users, causing multiple access interference (MAI) and significant multipath
channel distortion. To compensate for such distortion, various architectures based on IDMA
systems, ,Weitkemper, et al., 2008 ,Ping, et al., Oct. 2007 ,Guo, et al., 2006 and Guo, et al.,
2008 had been proposed in literature.

For moderately dispersive channels, the Rake based IDMA receiver ,Weitkemper, et al., 2008
,Ping, et al., 2007 ,Guo, et al., 2006 and Guo, et al., 2008 is the most common solution that
provides a good balance between performance and complexity. The multi-user detection (MUD)
in Rake-IDMA receiver has a linear complexity and the related detection costs at the chip rate
for such receivers become a serious issue in ISI channels. As the channel dispersion increases,
the equalization process become increasingly challenging due to the increase in the number of
resolvable paths and the performance of Rake receivers degrades significantly. Moreover, the
performance of such schemes with traditional IC schemes is also limited by the MAI from other
active users. By combining IDMA and orthogonal frequency division multiplexing (OFDM), an
efficient multiuser system, OFDM-IDMA ,Ping, et al., 2007 and Zhang, et al., 2008, is formed
which efficiently combats ISI by the cyclic prefixing (CP) technique in OFDM, and MAI by
iterative detection with IDMA ,Weitkemper, et al., 2008. With regard to non-linear structures, a
time domain (TD) DFE comprises a FF filter, operating at the chip rate, and a feedback (FB)
filter has been proposed for IDMA systems on dispersive channels ,Aliesawi, et al., 2011. While
it is attractive for its performance, its complexity comparable to linear equalization (LE) and may
be significant, especially for very dispersive channels, due to both the signal processing and the
design of the FF and FB filters.

For channels with long-delay spread, SC-IDMA approaches with frequency domain equalization
(FDE) in ,Lim, et al., 2007 was computationally simpler than corresponding time domain
equalization (TDE), and can reduce some of the RF implementation problems ,Lakshmanan, et
al., 2009 ,Falconer and Ariyavisitakul, 2002 and Falconer, et al., 2002. However, SC-FDE
systems have similar performance, efficiency and low signal processing complexity advantages
as OFDM, and in addition are less sensitive to RF impairments than OFDM that requires
predistortion techniques. More recently, an iterative block IBDFE and hybrid time-frequency
domain HDFE structures with a considerable reduction of complexity had been proposed
,Benvenuto and Tomasin, 2002 ,Benvenuto and Tomasin, 2005 , and Benvenuto and
Tomasin Jun., 2002. The HDFE structure does not yield a simple solution for the design of the
feedforward filter (FF).

Since filtering operations are implemented in FD by FFT, IBDFE yields a significant lower
complexity in the filter design and it does not require any matrix inversion as the case in
TDDFE. However, such schemes can be used efficiently with IC techniques to remove both
multiple access interference (MAI) and ISI using iterative detection techniques. IBDFE approach
was also used for CP assisted SC-CDMA systems in ,Benvenuto and Tomasin, Sep. 2005. By
performing various FD operations, the performance of such block-based DFEs, can be improved
due to the possibility of selecting longer filters. Further, the classical non-iterative TD-DFE and
HDFE based multiuser systems suffer from error-propagation phenomena and are not able to
cancel the precursors of the ISI.
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In this paper, the application of the HDFE and IBDFE/FDFE structures are extended to SC-
IDMA systems. The resulting structures are denoted as HDFE-IDMA and FDFE-IDMA,
respectively. The proposed structures have the benefits of a TD-DFE in terms of performance
with much lower computational complexity, especially when severely time-dispersive channels
are considered due to the FFT based frequency-domain implementation. The paper is organized
as follow. In Section 2, the system model and the data transmission format that will be used in
the SC-IDMA implementation are described. The iterative structures of the HDFE-IDMA and
FDFE-IDMA detectors as well as the description of the HDFE-IC, FDFE-IC and the design of
filter coefficients are considered in Section 3. The complexity of the proposed schemes is given
in Section 4 and is compared with that of the other structures ,Ping, et al.,, 2007. The
performance is shown in Section 4 with simulations on downlink broadband communication. In
Section 5, the conclusions of the proposed schemes are drawn.

2. DATA TRANSMISSION MODEL

For a wideband IDMA transmission in Fig.1, the information bits, d*(n) of user k are first
encoded using error correction code and repetition code, c*(m),m =0,1,..,N; — 1 with
spreading factor N;. The chips are then interleaved by a user-specific interleaver IT,. FEC and
MUX denote forward error correction and multiplexer device, respectively. The MUX allows
one or more input signals to be selected or combine into one transmitted signal. The user-specific
interleavers are generated randomly and independently. The obtained data sequence with
rate, 1/(TNy ), can be written after mapping as ,Dinis, et al., 2007.

sk¥(m + nNg) = I¥[c*(m)d*(n)], k=0,1,.., K —1 (1)

where K is the number of active users transmitting simultaneously. The transmitted signal
sk(n) is multiplexed with a training sequence t*(n) with length that is not lower than the
channel length, and then modulated with a pulse-shaping filter that exhibits a raised cosine
frequency response.

At the base station, the received signal r(n) is filtered by a matched filter and then sampled at
the rate 1/(TN;). By denoting, h’g(n), with p = 0,1, ..., N, — 1, the channel fading coefficients
for the user k , the baseband received signal r(n) includes the sum of the signals of all users,
can be expressed as

K-1Np-1

=) ) RS  (n=p) +w), @

k=0 P=0

. . . . N
where w(n), represents the additive noise process with variance, a2 = 7" , and zero mean. In

uplink transmission, the channel h’g (n) for each user k can be modelled as the sum of delayed

paths with different phases and attenuations. Analogously, the received signal in the FD, R, can
be written as

K
R=[Rl,Rz,...,RN]T=ZHkSK+W, (3)
k=1
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where [.]7denotes the transpose, S*, W and H* are the FFTs of s*, w, and h*, respectively
,Lakshmanan, et al., 2009 and Dinis, et al., 2007.

3. FDE-DFE BASED SC-IDMA RECEIVERS

The proposed structure in Fig. 2 processes the received data r(n) in an iterative fashion. For
better detection, the hybrid time-frequency domain HDFE or frequency domain FDFE is
integrated with 1C scheme to combat the effects of both intersymbol interference (1SI) and MAL.
In fact, the frequency-domain filtering of HDFE must be performed on a per-block basis, while
the feedback section must be fed with the previous detected symbols whose decisions are
performed in the TD ,Falconer, et al., 2002 and Benvenuto and Tomasin, 2002. The HDFE in
Fig. 3 operates on blocks of the r(n), and after a transient due to the first received samples, FFT
is applied to successive blocks of received samples. To avoid the delay inherent in the block FFT
signal processing, the FF filter part operates in the FD, while the transversal filtering for the FB
part operates in the TD.

The FDFE in Fig. 4 includes the FF filter coefficients in the FD, Wy withn = 1, ... N, which
partially mitigates part of the interference; and the FB filter coefficients Wrp with lengthn =
1, ... N, which removes the residual interference generated by both the pre-cursors and post-
cursors of the channel impulse response. The detector takes soft information r(n) and delivers
after some processing refined log-likelihood ratios (LLRS) L,, [s*(n)], which are based on a
priori known information L, [s*(n)] and the information gained by the equalization.

The effectiveness of HDFE/FDFE with IC filter is limited by the reliability of the detected data
at the previous iteration. During each iteration, the filter is applied to a received data, and
tentative feedback decisions, $*(n), made in the previous iteration are then used to construct and
subtract out an estimate of the ISI and MAI. With each iteration, increasingly refined soft
decisions, tanh(L4[s*(n)/2), are generated using this strategy. However, the cancellation and
detection procedures may be iterated a few times in order to increase the reliability of the
detected data.

3.1 HDFE Filter Design

In Fig. 3, the FFT output coefficients of the HDFE, (r(n)), are multiplied by the complex
valued FF coefficients, Grr(n). An IFFT is applied to the equalized complex valued samples,
IFFT(FFT (r(n))Grr(n)). The estimated ISI due to $§%(n) is computed using FB feedback taps
and subtracted symbol by symbol from the resulting TD sequence of FF filter.

The soft feedback detected data Z (n) at the previous iteration is used as input to the FB filter to
generate the FB vector. The FF and FB coefficients are designed in order to minimize the sum of
the power of the filtered noise and the power of the residual interference as ,Falconer and
Ariyavisitakul, 2002. ,Falconer, et al., 2002. ,Benvenuto and Tomasin, 2005 and Benvenuto
and Tomasin, Jun. 2002.

Jumse = E{|1Z(n) — 2(n) |2 }
N-1

1
= NZ 2 | Ger (M) + 6211 — (Grr(MHM) + Grg(n)|?], )
n=0
by assuming the past decisions are correct and in order to compute filters coefficients, the cost

function is written as a function of Gz (n)
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Gpp(n) = H*(n)(1 — GFBE"))’ (5)

|H(n)|? + 2

zZ

inserting Eqg. (5) in Eq. (4) we obtain

o2 |1 — GFB(n)lz
]MMSE == - 7 (6)
N Z S Hm|? +

Z

by applying the gradient method to minimize the cost function Jysez, We obtain the linear
system of L equations with L unknowns AyyseWrg = byuse , Where Wep = [Wepq ... wep ]
3 o -jem(n-m))/N)
[Ammse]nim = P ,1<sm,l < Lg (7)
n=0 |[H(M)|?+ G—VZV
z

N-1  _j2n(nm/N)

[Buselm = ) ————,1<m<L ®

o2’
n=0 [HM)|?> + =%
Z

when 62 — 0, the minimum mean square error (MMSE) solution will reduce to the zero forcing
(ZF) solution. Hence, the HDFE output can be described as ,Aliesawi, et al., 2011.

L
$(n) = IFFT(FFT(r(n))Gpy Z Wep(M)Z(1). ©)
=1

Since the feedback part of the HDFE performs only multiplications and symbol by symbol
subtraction of feedback symbols, the FB is also simple and it could be made with L taps as
required for adequate performance.

3.2 FDFE Filter Design
In Fig. 4, the vector, Wi, at iteration it, is element-wise multiplied with R, to produce the
output vector Yit as

Vit = WirRy,, (10)

the feedback detected data 2%, is transformed by a FFT to result Z*, and then multiplied with
WL, to yield the FB output vector YL as

Yig = Wip 2, (11)

Since Y4 depends on the feedback detected data 2%, at the previous iteration, when no detected
data is avallable at, it = 1, the Z' is set as
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% =0n=1,..,N (12)
At the combining point, the vector signal Y** is obtained as
Y = Yi + Yig, (13)

The Y™ is transformed by an inverse discrete Fourier transform (IFFT) to result the TD vector
signal as an input to the IC scheme

1 .
=— why*, 14
Z=5 (14)

where W# is the N by N FFT matrix. The outputs of IC scheme after deinterleaving IT;* and
despreading are sent to the kth user decoder. The output of the decoders after spreading and
interleaving II,, is subtracted from L,,[s*(n)] to form the extrinsic information of the user k.
The effectiveness of the FDFE-IC to cancel the channel effects is limited by the reliability of the
detected data at the previous iteration. Indeed, the iterative process gradually increases the
reliability of the detected data. However, by performing FDFE filtering operations in the FD
through the FFT, the complexity of processing can be reduced.

The FF and FB filters are designed to minimize the resulting mean square error (MSE), where
the expectations are taken with respect to the transmitted data, the detected data and the noise.
By assuming a priori statistic of the involved signals, the correlation among the errors on the
data is ignored and the correlation coefficients at iteration (it) can be defined as ,Lakshmanan,
et al., 2009 ,Benvenuto and Tomasin, 2005 and Dinis, et al., 2007.

corT, 4at-1) = E[ z(n)2@ D m) ], (15)

The cost function J%, is written as ,Zhang, et al., 2008 and Falconer and Ariyavisitakul, 2002.

JE={ |2"(m) —z(m)|*}. (16)
By applying Parseval's theorem and using Eq. (10), the Ji can be written as
1 N-1
Jt = Y E{ (G Ry + Wi 205D () = 22 ), (17)
n=0

From substituting Eg. (3), and by taking the expectations in Eq. (17) with respect to the data and
the noise, the J is written as

N
. 1 . . .
Jt = ﬁz |Gz ? My, + |Ger H = 11 Mymy + [Wep M pae-n
n=1

+ 2Real (W (Gl (W)H — 1)corr, s }, (18)
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where M,,y = E[ |S|?], and M,, is the average power of the MAI and noise signals in the FD,
respectively. To derive the filters that minimize the above equation, the FB filter imposes the
constraint that the filter removes both pre-cursors and post-cursors, but doesn't remove the
desired components, i.e, it must be

=

-1
Wi =0 (19)
0

S
Il

By taking the gradient method with respect to the FB filter coefficients, under the above
constraint, yields the solution

it it
corr, a0 |HGpp — Gamma™|

Wit — , 20
FB [ (20)
N
Gammal = Z H G, (21)
n=1

by inserting W& in cost function and setting to zero the gradient with respect to the FF
coefficients, we obtain

G = H (22)
FF |C0TT'Z'ZA(it—1) |2 2
My, + My (1 — H

MM za-0)

On the other hand, when perfect knowledge of the transmitted data is available, the correlation
coefficients becomes

CorT, siit-1) = My(my (23)

and My, = M ;). From Eq. (22) and Eq. (20), the FF filter is matched to the channel, i.e,

H*

GHp = 7, (24)

Mz(n)

while the FB filter removes all the ISI. A first estimate of the disturbance power is obtained as in
Benvenuto and Tomasin, 2005

51t = J%Zﬁzl B — 22, (25)

3.3 Interference Generation and PIC Scheme

The impact of MAI can be removed by applying a parallel (IC) scheme. In PIC, the MAI
produced by the other users accessing the same channel, is removed in parallel for all users. As
compared with the successive IC scheme, PIC requires a short processing delay to complete the
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cancellation operation ,Peijun and Rappaport, 1998. The soft symbols z(n) after equalization
are given to the IC and the LLRs for each user are obtained using ,Aliesawi, et al., 2011.

2{z(n) — E[z(n)] + Xk=, E[s* ()]}

LS 0] = S e R ()] + 0 — var(s* ()]

Vkn (26)

The extrinsic information L,,[s*(n)], is processed by the deinterleavers and the despreaders. The
decoders generate the bit-level extrinsic LLRS, which are also processed by the interleavers and
the spreaders.

While the IC scheme is used to reduce MAI, the purpose of interference generation block is to
regenerate the interference due to user k by reconstructing the original transmitted signals of one
or more users. The new extrinsic information, L,[s*(n)], based on the a priori means,
E[s*(n)] = tanh{L4[s*(n)]/2 }, and variances, wvar[s*(n)] =1 — (E[s*(n)])?, is calculated
and mapped to suitable constellation points, to form new decision symbols §$%(n). The §%(n)
symbols are summed to form the MAI signal as

K

2 = ) s5(w), 27)

k=1

and fed to the FB filter. As the IC operation progresses, the estimates of the MAI improves and,
in later stages of the iterative scheme, the data estimates of all the users have been obtained.

4. SIMULATION RESULTS

4.1 Simulation Conditions

In this section, simulations results of HDFE-IDMA and FDFE-IDMA schemes are presented and
compared with those of FDE-IDMA and multi-carrier OFDM-IDMA schemes, with CP and ZP
techniques ,Guo, et al., 2008. All of the schemes use the same encoding scheme, a rate 1/2
convolutional code with generator polynomial (23, 35)s, followed by repetition code with
length N, = 6. The length of the transmitted block for each user is 256 with four active users.
The number of iterations is 3 for all the schemes. The interleaved chips after QPSK modulation
are linearly superimposed and transmitted over a bandwidth of 4 MHz with equal power
allocation and uniform phase distribution. In the considered scenario, the transmitted signals
undergo independent dispersive Rayleigh fading channels with an exponential power delay
profile and normalized root-mean square delay spread. The channel is assumed to be known and
time-invariant. The cyclic extension, ZP and CP, have been setto CP,ZP = Np.

4.2 BER Performance Comparison

In Fig. 5, the BER as a function of the Ey/N, is presented for the proposed schemes. For
comparison, the performance of FDE-IDMA and OFDM-IDMA with CP is also shown. The
cyclic extension has been set to 25 and the feedback filter of HDFE has been set to L + 1 taps.
The performance of HDFE-IDMA clearly outperforms other IDMA structures, including
OFDM-IDMA and FDE-IDMA, and approaches the 10 BER level at high Ey/N,. The proposed
HDFE-IDMA scheme results a gain of about 2 dB at BER=10". When compared with the other
schemes, the proposed FDFE-IDMA structure yields a gain of about 1.5 dB at BER 107. The
OFDM-IDMA has similar performance to FDE-IDMA for moderate E,/N,.
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Figs. 6 and 7 show the performance comparison for different IDMA schemes with different
number of active users K. For large active users, the performance decreases since the residual
interference levels and the error propagation can be high. However, the FDFE/HDFE is effective
in reducing the I1SI generated by the dispersive channels. It is also noticed in Fig. 8 that the first
two iterations result a significant improvement, while the improvement of further iterations is
reduced and the performance gains associated to the iterative procedure are higher for small K.
However, the large K requires the independent processing of ISl and MAI that is carried out in
such proposed schemes. This makes the proposed schemes an attractive choice when coding
schemes are involved and the structures allow equalization and coding to be done separable.

The performance of OFDM-IDMA and FDE-IDMA with ZP is also drawn in Fig. 9 and
compared with that of HDFE-IDMA and FDFE-IDMA. The proposed structures are clearly
outperforms other schemes and results an improvement of about 1 dB at BER 107, due to the
equalizer's ability. Further, the FDE-IDMA has similar performance to OFDM-IDMA for high
Ew/No. The improvement in FDFE-IDMA performance can be explained as a result of the
iteration process and the improved FB part that is able to remove both precursors and postcursors
of ISI. Moreover, the iterative process gradually increases the reliability of the detected symbols
and reduces the effects of the error propagation that limits the performance of non-iterative DFE
based schemes.

4.3 Complexity Comparison

In this section, the computational complexity, per chip (a QPSK symbol), per user, of the various
IDMA schemes is evaluated in Table 1 in terms of the number of complex multiplications
(nCMuls). The nCMul is taken as parameter because it consumes more hardware than addition
and other operations. The comparison does not take into account the decoders, despreaders,
spreaders and interleavers operations since these operations are identical in both receivers. An
example with K = 4,L = 24, it= 3and N = 256 is also given.

In the OFDM-IDMA scheme, the independent treatment of ISI and MAI reduces the processing
cost of MUD. There is approximately a factor of L between the detection cost for TD schemes
and that for multicarrier scheme. The IC block has linear complexity in frame length and is
independent of L. The FFT costs for one chip (N X log, N)/2 complex multiplications and
(N x log, N) additions/subtractions for N chips. For the OFDM-IDMA scheme, according to the
algorithm given in ,Yueqgian, 2007 , there are approximately 1120 CMuls, per chip, per user
involved in detection process. Since OFDM demodulation is carried out for all users before the
iterative detection process, the FFT cost is independent of the user number K, the path number L,
and the iteration number. In contrast, there are approximately 67680, 41640 CMuls for the FDE-
IDMA and TD-DFE-IDMA, respectively. When compared to OFDM-IDMA, DFE-IDMA has an
increased complexity due to the TD filtering operations. Moreover, the FDE-IDMA has a
significantly higher complexity than both OFDM-IDMA and DFE-IDMA. Indeed, the filter
design for OFDM-IDMA is much less complex than that for other systems.

In the FDFE-IDMA, after an initial FFT to obtain the vector R, at each it, the filters' coefficients
require one CMul and two IFFT per block, except for the last iteration that requires only an
IFFT. In each block, we have N, data symbols only, the remaining (N — N;) are training
symbols sent for channel estimation. The overall complexity for FDFE is, [((N/2 log, N —
N)+ N)/N; — N/Ng4] and for IC is,2 X K. While the inversion of a correlation matrix of size
Q in the design of the TD-DFE and HDFE has a complexity of 0(Q3) and 0(Q?), respectively.
The HDFE-IDMA results a computation reduction of about one-third when compared with TD-
DFE-IDMA. In turn, FDE-IDMA reduces complexity, with respect to HDFE-IDMA, of another
55%-65%. The channel estimation was not considered because these schemes except the TD-
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DFE-IDMA need the same estimate of the channel frequency domain response, which can be
obtained by known techniques in Edfors, et al., 1998 and references therein.

However, in the design of the FF and FB filters of FDFE-IDMA, H? has to be calculated by
channel estimation, while one division and two multiplications are needed for each iteration. The
complexity of these turbo structures may vary significantly according to the dispersion of the
channel. However, FF and FB filters in FDFE-IDMA have a very simple implementation
because no matrix operations are involved and the provided complexity may be negligible for
low or moderate dispersion channels.

5. CONCLUSIONS

In this paper, an equalization and IC scheme, HDFE-IC and FDFE-IC, in conjunction with
coding have been considered for wideband IDMA systems. In the proposed HDFE-IDMA
structure, the signal processing and the FF filter design of the HDFE that operates on blocks of
the data are performed entirely in the FD. While in the proposed FDFE-IDMA structure, both the
FF and FB filtering operations are performed in the FD, which yields a reduced complexity with
respect to existing IDMA receivers. The performance gain of HDFE-IDMA is significant when it
is compared with the performance of OFDM-IDMA and SC-FDE-IDMA. Moreover, the
integration of FDFE and IC outperforms significantly HDFE-IDMA, OFDM-IDMA and FDE-
IDMA. However, the application of FD techniques makes SC-IDMA with DFE a potentially
valuable alternative to multicarrier systems and a variety of issues remain to be explored in
future research.
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FDE: frequency domain equalization

HDFE: hybrid decision feedback equalization

IC: interference cancellation

ISI: intersymbol interference

IBDFE: iterative block decision feedback equalization
IFFT: inverse Fast Fourier Transform

LE: linear equalization

LLRs: log-likelihood ratios

MUD: multiuser detection

MMSE: minimum mean square error

MAI: multiple access interference

nCMuls: number of complex multiplications
OFDM: orthogonal frequency division multiplexing
PIC: parallel interference cancellation

QPSK: quadrature phase shift key

SC-IDMA: single-carrier interleave division multiple access

TD: time domain

TDE: time domain equalization
ZP: zero padding

ZF: zero forcing

List of Symbols
c*(m): repetition code
d*(n): information bits of user k
Grr(n): complex valued FF coefficients in HDFE
hys(n): the channel fading coefficients for the user k
H*: the FFT of h*
it: iteration number
Juusg- the cost function
K: number of active users
L: number of FB filter taps
Lg [s*(n)]: a priori known information
L., [s*(n)] : the LLRs for user k
M, the average power of the MAI and noise signals
m: time index after coding
n: time index of transmitted bits
N: number of transmitted bits
N,: spreading factor
Ng: number of data symbols
N,,: number of paths
Ny noise power
p: path index
r(n) :the received signal
R: the received signal in FD
$%(n): tentative feedback decisions
s*(n): the transmitted signal
S*: the transmitted signal in FD
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t*(n): the training sequence

y(n): the output of HDFE

T: time period

w(n): the additive noise process
Wer : FF filter coefficients in the FD
Weg: FB filter coefficients in the FD
WH: the N by N FFT matrix

z: the input to the IC block

Z (n): the soft feedback detected data
o2: variance

6t disturbance power

[T, : user-specific interleaver

M *: dinterleaver for the user k
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Table 1.Complexity comparison of the various IDMA schemes.

Structure nCMuls nCMuls for considered
simulation scenario

FDM-IDMA 1 112
© (leogzN)§+8><K><it 0

FDE-IDMA N xlog, N+ N2 +8 X K X it 67680

DFE-IDMA [(Mpg + Mg + M3:) + 2 X K] X it 41640
HDFE-IDMA N 15578

[(N— x log, N + MFB) + ((2N,)? + 2N + Nlog, N)
d
+2 X K] Xit

FDFE-IDMA | [((N/2 log; N —N)+ N)/N; — N/N4] x it +[(3 x it 2844

+1)XN]+2 XK Xit
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k . .
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Figure 1. The discrete time block diagram of an IDMA transmitter for user-k.
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Figure 8. Performance comparison between FDFE-IDMA (solid lines) and HDFE-IDMA
(dashed line) with different it number.
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ABSTRACT

In this paper, precision agriculture system is introduced based on Wireless Sensor Network
(WSN). Soil moisture considered one of environment factors that effect on crop. The period of
irrigation must be monitored. Neural network capable of learning the behavior of the agricultural
soil in absence of mathematical model. This paper introduced modified type of neural network that
is known as Spiking Neural Network (SNN). In this work, the precision agriculture system is
modeled, contains two SNNs which have been identified off-line based on logged data, one of these
SNNs represents the monitor that located at sink where the period of irrigation is calculated and the
other represents the soil. In addition, to reduce power consumption of sensor nodes Modified Chain-
Cluster based Mixed (MCCM) routing algorithm is used. According to MCCM, the sensors will
send their packets that are less than threshold moisture level to the sink. The SNN with Modified
Spike-Prop (MSP) training algorithm is capable of identifying soil, irrigation periods and monitoring
the soil moisture level, this means that SNN has the ability to be an identifier and monitor. By
applying this system the particular agriculture area reaches to the desired moisture level.

Key words: precision agriculture, wireless sensor network, spiking neural network, modified chain-

cluster based mixed.
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INTRODUCTION

In Precision Agriculture (PA), various parameters including soil type and temperature vary
dramatically from one region to the other and therefore any irrigation system must be
flexible enough to adapt to the constraints, Kumar, et al., 2013. Wireless Sensor Networks
(WSNSs) can play an important role because of their ability of providing real-time data
collected by spatially distributed sensors. More specifically, a WSN is a wireless network
composed by a set of autonomous, low-power, and low-cost devices (called nodes) using
sensors to cooperatively monitor physical quantities. WSNs have been already used for PA
purposes especially for monitoring environmental parameters, Martinelli, et al., 2009. PA is
a new development in traditional agriculture. In PA, production environment is monitored,
and the monitored data is used to derive the most suitable environment management decision
which employs control and adjustment solutions to obtain better product yield. Greenhouse
shed is one of the typical means in PA. In order to achieve precision control to the
production environment, it is necessary to perform three tasks: Firstly, monitoring
parameters such as temperature, Secondly, control and management decision is determined
based on the analysis of the collected data. Finally, based on the control decision, automatic
or manual control mechanism is implemented, Xia, et al., 2011. PA ensures quicker response
time to adverse climatic conditions, better quality control of the produce and yet a lower
labor cost ,Anurag et al., 2008. WSN is a major technology that drives the development of
PA. An important issue that arises in PA is the type of parameters to be sensed, which apart
from the regular environmental parameters like temperature, humidity, Valada, et al., 2012.

PRECISION AGRICULTURAL SYSTEM AND SPIKING NEURAL NETWORK

General block diagram of agricultural soil for precision agricultural system is shown in Fig.
1. To construct a precision agricultural system, this requires two SNN. These two SNNs
must be identified and trained through Modified Spike-Prop training algorithm (MSP).

Spiking Neural Network Structure

The structure of SNN is shown in Fig. 2. The feedforward SNN is constructed in three
layers: two units in input layer H, seven units in hidden layer I and one unit in output
layer J. Each connection between input and hidden layer, hidden and output layer consists
of six delayed sub-connection or synapses k as shown in Fig. 3. Number of hidden units
and number of synapses in each sub-connection are chosen through trial and error.

The Modified Spiking Neural Network Training Algorithm

In MSP the starting of processing information is begun after encoding process. In encoding
process, the real information RI is encoded with respect to time interval T such that the
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smallest value in the pattern R,,;, takes the largest value of time interval t,,,, and the
largest value in the pattern R,,,, takes the smallest value of time interval t,,;,, the actual

coded information . will be calculated by Eq. (1) ,Oniz, et al, 2008.

(act) _
ty t

(Rl_Rmin)(tmax_tmin)
— bmax — round( tmin t ) (l)

(Rmax_Rmin)

Where round is a function that approximates the float element to the nearest integer.

The decoding equation can be derived from Eq. (1) by solving for RI.

(tmax_ tj_tmin)x(Rmax_Rmin)

(tmax_tmin)

RI(t) =

+ Rmin (2)

MSP algorithm passes into two phases. In the first phase, feedforward phase, each neuron
can spike at most once only during the time interval T, when its membrane potential m
exceeds threshold value 9. The feedforward phase usually begins from hidden layer I and
check every neuron iconsequently if it is spiked or not. If the neuron i is spiked the
algorithm goes to the next neuron i + 1 in the same layer, else MSP algorithm calculates the

membrane potential m;(t) according to Eg. (3) based on input spikes t,(la“)of neuron h at
input layer H.

m(t) = YN YR wli(R) e(t — £ — d¥) @3)

Where w; : connection weight between neuron h and neuron i for the synapse k.
d* : delay value of the synapse k.

e(t) = % el_% 4)

Where 7 is the time-constant and &(t) =0 for t <0 to insure -causality
,Thiruvarudchelvan,et al, 2013.

If m;(t) exceeds threshold at particular instant t , then the neuron i will be forbidden from
spiking more during the remaining time interval T, else it will be reset in next instant ¢t + 1 .
After second layer’s neurons has finished, the algorithm goes to the output layer / and
repeat the same procedure, but in this case the spikes of hidden layer will be inputs to the
output neurons. When T interval has been finished, then the backpropagation phase begins.
After feedforward phase has been finished the second phase begins where the synapses’
weights of connection will be updated. Opposed to feedforward the backpropagation begins
from output layer and return back to the hidden layer.
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The two phases will be repeated, if the Root Mean Square Error (RMSE) is less than desired
value of error. The learning rate n will be updated after end of each epoch according to the
Eq. (5) ,Huijuan, et al. 2012.

a .n(epoch) if error(epoch + 1) < error(epoch)
n(epoch + 1) = {b.n(epoch) iferror(epoch + 1) > c.error(epoch) (5)
n(epoch) iferror(epoch + 1) = error(epoch)

Where a, b and c are constants and their values are chosen by trial and error.

3. SYSTEM IDENTIFICATION

The input to the soil, which represents agricultural soil, is the Irrigation Period (IP) and the
output is Moisture Level (ML).The mathematical model of the soil that will be identified
depending on logged data. Soil can be considered as input/output system with unknown
structure and unknown parameters, in the training process mapping between input-output
data will be done by SNN through MSP training algorithm. The Non-Parametric
identification is done.

Fig. 4 shows the identification of soil using SNN. The present state of IP and Actual
Moisture Level (AML) are fed as the inputs to spiking neural network. Moisture Level
Spiking Neural Network (MLSNN) is trained off-line to adapt MLSNN’s weights to
optimize soil response. Weights are updated according to the error between the output of soil
(ML) and the output of MLSNN (ML), as described in Eq. (6).

error = ML — ML (6)

The input signal of soil, which is IP, must be calculated and processed. Another plant, which
is called irrigation plant, is used to calculate IP. Irrigation plant is identified based on logged
data. Logged data is forwarded to Irrigation Period Spiking Neural Network (IPSNN) which
is trained off-line by MSP training algorithm. The inputs to IPSNN are AML and Desired
Moisture Level (DML) and the output is estimated Irrigation Period (TP). Fig. 5 Shows
block diagram of the irrigation plant identification.

4. SPIKING NEURAL NETWORK WITH MODIFIED SPIKE-PROP ALGORITHM
AGRICULTURAL SYSTEM
The objective is to construct an agricultural model to keep the moisture level around the
desired set-point after applying particular irrigation period to avoid dry or too much wetted
soil. Fig. 6 shows the block diagram of the agricultural system. The monitor at first, encode
the real values of moisture level with respect to time. Then the following procedure will be
repeated for all encoded data:
1. Monitoring plant or IPSNN produces IP according to the inputs: AML and DML.
2. IP will be set to MLSNN. MLSNN will produce ML according to IP and

AML. The current ML must be around DML value.
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When all packets have been completed, the sink will return the IPs values to the sensors.
As a result all the coverage areas have their moisture level monitored by sink thereby
saving the moisture level around desired moisture level.

5. SIMULATION RESULTS

The simulation of precision agriculture system model is explained by using Spiking Neural
Network (SNN) with Modified Spike-Prop training algorithm (MSP). The agricultural
system is simulated using MATLAB R2012a simulator. The simulation of wireless sensor
network for precision agriculture system is shown in Fig. 7. The network consist of one
hundred stationary sensor nodes placed in a (25 x 100) meter with one sink node. Network
specification mentioned in Table 1.

The compression between Modified Chain-Cluster based Mixed (MCCM) and Chain-Cluster
based Mixed (CCM) routing algorithm with respect to energy consumption of cluster head
nodes is shown in the Fig. 8. Minimum and maximum values of energy consumption for
both CCM and MCCM are: (0.0037, 0.0568) and (0.0030, 0.0511) respectively, so the
enhancement percentage of energy consumption is from 10% to 18.9%.

5.1 Identification Results
The general specification of SNN with MSP training algorithm is presented in the Table 2.
The spike-response functions e with T = 3 for one connection of six synapses are shown in
Fig. 9. Notice that first curve starts from 1 because € function has one delay, also the final
curve starts with 6 because & function has six delays. Summation of spike-response
functions of Fig. 9 along T is shown in Fig. 10. The identification process is done for
moisture level and irrigation plant using SNNs:

5.1.1 Irrigation period spiking neural network identification

Irrigation Period Spiking Neural Network (IPSNN) specification is mentioned in Table
(2). IPSNN of Fig. 5 is identified through MSP training algorithm by using logged
training samples. The training samples are: Actual Moisture Level (AML), Desired
Moisture Level (DML) and Irrigation Period (IP) values as shown in Table (3). The
training samples of Table (3) are converted to spikes, then they enter to the training
stage. After the IPSNN is trained for 100 epochs, output of IPSNN (/P) will converge
to the desired IP and the final values of the weights are saved. Result of IPSNN
identification is shown in Fig. 11. To check validation of identified IPSNN, the saved
weights of identification stage are used with another set of data; the result of validation
is shown in Fig 12.

5.1.2 Moisture level spiking neural network identification
Moisture Level Spiking Neural Network (MLSNN) specification mentioned in Table 2.
MLSNN of Fig. 4 is identified based on logged data. Fig. 13 shows MLSNN
identification. As it is clear from Fig. 13, the output of MLSNN (ML) is converged to
the Desired Moisture Level (DML) this means that MLSNN provide acceptable
moisture level for corresponding part of agricultural area. MLSNN is trained for 100
epochs and the final weights will be saved. After training has finished, the RMSE
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reaches 0.500. To check validation of identified MLSNN, the saved weights of
identification stage are used as initial weights with another set of data; the result of
validation is shown in Fig. 14.

5.2 Simulation Results of Agricultural System
Sensor nodes packets are random values between 3% and 13% of moisture level; they will
be transmitted to the sink node using MCCM. The moisture level of the first strip reaches to
the DML as shown in Fig. 15. Table 4 presents the AML, DML, and IP for the first strip
after decoding. As it is clear from Table (4), IP values are proportional to the difference
between AML and DML. For example at the first sensor node the difference between AML
and DML is 26.86 so the IP is 11.98, but at second sensor node the difference between
AML and DML is 10.07 so the IP is 5.90 and it is less than first IP and not vice versa.
When the AML is greater than DML this means that the corresponding agricultural area
does not need irrigation; therefore; the IP will be zero like node 26 its moisture is 10.89 and
the DML is 10 so IP is zero. IP values for all nodes are shown in Fig. 16.
Moisture level of all sensor nodes in the network is shown in Fig. 17, these values are
coded values and the real values are obtained after decode them. Fig. 18 shows the real
values of Fig. 17. As it is clear the output of MLSNN, converges to the DML, then all
agricultural area is at desired moisture level.

6. CONCLUSIONS
From the simulation results, the following points can be noted:

¥ MCCM is better than CCM, because in MCCM the sensor node transmit its packet if the
moisture level is less than the threshold value; this means that the energy consumption is
less. The energy consumption is diminished in proportional with number of transmitted
packets. From other side of view, MCCM reduce the congestion and overhead on the
network.

** SNN with modified Spike-Prop training algorithm learned quickly, it has good results in
identification of the moisture level and the irrigation.

%+ SNN has capability of monitoring IP of Fig. 6, and this is proved in the results as shown in
Figs. 16 and 17.
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Symbols
Symbol Description Unit
d* Delay of specific synapse msec
m;(t) Membrane potential of hidden layer neurons Unit less
tfl““) Actual spiking time of neurons at input layer msec
wk, Weight between input and hidden layer Unit less
NH Number of neuron in input layer Unit less
RI Real input pattern Unit less
T Time interval msec
h Neuron sequence in input layer Unit less
i Neuron sequence in hidden layer Unit less
t Current time msec
£ Spike response function msec
n Learning rate Unit less
V) Threshold value for spiking Unit less
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Table 1. Wireless sensor network specification.

Parameter Value
Number of nodes 100 node
Number of strips 5 strip
Number of nodes in one strip 20 node
Sink node position (120,13)
Coverage area 100 X 25 meter
Distance between two nodes vertically 5 meter
Distance between two nodes horizontally 5 meter
Packet size 2 k bit
routing MCCM algorithm
Energy of running transmitter 50 nJ/bit
Energy of running amplifier 100 pJ /bit * meter?

Table 2. SNN specification.

Parameter Value Unit Description

network topology 2,7,1 Unit less Number of units in Input/Hidden/output

n 0.00I Unit less Learning rate value initially
ab,c 1.38,1.14,0.8 | Unit less Constants of adaptive learning rate

T 3 msec Time constant
J 1.5 Unit less Threshold value for spiking
T 1-80 msec Time interval
D 6 msec Number of delay synapses per connection
At 0.1 msec Step size
w [0-1] Unit less Initial weights of hidden and output layer
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Table 3. Training samples values of identification, Capraro, et al., 2008.
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No. AML(%) IP(hr.) DML(%)
1 5 9.5 32
2 17 7.3 27
3 7 15 45
4 20 10.3 35
5 8 3.8 15
6 7 1.1 8
7 3 9.3 32
8 11 8.6 29
9 10 13 42
10 20 9.7 32
11 11 8 28
12 10 14 45
13 23 9.4 32
14 12 9.8 34
15 13 14 45
16 12 5.7 20
17 8 8.3 28
18 10 3.5 15
19 4 8.5 29
20 18 8 28
Table 4. AML, DML and IP for the first strip.
NO. | AML (%) | IP(hr.) | DML (%)
1 11.14 11.98 38
2 8.93 5.90 19
3 4.39 12.55 40
4 3.84 5.90 19
5 3.49 3.24 10
6 9.01 3.26 10
7 9.53 10.27 33
8 5.98 6.84 22
9 3.98 10.08 32
10 8.24 4.38 14
11 3.34 2.86 9
12 6.43 14.06 45
13 8.82 11.03 35
14 5.78 8.75 28
15 9.97 12.55 40
16 4.75 6.85 22
17 12.44 4.76 15
18 9.07 4.38 14
19 10.72 3.83 12
20 5.13 11.98 38
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Figurel. General system block diagram.
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Figure 2. Structure of SNN.
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Figure 3. Sub-connection consist of six synapses.

P
AML
Figure 4. Soil plant identification.
DML Irrigation
AML Plant

Figure 5. Identification of Irrigation Length Interval.
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Figure 6. Block diagram of agricultural system.
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Lead (I1) from Solution by Activated Carbon and Bentonite
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ABSTRACT

T his work is aiming to study and compare the removal of lead (I1) from simulated wastewater
by activated carbon and bentonite as adsorbents with particle size of 0.32-0.5 mm. A
mathematical model was applied to describe the mass transfer kinetic.

The batch experiments were carried out to determine the adsorption isotherm constants
for each adsorbent, and five isotherm models were tested to choose the best fit model for the
experimental data. The pore, surface diffusion coefficients and mass transfer coefficient were
found by fitting the experimental data to a theoretical model. Partial differential equations were
used to describe the adsorption in the bulk and solid phases. These equations were simplified and
then solved using a technique with finite elements and orthogonal collection method for the bulk
fluid and intraparticle phases, respectively. The results obtained from this work show that the
equilibrium adsorption isotherms are favorable, and fitted well using the Freundlich model for
activated carbon and bentonite. The activated carbon has a high value of pore diffusion
coefficient, D,, while bentonite has a high value of surface diffusion coefficient, Ds. This
indicates that the pore diffusion controls the adsorption process for activated carbon, and the
surface diffusion controls the adsorption process for bentonite. The activated carbon was more
efficient than bentonite in removing of lead (I1) from simulated industrial wastewater.

Key words: adsorption, lead (ll), activated carbon, bentonite, isotherm, kinetic
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1. INTRODUCTION

Heavy metals as pollutants, are not biodegradable, and tend to accumulate in living
organisms, Kobya, et al., 2005. Lead is one such heavy metal, and can be introduced into liquid
wastes from different industries. In water, lead tends to accumulate in aquatic organisms through
the food chain and by direct uptake. Lead can damage practically all tissues, particularly the
kidneys and the immune system. Intense exposure to high levels of lead (from 10 to 20 g/day)
causes encephalopathy with the following symptoms: vertigo, insomnia, migraine, irritability and
even convulsions, seizures and coma. There is a critical need to treat wastewater so as to bring
the concentration of toxic elements below the recommended release limit, Smith, 1992.

Conventional techniques for removing dissolved heavy metals from wastewater includes
chemical precipitation, adsorption, electrolytic recovery, ion-exchange, chelation and solvent
extraction or liquid membrane separation ,GGksungur, et al., 2005. Adsorption is one of the
methods commonly used to remove heavy metal ions from various aqueous solutions. The
efficiency of adsorption relies on the capability of the adsorbent to adsorb metal ions from
solutions onto its surfaces. Different naturally occurring adsorbents, like activated carbon, tea
waste, egg shells, mineral mixtures, are used as adsorbents for industrial waste management.
Furthermore, bentonite has been used as an adsorbent for the removal of Pb (II), Fe (1), Zn (II)
and Cr (II), Tahir, and Rauf, 2004.

2. ADSORPTION ISOTHERM MODELS

The study of adsorption isotherms is fundamental for supplying essential information
required for designing the sorption process. The adsorption of a substance from one phase to
another leads to a thermodynamically defined distribution of that substance between the phases
as the system reaches a state of equilibrium, Naiya, et al., 2009. This distribution can be
expressed in terms of adsorption isotherms. In this investigation, Langmuir, Freundlich, Radk-
Prausnitz, Reddlich-Peterson, and a Combination of Langmuir-Freundlich isotherm models were
used to analyze the equilibrium data.

2.1 Langmuir Model

In 1916, Irving Langmuir published a new model isotherm for gas or liquid adsorbed onto
solid, which resulted in the model being named after him. The Langmuir adsorption model is
valid for single-layer adsorption. It is based on the assumption that maximum adsorption
corresponds to a saturated monolayer of solute molecules on the adsorbent surface. The energy
of adsorption is constant, and there is no transmigration of adsorbate in the plane of the surface.
The Langmuir isotherm equation is

q = 0.0C, .
© 1+bC, (1)

where g (mg/g) is the amount of solute adsorbed per unit weight of adsorbent at
equilibrium, C (mg/l) is the equilibrium concentration of the solute in the bulk solution, gy, is
the maximum adsorption capacity, and b is the constant related to the free energy of adsorption.
The Langmuir isotherm is used most frequently to describe the adsorption isotherm which is
limited by the assumptions of uniform energies of adsorption on the surface of the adsorbent. It
is based on four assumptions ,Lucas and Cocero, 2004, namely:

e The surface of the adsorbents is uniform, that is, all the adsorption sites are equivalent.

e There is no interaction between molecules adsorbed on neighboring sites.

e All adsorption occurs through the same mechanism.
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e Molecules are adsorbed at the defined sites on the adsorbent’s surface.

2.2 Freundlich Model

The first mathematical fit to an isotherm was published by Freundlich and Kuster in
1894. Freundlich showed that adsorption from a solution could be expressed by the empirical
formula, Lucas and Cocero, 2004.

g =kC,'" )

Where k (mg/g)(I/mg)*™ is the Freundlich sorption coefficient and n is an empirical
coefficient indicative of the intensity of the adsorption.

2.3 Radk-Prausnitz Isotherm Model

The Radk-Prausnitz isotherm model , Radke and prausnitz, 1972 was expressed
empirically by the following equation:

q — KRPCe
e [K j (3)
14| R C

I:RP

Where Kgrp, Frp and Ngp are the model parameters which are obtained by a nonlinear
statistical fit of the equation to the experimental data. The Radk-Prausnitz equation has several
important properties making it suitable for use in many adsorption systems.

2.4 Reddlich-Peterson Model
The Reddlich-Peterson isotherm model, Lucas and Cocero, 2004 was expressed by the
following equation:
AC,

q =
1+B.C.*
where; Ag, Br and mg are the model parameters.

(4)

2.5 Combination of Langmuir-Freundlich Model
The Sips model for single component adsorption, Sips, 1984, is

by, C)r
1+bC)?

()

e

3. KINETIC STUDY
3.1 Intraparticle Transport

Intraparticle transport is also known as internal mass transfer. After the adsorbate passes
through the hydrodynamic boundary layer, they are transported through the adsorbent to the
available adsorption sites. Intraparticle transport may occur by molecular diffusion through the
solution in the pores (pore diffusion), or by the diffusion along the adsorbent surface (surface
diffusion) or both combined, pore and surface diffusion.
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3.1.1 Pore diffusion

This is the diffusion of molecules in the liquid that fills the pores. The adsorbate first
diffuses through the liquid filling the pores and is then adsorbed. The driving force for pore
diffusion is the concentration gradient of the liquid in the pore, Ivars, 1976.

If the adsorbate is desorbed and repeatedly dissolved in the liquid, pore diffusion is
prevalent. The diffusion of adsorbate within the pores is described by the pore diffusion
coefficient. The unsteady state equation of the diffusion of species through a spherical particle
may be written as

+_

6
o> r or ©)

aq, oC,, o°C,;
ppi+5p?’]= Dpigp[ :

2 acpi}

where the pore diffusion coefficient, Dy;, is assumed to be independent of concentration
in this case, Quek and Al-Duri, 2007.

3.1.2 Surface diffusion

This is the diffusion of molecules in the adsorbed state. Molecules’ migration takes place
along the surface when an adjacent adsorption site is available and the molecules have enough
energy to leave the site being presently occupied by them. This is described by the surface
diffusion coefficient Ds. The driving force is the local adsorbent-phase gradient ,Hand, et al.,
1983.

The mass transport is described by the following unsteady state homogenous diffusion
equation ,Fritz, et al., 1981.

2
49 _p (94,208 Y
dt or® r or

3.1.3 Pore and surface diffusion
Pore and surface diffusion occur in parallel within the adsorbent particle. The solute
diffusion inside the particle is described as

: oC 0°C., oC 2Q. .
pp%-i-é‘ —2=D_e ( a +Z p'}+psti[a il +E%J (8)

ot P oat PR ar2 T r or or? roor

The adsorbent Kkinetics is governed by external mass transfer and internal diffusion, that
is, by the coefficients K¢, Dp and Ds. In order to simplify the simulation, models that take into
account only two coefficients were developed.

The effective intraparticle diffusion coefficients D, and Ds are derived from a typical
concentration decay curve for each solute in a certain adsorbent, with the help of an iterative
search technique to minimize the sum of the square of residuals. Each iteration involves the
numeric solution of a coupled set of partial differential equations with appropriate initial and
boundary conditions that describe the film and intraparticle transport mechanisms in batch-wise
experiments, Liu, et al., 2006.
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4. MATHEMATICAL MODEL FOR ADSORPTION

In the present study, a mathematical model for batch adsorption will be employed
following the assumption that homogeneity exists throughout the batch system. Accordingly, the
model will be referred to as a pore and surface diffusion model. The model equations can be
written as follows:

4.1 Mass Balance inside Particle Phase
This equation can be used for intra-particle mass transfer, Hand, et al., 1983.

10 aq oot 0
r_ﬁ{rzf’spp L)+ 17Dy, 2 (1) |= S o+ e, €, (1) ©)

4.2 Mass Balance in Fluid-Bulk Phase
The solute concentration C(t) in the vessel is given by following equation ,Ping and
Guohua, 2001.

dc@) kW,
dt RV p,

ct-c,(r=R,t) (10)

4.3 Initial and Boundary Conditions
The initial condition for Eq. (9) is:

C,(r0)=0 (12)
The initial condition for Eqg. (10) is:
C(t)=C, (12)

The boundary conditions for Eq. (9) are:

0 £
—{Q(htﬂ—p Cp(r,t)}zo at r=0,t>0
or o

(13)

oq(r,t oC _(r,t)
D, p%Jr[)pgpp—r=kf[C(t)—Cp(r,t)] atr=R,,t>0

Coupling equation between Egs. (9) and (10) and solving the system of partial
differential equations numerically will result in the unsteady state in concentration of the solute
in the vessel.

The bulk-fluid phase and particle equations for the batch adsorber model are first
discretized using finite element (FE) and orthogonal collocation (OC) methods,
respectively, Fig.1.The resulting ordinary differential equations (ODE) system is solved using an
existing ODE solver provided by MATLAB (V-7.9), Eggers, 2000.

5. EXPERIMENTAL MODEL AND PROCEDURES
5.1 Materials and Methods

Granular activated carbon (GAC) was used as the first adsorbent in the present work. It
was supplied by Unicarbo (Italy), to the Iragi local markets. The granulated activated carbon was
crushed, sieved into 0.32-0.5 mm, (De = 0.0004 m). The required sieve fraction was removed
and washed with distilled water to remove fines. The GAC was washed, then the wet GAC was
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dried in an oven that was maintained at 100°C for 24 hours, after which the GAC was kept in a
desiccator for experimental use.

Local bentonite (calcium base) was used as the second adsorbent; it was supplied by the
State Company of Geological Survey and Mining as pieces of rocks. These rocks were crushed
to granules of different sizes, and then sieved using sieves to produce granules of sizes 0.32-0.5
mm, (De = 0.0004 m). The granules of bentonite were dried at 100°C for 1 hour before being
used.

The salt of Pb(NO3), (BDH, England) was used in the preparation of the stock solutions
by dissolving it at a known concentration in distilled water. The solutions used for the study were
obtained by dilution of the stock solution to the required concentration. The initial pH of each of
the solutions was adjusted to a pH of 4 by the addition of HNO3; or NaOH solution. The initial
concentration of the metal ion, and the corresponding concentrations after fixed the time periods,
were measured by an Atomic Absorption Spectrophotometer (type: ACCUSYS 211).

5.2 Equilibrium Isotherm Experiments

Two sets of adsorption experiments were carried out, activated carbon and bentonite, each
one separately. An aqueous solution of 800 mg/l Pb (Il) was prepared with a pH of 4. The Pb
(1) adsorption isotherm equilibrium data were obtained using the batch process technique in
several glass bottles of 250 ml volume at room temperature. Each flask was filled with 100 ml of
prepared solutions, initially containing 2 g/100 ml of an adsorbent, activated carbon or bentonite.

The glass bottles were then placed on a shaker and agitated continuously at 300 rpm for 3
hours at room temperature (20°C) to achieve equilibrium concentrations. The adsorption
equilibrium concentration could be established and then the product solution was filtered with
filter paper (type: Whatman 542, England) to remove any remaining adsorbent particles in the
solution. The adsorbate concentrations of the liquid samples were then analyzed by means of an
Atomic Absorption Spectrophotometer (type: ACCUSYS 211). The amount of adsorbate
adsorbed was calculated according to the following equation:

Vi (C -C )
— _L\Zo “eJ 14
g, vy (14)
Where C, and C. are the initial and equilibrium concentrations of Pb (1) in the solution
(mg/l), Vi is the volume of solution in the flask (L) and W is the mass of the adsorbent in the
flask (g). The adsorption isotherms were obtained by plotting the weight of solute adsorbed per
unit weight of adsorbent g against the equilibrium concentration of Pb (1) in the solution C..

5.3 Kinetic Experiments

The aim of the kinetic adsorption experiments of Pb (Il) onto activated carbon and bentonite
was to find the external mass transfer coefficient, k;, the pore and the surface diffusion
coefficients. A solution was prepared containing the Pb (Il) concentration of 800 mg/l; 100 ml
of solution was placed in several glass bottles each of 250 ml volume. The adsorbents, each one
separately, were accurately weighed for the desired amount of 0.2, 0.4, 0.6, 1, 1.5, 2, 3, 4 g, and
placed in several individual bottles. The bottles were then placed on a shaker for agitating, and
then analyzed at various time intervals. The above experiment was repeated for each adsorbent at
variable speeds of 100, 150, 200, 250 and 300 rpm, and then a sample of the solution was filtered
with filter paper (type: Whatman 542, England), the residual concentrations of Pb (II) in
solution was determined using atomic absorption spectrophotometer (type: ACCUSYS 211).
During these experiments, the solute concentration decreased with time, the rate of adsorption of
solute was measured by monitoring the solute concentration as a function of time. The desired
weight of the adsorbent to reach an equilibrium concentration of C/C, = 0.05 was calculated
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from the isotherm equation and mass balance equation for solute. The desired speed was
obtained by repeating the experiments for each component with variable speeds (100, 150, 200,
250 and 300 rpm). The maximum speed at which the concentration ratio C/C, remains constant
at 0.05 was taken as the desired speed. The approach of C/C, = 0.05 (equivalent to 95% removal
efficiency) refers to the optimum operational durability and sustainability of the adsorption
process.

6. RESULTS AND DISCUSSION
6.1 Isotherms Study
6.1.1 Determination of contact time
The plots of Pb (1) concentrations versus time for activated carbon and bentonite are
presented in Fig. 2. On the basis of this plot, an equilibrium time of 40 min was chosen for
the two adsorbents.

6.1.2 Determination of adsorbent dosage
The plots of Pb (II) concentrations versus various adsorbent quantities for activated
carbon and bentonite are presented in Fig. 3. On the basis of this plot, the best weight that
gave the higher removal was 2 g and 4 g for activated carbon and bentonite, respectively.

6.1.3 Estimation of adsorption isotherms constants

The constants of five isotherm models for activated carbon and bentonite were
determined. The parameters for each model were obtained using a nonlinear statistical fit of the
equations to the experimental data. All parameters with correlation coefficients are summarized
in Table. 1, it is clear that the Freundlich isotherm model provided the best correlation compared
with other isotherm models for Pb (I1) sorption on the activated carbon and bentonite Fig.4.

From Table 1 and Fig. 4, it can be concluded, that
e The equilibrium isotherm for activated carbon and bentonite are of a favorable type (i.e.,
somewhat convex upward).
e The sorption capacity varied from 80 mg/g to 20 mg/g, and from 52 mg/g to 17 mg/g for
activated carbon and bentonite, respectively, Table 2. The average lead sorption capacity
was the highest for activated carbon, and the lowest for bentonite.

6.2 Kinetic Study
6.2.1 Determination of diffusivity coefficients

The Ds and D, for Pb (I1) can be determined by matching experimental concentration curves
with predicted concentrations at the optimum agitation speed. This can be generated by a
numerical solution of the batch adsorber model. The matching requires values of the following
parameters:

6.2.2 The optimum weight of adsorbent
The amount of adsorbent used for adsorption of Pb (II) was determined from the
equilibrium-related concentration of C./C, = 0.05 using the Freundlich equation as follows:

VL (Co - Ce )
KCel/n

VL (Co _Ce)

g == KCe 1" where W, = (15)

e
o]

The optimum weights W, of activated carbon and bentonite were found to be 2 g and 4 g,
respectively, under experimental conditions.
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6.2.3 The best agitation speed

The efficiency of removal of Pb (I) is shown in Figs.5 and 6 for activated carbon and
bentonite, respectively, at different agitation speeds of 100, 150, 200, 250 and 300 rpm. The best
agitation speed that achieved C./C, = 0.05 is 300 rpm; at speed above 300 rpm, the removal
efficiency is more than 95%, with possible pulverization of activated carbon and bentonite, and in
this case, both adsorbents were in powder form rather than granular. On the basis of the above
information, the maximum agitation speed for activated carbon and bentonite was regarded as
300 rpm.

6.2.4 External mass transfer coefficient

The external mass transfer coefficient (ks) in the batch adsorber was determined from the
concentration decay curves at optimum speed at the initial rate data, using the following equation
[31]:

K, =—

Pt n
awt | C

Where R, is the radius of particles (m), pp is the particle density (Kg/m?), V_ is the
volume of solution (L), t is the time (min), C, and C(t) are the solute concentration at time zero
and time (t), respectively. For accurate estimation of k;, samples were taken at 2, 4, 5 and 7
minutes and analyzed immediately, Table 3.

The average calculated values of k; for adsorbents were found to be 6.05x10™ and
2.65x10™ m/s for activated carbon and bentonite, respectively. This indicates that the rate of
mass transfer of activated carbon is higher than bentonite. In other words, lead is adsorbed by
activated carbon at a higher rate than bentonite.

(o]

R,p.V (C(t)J 0 <C(t)/Co<1.0 (16)

6.2.5 Determination of pore and surface diffusion coefficients

The pore and surface diffusion coefficients for the two adsorbents were obtained from the
numerical solution of Egs. (9) and (10), with the initial and boundary conditions that describe the
film and intraparticle transport mechanism in batch-wise experiments, using the external mass
transfer coefficient described in the previous section.

Ds and D, were obtained from the typical concentration decay for each adsorbent by an
iterative search technique for the minimization of the difference between experimental and
predicted data from a batch model. It is clear from Figs.7 and 8, that for activated carbon and
bentonite, respectively, there is good matching between experimental and predicted data, as can
be seen from the correlation coefficients presented in Table. 4.

Examining Table 4, it can be seen that activated carbon has the largest value of D,
compared with bentonite, this indicates that the pore diffusion controls the adsorption process for
activated carbon. While bentonite has the largest value of Ds, this indicates that the surface
diffusion controls the adsorption process for bentonite.

7. CONCLUSION

The activated carbon was more efficient than natural bentonite for removing lead ions from
industrial wastewater. The experimental data fitted well to the Freundlich equation, with good
correlation coefficients 0.9850 and 0.9598 for activated carbon and bentonite, respectively.
There is good matching between the experimental and predicted data in batch experiments using
a pore-surface diffusion model for the two adsorbents. Hence, the transfer of solute within the
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adsorbents is controlled by pore diffusion for activated carbon and by surface diffusion for
bentonite. The average calculated value of k; for activated carbon is higher than bentonite which
indicates that the rate of mass transfer with activated carbon is higher than bentonite. In other
words, lead is adsorbed by activated carbon at a higher rate than bentonite. The mathematical
model which includes mass transfer coefficient, isotherm model constants, pore and surface
diffusion coefficients provides a good description of the adsorption process for this study.
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9.NOMENCLATURE

FE Finite elements

OC Orthogonal collection

Ds Surface diffusion

D, Pore diffusion

C. Concentration of Pb(Il) remaining in solution at equilibrium (mg/l)
K: External mass transfer coefficient

ge Pb(Il) concentration sorbed on the adsorbent (mg/g)

Table 1. Parameters of isotherm models for adsorption of Pb(Il) using
activated carbon and bentonite.

Model Parameters Activated Bentonite
Carbon
. gm,(Mg/Q) 81.7 60.8
'—g;?ra‘;'r b, L/mg 0.0214 0.0046
Correlation coefficient 0.9689 0.9089
_ K,(mg/mg)(L/mg)*™ 0.0147 0.0053
Freundlich

Eq. (2) . n, _ 3.8714 3.0450
Correlation coefficient 0.9850 0.9598
Krpe, L/Mg 0.9765 0.5772

Radk-Prausnitz Frp, 0.0006 39.0473
Eq. (3) Ngep, 1.6369 0.1388
Correlation coefficient 0.9547 0.9001
) Ar, L/mg 0.5823 0.5739
F;,ee‘:gr';gn' Br, 1240515 |  0.0033
Eq. (4) Mg, -1.0419 1.0811
Correlation coefficient 0.9460 0.9140

Combination of Qm, (mg/g) 108.0789 110.4549
Langmuir- b, (m*kg)"" 0.0016 0.0107
Freundlich n, 1.2719 1.1736
Eqg. (5) Correlation coefficient | 0.9476 0.9200
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Table 2. Experimental lead sorption capacity values (x/m)
for activated carbon and bentonite.

mg lead sorbed per g adsorbent (X/M)
Adsorbent Rang Mean
Activated carbon 80-20 50
Bentonite 52 - 17 34.5

Table 3. Values of K; at different times.

Adsorbent t, min C/Co Ks, m/s
2 0.73 6.73x10°
Activated carbon 4 0.55 6.39x10°
5 0.5 5.93x10°
7 0.43 5.15x10°
2 0.8 2.34x10°
Bentonite 4 0.59 2.77x10°
5 0.52 2.74x10°
7 0.4 2.75x10°

Table 4. Values of (D,) and (D) and their correlation coefficients.

Adsorbent D,,m?/s D,, m’/s | Correlation Coeff.,R?
Activated carbon 4.45x108 1.95x10°™ 0.9793
Bentonite 2.21x10™ 3.33x10° 0.9896

Coupled PDE system

Bulk-fluid phase PDE's
Ea. (10)

A 4

Finite element

Particle phase PDE's
Ea. (9)

A 4

Orthogonal collocation

%e‘tization

Coupled ODE system

A 4

ODE solver provide by
MATLAB

Numerical solution

!

Concentration profiles
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Figure 1. Flow diagram of the numerical method used to solve the PDE system in the model.
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Co=800 mg/l, dosage=2 g/100m|, pH=4,
agitation speed=300 rpm
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Figure 2. Equilibrium times for the sorption of Pb(Il) by activated carbon and bentonite.
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ABSTRACT

In this study, a novel application of lab-scale dual chambered air-cathode microbial fuel cell
(MFC) has been developed for simultaneous bio-treatment of real pharmaceutical wastewater
and renewable electricity generation. The microbial fuel cell (MFC) was provided with zeolite-
packed anodic compartment and a cation exchange membrane (CEM) to separate the anode and
cathode. The performance of the proposed MFC was evaluated in terms of COD removal and
power generation based on the activity of the bacterial consortium in the biofilm mobilized on
zeolite bearer. The MFC was fueled with real pharmaceutical wastewater having an initial COD
concentration equal to 800 mg/L and inoculated with anaerobic aged sludge. Results
demonstrated that the COD removal efficiency, power density and current density were 66%, 2.4
mW/m? and 10 mA/m?, respectively.

Key words: microbial fuel cell, pharmaceutical wastewater, zeolite bearer, energy production.
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1.INTRODUCTION

The insufficient availability of oil and natural gas could be augmented by other fuels such as coal
and oil shale. However, if obtainable energy from these sources using conventional technologies,
it will release additional carbon dioxide, exacerbate environmental damage and accelerate global
climate change. A whole new technology platform must be developed that produces clean
energy, while at the same time reduces carbon dioxide emissions with a goal to meet 2050
energy needs on carbon neutral basis, Lewis and Nocera, 2006. Industrial processes generate a
wide variety of wastewater pollutants. The characteristics and levels of pollutants vary
significantly from industry to another. Pharmaceutical wastewater are characterized by high
chemical oxygen demand (COD), containing a variety of organic and inorganic constituents, the
most important are the priority pollutant and low biodegradable compounds or being inhibitory
to conventional biological treatment systems, Benitez et al, 1995. ,Davis and Cornwell, 2008.
Microbial fuel cell (MFC) technologies represent the newest approach for electricity generation
from biomass using bacteria, which became of more interest and work on MFCs began to
increase, Allen and Bennetto, 1993. Microbial fuel cellMFC) is a type of fuel cell which
converts the chemical energy contained in organic matter to electricity using microorganisms as
a biocatalyst. In MFC, bacteria do not transfer their electron directly to their terminal electron
acceptor, but, rather to a solid electrode and offers the possibility of directly harvesting
electricity from organic waste and renewable biomass, Rabaey and Verstraete, 2005. ,Lovley,
2006. The basic components of MFCs are the anode, cathode compartments and cation exchange
membrane (CEM). The electrochemically active bacteria in the anode compartment oxide the
substrate and separate the electrons from protons. These electrons and protons transfer to the
cathode, the electrons move through the external circuit and the protons diffuse through the
anolyte and the cation exchange membrane (CEM), subsequently they combine at the cathode
with oxygen to form water molecules, Kim et al., 2008.

Angelov et al.,2013 constructed a dual chambered laboratory scale microbial fuel cell (MFC)
based on natural sulfate reducing bacterial consortium in electroactive biofilm on zeolite. The
COD removal efficiency and power generation were 23% and 0.68 mW/m? respectively. The
proposed design can be used for simultaneous sulfate purification of mining drainage wastewater
and generation of renewable energy. Karra et al., 2013 investigated the use of activated carbon
Nano-fiber (ACNF) as anode material to enhance biofilm growth and improve MFC
performance. Results showed that MFCs with ACNF and granular activated carbon (GAC) as an
anode achieved power densities of 3.5+0.46 W/m® and 3.09+0.33 W/m®, respectively. In
addition, MFCs with ACNF achieved higher contaminant removal efficiency 85+4% than those
with GAC of 75+5%, respectively. Zhang et al., 2014 examined the effectiveness of refinery
wastewater treatment using air cathode microbial fuel cell (MFC). It was configured with
separator electrode assembly (SEA) or spaced electrodes (SPA). The MFC with SEA
configuration produced a higher maximum power density 280+6 mW/m? than the SPA
arrangement 255+2 m\W/m? due to lower internal resistance. Both configurations produced lower
power than domestic wastewater indicating poor bio-degradability of refinery wastewater.
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The present study aimed to investigate the performance of a continuously operated two
chambered air cathode microbial fuel cell (MFC) fueled with actual pharmaceutical wastewater
and inoculated with anaerobic aged sludge mobilized on zeolite biofilm bearer for simultaneous
wastewater treatment and power generation.

2. MATERIALS AND METHODS

2.1 MFC System

The experimental setup for the microbial fuel cell (MFC) system is presented in Fig.1. Microbial
fuel cell (MFC) was fabricated of Perspex material with two different sized chambers.
Dimensions of anode and cathode chambers were 20 cm*20 cm*26 cm and 10 cm*10 cm* 15
cm, respectively. The cathode chamber was fully submerged in the anode chamber with two
opposite sides containing two pieces of cation exchange membrane (CEM) which was
sandwiched between two perforated Perspex sheets with a net membrane area of 44 cm?. The
anode compartment contains three ports, one at the top for treated effluent outlet, two ports at the
bottom, one for pharmaceutical wastewater inlet and the other for nitrogen flushing. The cathode
compartment contains two ports, one for catholyte inlet and the other for air sparging. Two
uncoated graphite rods were used as electrodes for each chamber. The graphite rods diameter
was 1.8 cm and an effective length of 15 cm resulted in a surface area of 87.5 cm? for each
electrode. Before the installation of electrodes in the MFC, graphite rods were abraded by sand
paper to enhance bacterial attachment, they were soaked in deionized water for a period of 24 h.
The electrodes in each chamber were pierced with copper wire extended outside the MFC to
simply connected to an external circuit through which electrons were transported.
Approximately, 60% of the volume of anode compartment was occupied with zeolite particles as
a biofilm bearer and the remaining 40% was considered as a head space. Cylindrical shaped
zeolite particles of 1.6 mm diameter and different lengths averaged 2-4 mm were used. The
chemical composition of zeolite was as follows:39.5% SiO,, 22.8% Al,03, 1.65% Na,O and
1.4% K0 with a porosity of 57.5%.

2.2 Substrate, Inoculum and Chemicals

Actual pharmaceutical wastewater samples were collected from the inlet pipe of the aeration tank
in the biological treatment unit of the State Company for Drug Industry, Samarra(SDI, Samarra).
The characteristics of the actual pharmaceutical wastewater are given in Table. 1 The MFC was
inoculated with anaerobic aged sludge which was used as a biocatalyst in the anodic
compartment of MFC.

To enrich microbial growth in MFC, mineral salts medium(MSM) was prepared according to the
procedure outlined by Ghangrekar et al., 2005. The MSM solution was prepared by dissolving
0.56 g/L (NH4)2804, 0.20 g/L MgSO4.7H20, 15 mg/L C&C'z, lmg/L FEC|3.6H20, 20 mg/L
MnS0O,4.H,0 and 0.42 g/L NaHCOj3 in deionized water, then the solution was autoclaved at 121
°C for a period of 20 min and cooled under oxygen-free space using nitrogen gas flushing.

The catholyte solution was used as an oxidant at the cathode compartment of MFC. The
catholyte was a phosphate buffer solution (PBS) composed of 32.93g/L KsFe(CN)g, 20.75 g/L
Na;HPO,4 and 3.1167 g/L NaH,PO,.

2.3 Set Up of MFC
Before the construction and set up of MFC, the system components were cleaned well with an
appropriate detergent, then repeatedly rinsed with tap water and deionized water. Cation
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exchange membrane (CEM) was subjected to a course of preconditioning by immersing in 5%
sodium chloride solution for 24 h to allow for membrane hydration and expansion, and then
washed with deionized water.

2.4 Operation of MFC

To start up and operate the MFC, anaerobic aged sludge was placed in the anode chamber and
was sparged with nitrogen gas for a period of 10 min to maintain anaerobic environment. After
10 days, the MFC was fed with a primarily treated actual pharmaceutical wastewater at a
constant rate of 3 ml/min corresponding to a hydraulic retention time (HRT) of 32 h. An air
compressor with a maximum flowrate of 10 ml/min was connected to the cathode chamber to
supply oxygen in a continuous manner. Oxygen concentration was monitored continuously in the
anodic chamber, the absence of oxygen was observed. This means that the anodic compartment
can be considered as anoxic environment. Also, pH of the solution in the MFCwas monitored
continuously and adjusted to 7-7.2 using buffer solution. MFC system was operated at a
temperature range of 28-30 °C.

2.5 Analytical Techniques and Calculations

2.5.1 Wastewater and treated effluent analysis

Chemical oxygen demand (COD), dissolved oxygen (DO), pH and TDS tests were conducted by
the researcher on a daily basis. Other tests such as nitrate, sulphate, chloride and phosphate were
carried out weekly according to the procedure outlined in the standard methods, ,APHA, 2005.
Instruments and measuring devices used in this study were; COD reactor (model: RD 125,
Lovibond, Germany), COD photometer (model: multi direct, Lovibond, Germany), dissolved
oxygen meter (model: senso direct oxi 200, Lovibond, Germany), pH meter (model: portable HI-
83141, HANNA, Romania), electrical conductivity meter (model: portable HI-99300, HANNA,
Romania), voltage data logger (model: Lascar EL-USB-3, USA), multimeter (model: 175 TRUE
RMS, FLUKE, USA), variable peristaltic pump (model: 77200-62 Cole-Parmer, USA), air pump
(model Rs-610 China), and resistance box (100-10000 Ohm).

2.5.2 Power density
Power density is the product of voltage and current per unit of anode surface area, Liu et al,
2005.

Veells] Veel)?
p = Vees _ Vcew) (1)
Aan Rext*Aan
V
Rext

Where:P= power density (W/m?), Vcei=cell voltage(Volt), I=current (Amp), Req=external
resistance and Aa,=Anode surface area(m?).

2.5.3 Polarization curve

The polarization was used to characterize the current as a function of voltage by changing
external resistance (load), a new voltage and current values can be obtained.
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3. RESULTS AND DISCUSSION
3.1 COD Removal Efficiency

The profile of COD removal for actual pharmaceutical wastewater is given in Fig. 2. The COD
removal efficiency was observed for 45 days. A relatively steady state condition was achieved
after 20 days. Maximum COD removal efficiency was observed to be 66% with an average of
44%. The organic loading rate was 0.563 kg/m*/d. Fluctuation in COD removal efficiencies were
attributed to the variation of inlet COD in the real wastewater from the source most likely due to
unstable operational conditions at the pharmaceutical manufacturing plant. Results of COD
removal efficiency for MFC were 3 times higher than COD removal efficiency of 23% which
was previously reported by Angelov et al., 2013, for a microbial fuel cell inoculated with sulfate
reducing bacteria mobilized on Zeolite bed.

3.2 Current Generation

MFC exhibited zero current generation during the first 13 days because the biomass requires an
acclimation period, especially to this type of wastewater which can be characterized with
recalcitrant nature associated with toxic chemicals and low biodegradability. Rapid increased for
the following 4 days up to 172 mA/m? maintained for a period of 10 days. However, a notable
decline in the generated current was observed upto 32 days of continuous operation, generated
current stabilized at 30 mA/m? until the end of operation as given in Fig. 3. The open circuit
voltage drop was 0.46 Volt across an external resistance of 100 Q as shown in Fig. 4.

3.3 Polarization Curve

It summarized the behavior of microbial fuel cell at various external resistances ranged from 50-
3000 Q as depicted in Fig. 5. Maximum power and current densities were 2.4 mW/m? and
10mA/m?, respectively obtained at external resistance of 1400 Q. However, these results were
potentially favorable compared to current densities observed at a range of 0.008-0.3 mA/m? as
previously reported by Niessen et al., and ,Liu et al., 2009, for MFCs operated with starch, and
glucose as substrates, respectively.

4.CONCLUSIONS

This study evaluated the performance of an upflow dual chambered microbial fuel cell for
simultaneous pharmaceutical wastewater treatment and power generation. Significant
relationship between COD removal and power generation was obtained. Higher COD removal
efficiency up to 66% and current density 172 mA/m®were obtained. A drop in voltage can be
attributed to the increase of TDS concentration as a result of zeolite existence and expected
release of ions such as sodium ions which inhibit and hinder biofilm growth because strong
electrolyte alters the osmotic pressure of bacterial cell membrane. It is recommended to
regenerate the zeolite bed to decrease TDS concentration of anolyte resulting in a better
microbial biofilm growth.

39



Number 7 Volume 21 July 2015 Journal of Engineering

REFERENCES

>

Allen, R. M. and Bennetto, H.P., 1993, Microbial Fuel Cells: Electricity Production
From Carbohydrates. Applied Biochemical Biotechnology. 39, 27-40.

Angelov, A. Bratkova, S. and Loukanov, A.,2013, Microbial Fuel Cell Based on
Electroactive Sulfate-Reducing Biofilm. Energy Conversion and Management. 67, 283-
286.

APHA ,2005, Standard Methods for Examination of Water and Wastewater. American
Public Health Association. 20" ed. Washington, DC

Benitez, J., Rodriguez, A. and Malaver, R. ,1995, Stabilization and New Dewatering of
Wastewater Using Hollow Fiber Membrane. Water Science Technology. 29: 2281-2286
Davis, M.L. and Cornwell, D.A. ,2008, Introduction To Environmental Engineering,
4"ed, McGraw Hill Inc.

Ghangrekar, M. M., Joshi, SG. and Asolekar, S. R., 2005, Characteristics of Sludge
Developed Under Different Loading Condition During UASB Reactor Start-Up. Water
Research. 39, 1123-1133.

Karra, U., Manikam, S. S., Jeffrey, R. M., Patel, N. and Li, B., 2013, Power Generation
and Organics Removal from Wastewater Using Activated Carbon Nanofilter (ACNF)

microbial fuel cell.International Journal of Hydrogen Energy. 38, 1588-1597.

Kim, I.C., Jung, Y.C., Choi, M.J. and Verstraete, W., 2008, Microbial Fuel Cell: Recent
Advances, Bacterial Communities and Application Beyond Electricity Generation.

Environmental Engineering Research. 13, 51-65.

Lewis, N. S. and Nocera, D.G.,2006, Powering the Planet: Chemical Challenges in Solar
Energy Utilization. PNAS 10343,15729-15735.

Liu, Z., Liu, J., Zhang, S. and Su, Z., 2009, Study of Operational Performance and

Electrical Response on Mediator-Less Microbial Fuel Cells Fed with Carbon and

Protein-Rich Substrate. Biochemical Engineering Journal. 45, 185-191.

40



>

Number 7 Volume 21 July 2015 Journal of Engineering

Lovley, D. R., 2006, Harvesting Electricity with Microorganisms, National Research of
Microbiology, 4,497-508.

Niessen, J., Schroder, U. and Scholz, F., 2004, Exploiting Complex Carbohydrates for
Microbial Electricity Generation, Bacterial Fuel Cell Operating on Starch,

Electrochemical Community. 6, 955-958.

Rabaey, K. and Verstraete, W., 2005, Microbial Fuel Cells: Novel Biotechnology for
Energy Generation. Trends of Biotechnology. 23, 291-298.

» Zhang, F., Ahn, Y. and Logan, B. E.,2014, Treating Refinery Wastewaters in Microbial

Fuel Cells Using Separator Electrode Assembly or Spaced Electrode Configurations.

Bioresources Technology. 152, 46-52.

Table.1 Characteristics of actual pharmaceutical wastewater.

Constituent Average value Units
Biological oxygen demand (BOD:s) 40 mg/L
Chemical oxygen demand (COD) 810 mg/L
Total suspended solids (TSS) 118 mg/L
Total dissolved solids (TDS) 355 mg/L
pH 7271 |

Chlorides (CI") 10 mg/L
Sulphate(SO4?) 138 mg/L

Nitrate (NO3") 7.23 mg/L
Phosphate (PO,™®) 2.13 mg/L

Zinc Nil mg/L

Chromium 0.05 mg/L

Copper 0.37 mg/L
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Figure. 1. Microbial fuel cell system.
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ABSTRACT

A\ cantilevered piezoelectric beam with a tip mass at its free end is a common energy harvester
configuration. This paper introduces a new principle of designing such a harvester which
increases the generated voltage without changing the natural frequency of the harvester: The
attraction force between two permanent magnets is used to add stiffness to the system. This
magnetic stiffening counters the effect of the tip mass on the natural frequency. Three setups
incorporating piezoelectric bimorph cantilevers of the same type in different mechanical
configurations are compared theoretically and experimentally to investigate the feasibility of this
principle. Theoretical and experimental results show that magnetically stiffened harvesters have
important advantages over conventional setups. They generate more voltage and they can be
tuned across a wide range of excitation frequencies.

Key words: piezoelectric bimorph, frequency tuning, generated voltage, magnetic stiffinig.
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1. INTRODUCTION

Energy harvesting or scavenging are two terms commonly describing process for obtaining
useful electrical power from the available energy in the environment. There are three main
techniques for energy harvesting: vibration harvesting, thermal harvesting and solar harvesting.
Piezoelectric material is one of three general vibration-to-electric energy conversion
mechanisms, the other two are electrostatic and electromagnetic transduction ,Williams and
Yates, 1996. Literature of the last few years showed that piezoelectric transduction had received
most attention in powering electronic circuits; numerous scientific journals and conferences are
due to this subject. The main reason why piezoelectric transducers are preferred for mechanical
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to electrical energy conversion is that their energy density is three times higher the density
obtained from electrostatic or electromagnetic transduction ,Priya, 2007.

Energy harvesting using piezoelectric materials is a promising technique, but there are a number
of obstacles that currently limit the amount of the generated voltage. One major limitation is due
to the necessary frequency matching: The maximum voltage is generated when the natural
frequency of the harvester matches the excitation frequency. Manufacturing tolerances,
excitation frequency changes and changes of electric load make frequency matching difficult.
Al-Ashtari, 2012a had developed an analytical model for piezoelectric bimorphs and concluded
that manufacturing tolerances lead to a variation of the natural frequency of up to 5%, which
cause a considerable drop in power, this drop can be 95% of the generated voltage. Therefore,
tuneable harvesters are essential for this technique to be commercially viable.

One technique for harvester frequency tuning is to exploit the magnetic forces between
permanent magnets. Literature shows that the attractive magnetic force can be used for
enhancing the operation of piezoelectric harvesters. Depending on the magnets separation
distance, the alignment, and the orientation, these magnets can effect the harvester stiffness.
Literature shows that the magents effect can be modelled as an additional nonconventional
spring, which allows to analyse the operation of the system using linear equations, for example,
Challa, et al., 2008. and 2011 fixed two small cylindrical magnets at the free end of a
cantilever, one on the top and one on the bottom, and vertically aligned two magnets above and
under the first two magnets. They used magnetic repulsion for the lower side and magnetic
attraction for the upper side and tuned the harvester by changing the separation distances
between these magnets. Zhu, et al., 2010 used the attraction force between two axially aligned
permanent magnets to change the resonance frequency of a cantilever beam in an
electromagnetic generator. The opposing faces of the relatively large magnets are curved to
maintain a constant separation distance between the two magnets during operation. Al-Ashtari,
2012b, introduced a tuning technique using attractive magnetic force acting in longitudinal
direction of the cantilever. They presented a comprehensive derivation for modelling the effect
of magnetic force as that of a nonconventional spring whose stiffness depends on the nonlinear
magnetic force.

Many research projects work on increasing the output power of energy harvesters but most of
them focused on developing new or optimised power flow concepts based on modifying the
electrical harvesting circuit such as Ottman, et al., 2002 ,Badel, et al., 2006 ,Dicken, et al.,
2009 and ,Ramadass and Chandrakasan 2010. In contrast, a view number of researches had
been conducted to investigate the increasing the generated power from manipulating the
mechanical characterstics of the harvester such as the mass or stiffness.

Many physical models had been introduced for predicating the voltage generated across a
resistive load connected to piezoelectric harvesters. There are two classes of models;
distinguished by the way that physical parameters are handled: Models with distributed
parameters and models with lumped parameters.

Models with distributed parameters are based on Euler-Bernoulli beam theory. These models
evaluate the physical equations along the whole length of the beam. They generally give more
accurate results than lumped parameters models, but involve complicated mathematics and long
mathematical expressions. Such models have for example been used by ,Lu, et al., 2004 ,Chen,
et al., 2006 ,Lin, et al., 2007 and Erturk and Inman, 2008. Discretization of a model with
distributed parameters leads to a lumped parameters model. Such models can be considered a
less accurate approximation of the distributed parameters, but they are accurate enough for many
applications. They also provided an explicit understanding of the operation of piezoelectric
harvesters and can be handled with circuit theory by applying electro-mechanical analogies. This
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motivated Erturk, and Inman, 2008, to use their model with distributed parameters for deriving
a correction factor for the lumped parameters model by du Toit, et al., 2005 in order to improve
its accuracy. Many researchers had used lumped parameters for modelling piezoelectric
harvesters, for example Roundy, et al., 2003 ,Sodano, et al., 2004 ,du Toit, et al., 2005 ,Shu,
and Lien, 2006 ,Richter, et al., 2006 ,Twiefel, et al., 2007 and Richter, 2010.

In this contribution, it will be shown that the configuration introduced by Al-Ashtari, 2013.
cannot only be used for tuning the frequency of energy harvesters over a wide range but that it
can also significantly increase the harvested electrical power. The concept for power increasing
introduced in this paper is based on manipulating mass and stiffness, i.e. mechanical quantities of
the harvester. A new harvester configuration in which a tip mass is combined with magnetic
stiffening has been developed. This allows increasing the power of energy harvesters without
changing their efficient operation frequency. Compared to a simple cantilever beam this structure
has two important advantages: It shows a considerable increase of the generated voltage and its
natural frequency can be tuned over a wide range of frequencies.

Also in this paper, a model of lumped parameters for piezoelectric energy harvesters with and
without magnetic stiffening is introduced. This model is described by simple mathematical
expressions and gives fairly accurate results. This allows further development and optimization
of piezoelectric harvesters.

Three setups incorporating piezoelectric bimorph cantilevers of the same type are compared due
to theoretical and experimental results: One bimorph is unmodified,called reference setup; and
the other two bimorphs have tip masses of different size, reducing their natural frequencies.
These bimorphs are additionally stiffened to compensate the drop of the natural frequency
caused by the tip masses. All bimorphs were excited at constant base velocity amplitude and
tested for different resistive loads and excitation frequency.

Theoretical and experimental results show that magnetically stiffened harvesters have important
advantages over conventional setups: They generate more voltage due to increasing the strain in
the piezoelectric transducer and they can be tuned across a wide range of excitation frequencies.
The high power output, tunability and good efficiency make magnetically stiffened harvesters a
very promising option for future energy harvesting applications.

2. PIEZOELECTRIC HARVESTER MODELLING

A typical piezoelectric energy harvester is a cantilever beam consisting of a shim layer and one
or two layers of piezoelectric ceramic. Often a tip mass M, is attached to the free end of the
cantilever to reduce the natural frequency and increase the deflection of the beam. The cantilever
is attached to a vibrating host structure, generating an alternating voltage output u(t) for
powering an electric load R; as shown in Fig. 1. For the following investigation, the electric
load R; is assumed to be purely resistive. v, (t) Is the velocity of the base excitation and v, (t) is
the velocity of the cantilever tip. The relative velocity v(t) describes the beam deflection and is
expressed as

v(t) = ve(t) —vp (1) 1)

The piezoelectric harvester is an electromechanical device with both mechanical and electrical
characteristics. For system analysis and optimization it is convenient to introduce a single
domain representation of the electromechanical system applying electromechanical analogies.
Fig. 2 shows the lumped parameters electrical equivalent system similar to the one used by
Richter, 2010. Comparing to the model by Roundy, 2003 this model allowed non-zero base
velocities.
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The mechanical parameters of the model are the equivalent mass M, the equivalent mechanical
damping B, and the equivalent mechanical stiffness K. The parameters describing the electrical
properties are the capacitance C,, the electric load R; and the generated voltage u(t). i(t) Is the
current flowing through the load and « is the transfer factor between the mechanical and the
electrical domain. For the investigations documented in this paper, the analytical model
introduced by Al-Ashtari, 2012a had been used for calculating the aforementioned quantities
from geometry and material parameters.

A physical model of the energy harvester is used to calculate the characteristics of the energy
harvester such as input and output power, and vibration amplitude. This model can also be used
to design and optimise energy harvesters. The derivation of the model starts with the governing
equation of the piezoelectric harvester ,Al-Ashtari, 2013.

Mv.(t) + Bu(t) + Kf v(t)dt = —au(t) (2
After subtraction of Mv, (t) on both sides of Eq. (2), it leads to
Mv(t) + Bv(t) + K] v(t)dt = —Mv,(t) — au(t). 3)

For the electrical system shown in Fig. 2 the following equations are found:

Cou(t) — av(t) = —i(t) (4)
u(t) = Ryi(t) ®)
Laplace transformation of Egs. (3), (4) and (5) at zero initial conditions results in:

(Ms +B+ g) V(s) = —MsV,(s) — aU(s) (6)
C,sU(s) — aV(s) = —I(s) (7
U(s) = RI(s) 8)

where V,(s), V(s), U(s) and I(s) are the Laplace transforms of base and relative velocity,
generated voltage and output current, respectively. Based on Egs. (6), (7), and (8) the following
equation can be determined

U(s) aR;Ms?
Vo(s)  MC,R;s®+ (M + BC,R,)s? + (B + KC,R, + a?R)s + K

(9)

The sinusoidal transfer function is
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UGw) aR;Mw? (10)
Vy(jw)  [K — (M + BC,R,)w?] + j[(B + KC,R, + a?R,)w — MC,R,w3]
In terms of natural frequency w,, and damping ratio ¢ it can be written as
U(jw) aR;
Vy(jw) [w? ., ,w,  CpR a? (11)
b() [w—g — 2{C,R 1w, — 1] +j [2(3" + ”Tl(w,zl — w2+ Mcp)]
where
K
w0, = j; (12)
And
B
7= 2{w,, . (13)

According to the equivalent electrical circuit in Fig. 2 , the ratio U(s)/V,(s) represents an
impedance, called the electromechanical impedance of the piezoelectric harvester in the
following. If the base excitation velocity is given by

Vp (t) = Vb sin wt (14)
where V,, is the base velocity amplitude, the generated voltage will be

u(t) =U sin(wt + (pu_,,b) (15)
with the voltage amplitude

aleVb

U=

w2 2 w. C,R a? \1? (16)
j[w—g — 20C,R,wy — 1] + [2{3" + ”Tl(w,% —w? + M_Cp)]

and the phase difference between voltage and base velocity

% CpRl 2 .2 (12
» 2(0) =0 (a)n ) +_MCp

(17)

Pu—v, = —tan 2
w—g — ZZCplen -1

the amplitude of the relative velocity ¥ can be calculated from Egs. (6), (7), and (8), thus
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Vis) Ms?(CyRis + 1)
Vo(s)  MC,R;s3 + (M + BC,R,)s? + (B + KC,R, + a?R))s + K

(18)

which, following Eqgs. (12) and (13), can be written in terms of natural frequency and damping
ratio as

V(jw) _ 1+ jCRw

VhGe) [Z—’E — 20C,Riwy, — 1] +) [2(% - %(mfl —w?+ Afl"ép)] | (19)
Thus, if the relative velocity is expressed as:

v(t) = Vsin(wt + @y, ), (20)

its amplitude can be written as

v, /1 +(C,R)°

V=
) 2 w ! a2\’ )
1 — 2{C,Rw —1]+[2 ny P (wz w? + )]
[ 2 ( pM%n Z w w n MCp
and the phase difference between the two velocities is described by
C,R 2

20+ (0~ )

Py—y, = tan"*(C,R,w) — tan™* — L (22)

5= 20C,Riwp — 1

The amplitude of the beam deflection, which is a measure for the strain inside the bimorph, is
expressed as

y=V (23)
w

3. MAGNETIC STIFFENING TECHNIQUE

It can be deduced from simulating Eq.(16) that the output voltage can be increased by increasing
the equivalent mass M or the natural frequency w,,. A conventional method is to add a mass to
the tip of the cantilever. This also reduces the resonance frequency of the harvester and can
therefore not increase the harvested power effectively. This paragraph introduces a new
configuration of a piezoelectric harvester, which increases the power of energy harvesters
without changing their natural frequency. This is achieved by adding a tip mass and
compensating the drop in natural frequency by an additional stiffness. The technique increases
the harvested power for a given volume of piezoelectric material, keeping frequency and strain
constant. If desired, the strain of the piezoelectric transducer can additionally be increased,
leading to an even larger power increase.

The power increasing technique is based on the magnetic tuning method introduced by Al-
Ashtari, 2012b. If the tip mass of a setup as shown in Fig. 1 is replaced by a magnet and a
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second magnet is attached to the vibrating structure as shown in Fig. 3, the resonance frequency
of the harvester can be adjusted by changing the distance d between the magnets. If this
technique is used to increase the resonance frequency of the harvester to match the resonance
frequency of the original harvester without tip mass or magnets, the resulting magnetically
stiffened harvester uses the same piezoelectric element and has the same resonance frequency,
but delivers much more power compared to the original harvester without tip mass.

The equivalent electrical model of the proposed harvester setup is the same as shown in Fig. 2,
with the value of the motional capacitance decreased to 1/(K + Kj;) due to the additional
“magnetic” stiffness K, which can be calculated as

15 1
=(—=+= 24
K (14l+d)FM' (24)

where [ is the length of the vibrating beam, d is the distance between the magnets, and F,, is the
magnetic force which is a nonlinear function of magnet properties and separation distance. These
parameters are constant during harvester operation. Details on the harvester model, the
derivation of above formula, and the nonlinear calculation of the magnetic force can be found in
Al-Ashtari, 2012b.

4. EXPERIMENTAL SETUP

Three different harvester setups are investigated experimentally, all using the same type of
piezoelectric bimorph, Piezo Bending Actuators 427.0085.11Z” from Johnson Matthey. The
specifications of the birmophs are given in Table 1. Their vibrating length is about 40 mm in the
experiments.

As tip masses and for the magnetic stiffening, two types of neodymium magnets from HKCM
Engineering were used, Q08.5x02x01.5Ni-48H with a mass of 0.19 g, and Q10x04.5x04.5Ni-
N52 with a mass of 1.51 g.

The characteristics of the harvester setups are summarized in Table 2. While “reference setup”
refers to the original cantilever beam without any mass or magnetic stiffening, “stiffened setup
1” refers to the cantilever beam with smaller magnet as a tip mass and magnetic stiffening.
finally, stiffened setup 2” refers to the cantilever beam with larger magnet as a tip mass and
magnetic stiffening.

The mechanical quality factor Q,,, of the piezoelectric harvester for each setup can be identified
by measuring the frequency sweep of the electrical admittance. A typical frequency sweep of a
piezoelectric harvester is shown in Fig. 4.

From Fig. 4, the mechanical quality factor Q,,, can be calculated as ,Zickgraf, 1996.

_
fofi

The frequency sweep of the electrical admittance of each setup was obtained using impedance
analyzer type HP 4192A.

Fig. 5 schematically shows the experimental setup used in this paper. The harvesters are excited
by an electro-dynamic shaker. The base velocity is monitored using a laser vibrometer and the
amplitude of the shaker voltage is manually adjusted to achieve the desired amplitude of the base
velocity. The harvester base frame is rigid compared to the bimorph structure, so that the
measured velocity at any location on the base frame is the same.

Qm (25)
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The experimental setups with tip masses are similar to the ones depicted in Figs. 1 and 3,
respectively. For technical reasons, the larger magnet has not been glued to the face of the
bimorph but on top of it, aligned with the face. This reduces the free vibrating length of the
bimorph assumed in the calculations by the width of the magnet. Fig. 6 shows this setup.

In the experiments, the harvesters are excited by an electro-dynamic shaker. The base velocity is
monitored using a laser vibrometer and the amplitude of the shaker voltage is manually adjusted
to achieve steady base velocity amplitude. The harvester base frame is designed to be rigid
compared to the bimorph structure, so that the measured velocity at any location on the base
frame is the same. For measuring the beam deflection, a differential laser vibrometer is used with
one beam pointed to the tip mass and the other pointed to the base frame.

It is well known that the power generated by a piezoelectric energy harvester is highly load-
dependent. The output terminals of the bimorphs are therefore connected to a resistor decade to
investigate the influence of the load. The load is varied between 100 Q and 10 MQ. The base
velocity is kept constant for all loads and the steady-state amplitudes V of the beam velocity and
U of the generated voltage across the load are measured.

5. RESULTS AND DISCUSSION

Figure 7 compares the theoretically and experimentally determined generated voltage of the
different setups with a common resonance frequency of 250 Hz: Reference setup, stiffened setup
1 and stiffened setup 2. It is obvious that the magnetically stiffened harvesters generate much
more voltage than the reference setup especially at high load resistance. Stiffened setup 2 with a
larger tip mass and accordingly larger additional stiffness generates more voltage than stiffened
setup 1.

The deflection of the bimorph tip is proportional to the strain inside the bimorph and as such is
relevant for determining the lifetime and maximum allowable excitation amplitude. Fig. 8 shows
the corresponding deflection of the three setups. As expected, a larger tip mass leads to a larger
deflection of the bimorph. The maximum deflection of stiffened setup 2 is more than 2.1 times
the maximum deflection of the reference setup, and thus the generated voltage increased by the
same factor.

Fig. 9 compares also the theoretically und experimentally determined generated voltage of the
different setups with a common resonance frequency of 250 Hz: Reference setup, stiffened setup
1 and stiffened setup 2. These harvesters were tested at open circuit condition. Also, the
magnetically stiffened harvesters generate much more voltage than the reference setup. The
deflection of each setup is shown in Fig. 10.

All figures given above shows that the introduced model gives fairly accurate results. The
difference between the simulated and the experimental results ranges from 1% to 3%. One
possible reason for getting such deviations is using the lumped-parameter model which lacks the
effect of the mode shape i.e. the description of the strain distribution along the beam. Also,
assuming that the equivalent damping and the equivalent stiffness are linear can cause inaccurate
results, especially if the excitation amplitude is large.

6. CONCLUSION

In this paper, a new principle for increasing the power generated by piezoelectric energy
harvesters without changing their resonance frequency has been introduced and investigated. The
attraction force between two permanent magnets is used to add stiffness to the system to counter
the effect of a tip mass on the resonance frequency. Similar configurations that use the attraction
force between two permanent magnets to manipulate the effective stiffness of the harvester have
been introduced before tuning the resonance frequency of energy harvesters ,Al-Ashtari, 2012b.



A physical model for the piezoelectric harvester has been introduced. Different comparisons
between theoretical and experimental results show the fair accuracy of the proposed model
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especially when a tip mass is attached to the harvester.

The magnetically stiffened harvester has important advantages over all other investigated setups
with and without tip mass: It generates more voltage and it can be tuned across a wide range of
excitation frequencies. These make magnetically stiffened harvesters a very promising option for

future energy harvesting applications.
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NOMENCLATURE

B = equivalent mechanical damping of a piezoelectric device, Ns/m

C, = equivalent capacitance of the piezoelectric material, F

F), = attraction force between magnets, N

K = equivalent mechanical stiffness of a piezoelectric device, N/m

K, = equivalent stiffness due magnetic attraction, N/m

M = total equivalent mass of a piezoelectric device, kg

M, = tip mass attached to the free end of the vibrating beam, kg

Qy = mechanical quality factor of the piezoelectric device

R, = connected Resistive load, Q

U = amplitude of the generated voltage, V

V' = amplitude of the piezoelectric cantilever velocity, m/s

X = amplitude of the piezoelectric cantilever displacement, m

d = separation distance between magnets, m

fr = resonance frequency of the piezoelectric device, Hz

fiand f, = frequencies at which the maximum magnitude of the electrical admittance
decreases by 3db, Hz

i(t) = current through conncted load , A

[ = length of the piezoelectric cantilever, m

t=time, s

u(t) = generated AC voltage of the piezoelectric harvester, V

v(t) = relative velocity equals to v, (t) — v, (t) , m/s

v, (t) = excitation velocity of the base of the piezoelectric device, m/s

v (t) = tip velocity of the piezoelectric cantilever, m/s

a = conversion factor between the mechanical and electrical domains of a piezoelectric
device, N/V

¢ = equivalent damping ratio of the piezoelectric device

¢y-v, = phase difference between the excitation velocity v, (t) and the generated voltage
u(t), rad

¢y-y, = phase difference between the excitation velocity v, (t) and the relative velocity
v(t), rad

w = angular frequency of the excitation, rad/s

wy, = natural frequency of piezoelectric cantilever, rad/s

11
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Table 1. Bimorph specifications.

Parameter Value

Total length of piezoelectric layers  45.00 + 0.1 mm
Beam width 7.20 £ 0.1 mm
Total beam thickness 0.78 + 0.03 mm
Shim layer thickness 0.28 + 0.05 mm
Piezoelectric layer density 8000 kg/m3
Shim layer density 1800 kg/m3
Piezoelectric coupling factor 0.38

Piezoelectric compliance 15.8 x 10712 m?/N
Piezoelectric dielectric constant 61.95 nF/m
Beam mechanical quality factor 45

Shim layer modulus of elasticity 120 x 10° N/m?

Table 2. Characteristics of harvester setups.
Harvester Type Tip Mass Mechanical Quality  Anti-Resonance

[0] Factor [-] Frequency [Hz]
Reference Setup - 45 250
Stiffened Setup 1 0.19 63 250
Stiffened Setup 2 1.51 95 250

u(t)

P —

N w
e

v} [N

Figure 1. Typical energy harvesting system.

vp(t)  v(t) l(f)

ve(t)
MI G, [] u(t)g
v

Figure 2. Equivalent electrical model of a base-eXCIted piezoelectric energy harvester.
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Figure 3. Principle setup of a magnetically stiffened harvester.
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Frequency f [Hz]
Figure 4. Typical frequency sweep of the electrical admittance of a piezoelectric harvester.
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Figure 5. Schematic of the experimental setup.
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ABSTRACT

An Investigation of estimated Mechanical Properties of AL-Alloys 2024-T3, which is the
most commonly used in industrial applications, been established experimentally. A new novel
Plasma Peening techniques had applied for the whole surfaces of the material by CNC-Plasma
machine for 48 specimen, and then a new investigation were toke over to figure the amount of
change in mechanical properties and estimated fatigue life. It found that improvement was
showing a nonlinear behavior according to peening duration time, speed, peening distance,
peening number, and amount of effected power on the depth of the material thickness. The major
improvement was at medium speed long duration time normal peening distance. Which shows
up to 5 times improvements than the others cases. It was found that reducing in elongation of
about 32% from references for 1x plasma peening for the most techniques used while a reduction
in elongation of 56% for the 2x plasma peening. These results illustrated in both tables and
figures. Farther study may established for other AL-Alloys to study the effects of plasma peening
on it and to found the most effected one of them for the completely nine AL family.

Key words: plasma peening, mechanical properties, aluminum alloy.
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1. INTRODUCTION

A traditional surface treatment technique, shot peening (SP), has been effectively and
widely applied in industry for over six decades. In traditional SP process, metal or ceramic
balls acting as minuscule ball - peen hammers make a small indentation or dimple on the
metal surface on impact Fig.1. A compacted volume of highly shocked and compressed
material can produced below the dimple. Using different types or size of particles will made a
different effect on the surface of the material Fig.2.

Laser Shock peening is a cold work process, in which the metal part is struck by a high
energy pulsed laser beam producing high amplitude stress waves. The surface material resists
to stretching induced by the stress waves resulting in a formation of a compression stressed
skin. Prior to laser peening the material surface plated with an opaque layer of black paint,
metal foil or tape. The black layer then covered with a transparent overlay (commonly
flowing water) Fig.3.

Plasma is a high-temperature, electrically conductive gas, comprised of positively and
negatively charged particles as well as excited and neutral atoms and molecules. A dynamic
balance exists between the dissociation, ionization and recombination processes that occur in
the plasma state. Thus, the plasma behaves electrically neutral. In physics, plasma referred to
as the fourth state of matter. Plasma naturally occurs in the interior of the sun and other stars
due to the high temperatures. Lightning is also a natural form of plasma, caused by high
electrical field strengths. To produce a technical plasma, a gas is either greatly heated using a
heat source or subjected to a strong electrical field in order to transform it into an ionized
state.

Plasma technique developed at the end of the 1950s for cutting high-alloy steels and
aluminum. It designed to use on all metals that, due to their chemical composition, could not
subjected to oxy-fuel cutting. Owing to its extremely high cutting speeds (especially with thin
materials) and narrow heat-affected zone, the technique also used today for cutting non-alloy
and low-alloy steels. Metal cutting today characterized by high quality demands and
increasing cost pressures. The edges of cut parts should not require any further processing and
expected to exhibit maximum dimensional accuracy. As a result, the ability of traditional
cutting techniques to meet these demands increasingly questioned. Plasma fusion cutting is in
direct competition with other techniques such as oxy-fuel cutting, laser cutting and water jet
cutting. However, it can also be an alternative to the mechanical processing technigues such
as nibbling, punching, drilling, Linde, 2013.

Recently plasma arc surface hardening is an alternative selective surface hardening method
that is effective, economical and a promising technology in heat treatment industries, many
studies for anther application of the plasma technique established to investigate the ability to
improve materials both properties and fatigue life by using plasma-peening see , Petrov, 2007
and Mohd , 2012.

2. APPLICATIONS:

This is the most common of the high-strength alloys. Aircraft quality. AL 2024-T3
aluminum sheet is the best choice for the aircraft alloy because of its strength. It has excellent
fatigue resistance. Welding generally not recommended. Typical uses for 2024-T3 aluminum
sheet are aircraft fittings, gears and shafts, bolts, clock parts, computer parts, couplings, fuse
parts, hydraulic valve bodies, missile parts, munitions, nuts, pistons, rectifier parts, worm
gears, fastening devices, veterinary and orthopedic equipment, structures aircraft skins, cowls,
aircraft structures, and for restoration like airstreams because of its shiny finish. The chemical
properties of the AL-Alloys 2024-T3 is as shown in Table 1, ASTM standards, 2012.
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3. EXPERIMENTAL WORK:

In this, study a standard tensile test specimen used of standard dimension is as shown in
Fig.6. Where the gauge length (60 mm), shoulder length (75 mm), (R = 40 mm) for plane
sheet spacemen and overall length (165 mm). The tests were taken at the COSQC-Baghdad
(Central Organization for Standardization and Quality Control) according to the 1SQ (lraqgis
Specification Quality) 1473/1989, the tests was included general properties such as hardness,
strength, toughness ...etc. the results is as shown as in Table 2.

Usually most of CNC-Plasma Machine used for cutting materials but the novelty in this
study is to use this machine (AJAN CNC-Standard Plasma Cutting Machine) Fig.7, to shoot
the whole surfaces of the AL-Alloys used with plasma by:

1. Changing the type of nozzle head Fig.8. (The machine came with three types of heads
one for steel with plasma arc diameter of 5 micron the second for other nonferrous
materials of diameter 1 millimeter and the third one is for nonmaterial of diameter 2.5
millimeter so we used the third one).

2. Reducing the power of the plasma arc to quarter of the initial power. (To reduce the heat
generation of the plasma arc).

3. Using only three bottles instead of five (Oxygen, Argonne and Nitrogen to reduce the
temperature of the plasma arc).

4. Increasing the speed of head movement twice of the usual speed. (To decrease the
effective time of plasma on the surface).

5. Increasing the distance between the materials sheet and the head of the plasma machine
twice to three times the usual distance. (To reduce the effects of plasma arc on the
surface).

According to above we toke the 48 spacemen and divided them into three groups of 16
specimen each, 8 spacemen were shouted by plasma for one time, while the other 8 shouted
twice, then we take the next 16 spacemen and divided them into two groups, 8 shouted by 2x
plasma head distance while the other 8 spacemen was shouted by 3x plasma head distance,
finally we take the last group and divided them into two groups 8 were shouted by 2.5 kW of
plasma power and the other 8 were shouted by 5 kW of plasma power as you can see in the
block diagram below Fig.9. This a completely grand new technique there is not any guide or
reference to as, so the results is according to this sequences and any one could take different
sequences and cheek if the results were similar to as or not. For the CNC-Plasma machine
specification, the AJAN CNC-Plasma machine usually used for cutting application and the
technique used changed in its specification as in Table 3.

4. RESULTS AND DISCUSSION:

The results, which calculated after plasma peening for the mechanical properties is as
shown as in, Table 4. For Hardness it has been noticed that the major value was for the two
time plasma shoot peening of 16 degree higher than (COSQC) reference while the miner
value is for 3x head distance of 4 degree higher than reference which is clearly due to the
amount of plasma effected at the specimen surface, for both the ultimate and yield tensile
strength the enhancement wasn't much higher than references but a major increment were
noticed for the two time plasma shoot peening this is also indicated that the alloys brittleness
is increased due to the excessive heat from the plasma for two times which might made some
changes in phases of the alloys surfaces leads the gran size to decrease. The extension of the
alloys is decreased generally from references for all types due to the same reasons above but
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the major increment is as expected for two times plasma shoot peening about 50% less than
reference, while not noticed change in the modulus of elasticity for all sets the major
decrement in fatigue strength was also for two times plasma shoot peening of about 9 MPa.
Fig.10 shows the effect of plasma peening for one time and two times plasma peening, Fig.11
shows the effect of plasma peening power changing, while Fig.12 illustrates the effect of head
distance changing all with the standard P-S diagram the. Fig.13 shows the changes in grain
size due to SP treatments, where DT (dislocation tangles), DW (dislocation wall) and DDW
(dense dislocation wall).

Finally, Fig.14 shows the improvement in S-N curve from standard ASTM and that calculated
from plasma shot peening of AL 2024-T3 for set one time peening, 1x head distance with
2.5KW power. The S-N carve for this set of this technique shows a god improvement with
the ASTM Standard for low stresses and high cycles as we can see that for the same load say
100 MPa we get 2.22E+05 cycles for ASTM S-N standard and 3.37E+05 cycles for modified
plasma shot peening S-N diagram which is a major improvement, this might be according due
to decrement in dislocation as in slip and diffusion as in grain boundary sliding or both for the
same reason above knowing that we used ( High Cyclic Fatigue ) test and Basquin equation

(0. =05 [Nf)b) for calculating fatigue life to get (o, = 154(5.25E + 05)~%%33%) with
(o, = 99.06 MPa).

7. CONCLUSION

Its well-known that the yielding dependent upon nature of the material or alloy, also
known that if the yielding increased this leads the materials to became more brittle which
decreases the extension percentage at the tensile test and verse versa. Inscrutably this
technique decreases the yielding with decrement in extension percentage too. The explanation
of this criterion is that the heat produces from plasma hardened the surface of the alloy only,
while the center of the alloy still the same. Then, when the surface cooled, its grin cells
became smaller in size with respect to the internal grin cells which remains at its original size
because it cooled slower, so when we test the alloy for tensile test and check the result it was
found that an increment of about 25%-50% according to the technique used in both yielding
and extensions percentage both ,this is only can be done by this technique while other
treatments does not give such condition.

From this work it can be re-discovered the great benefits of plasma techniques in
industrial application ,by using a unique novel technique by the use a CNC-Plasma Cutting
Machine to perform plasma peening on AL 2024-T3 and it was found that this technique
changes it's mechanical properties in deferent levels ,this change depends upon the parameters
applied from changing the nozzle head distance of the plasma arc to change the power of the
plasma applied and number of plasma peened the amount of mechanical properties that
changed even if it was not huge but clearly noticed especially if we know that this technique
is kind of cheap with respect to other shoot peening applications gives this technique privilege
as the other applications not doesn't optimize the material beater, so for those how need quick
not expensive easily handled this technique is the best choice for them.
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Table 1. Chemical properties of al-alloys 2024-T3.

Component % Si % Fe % Cu % Mn % Mg
Standard <0.5 <0.5 3.8-4.9 0.3-0.9 1.2-1.8
Actual 0.25 0.09 453 0.81 1.51

Component % Cr % Zn % Ti % other % Al
Standard <0.1 <0.25 <0.15 <0.2 Reminder
Actual 0.014 0.13 0.014 0.065 Reminder

Table 2. Mechanical properties of al-alloys 2024-T3 as taken from the COSQC.

Mechanical Properties Value
Hardness , Rockwell B 72 Converted from Brinell Hardness Value
Ultimate Tensile Strength 482 MPa
Tensile Yield Strength 340 MPa
Elongation at Break 16.5%
Modulus of Elasticity 71.5 GPa
Poisson's Ratio 0.32
Fatigue Strength 135 MPa
Shear Modulus of Elasticity 27.35 GPa
Shear Strength 281 MPa
Specific Heat Capacity 0.875 J/g-°C
Thermal Conductivity 121 W/m-K

Table 3. Both standard and the new technique machine specification.

Specification Original Specification New Specification

X, Y, Z axis feed rate 600 mm/min 1200 mm/min
Plasma head distance 25 mm 50 mm,75 mm
power 11 KW 2.5 KW, 5 KW
Gases used 5 3
Positioning increment 10 micron 10 micron
Max air volume 1200 m3 / hour 1600 m3 / hour
Plasma gas consumption 52 liter/min 29 liter/min

64



http://asm.matweb.com/search/GetUnits.asp?convertfrom=65&value=0.875
http://asm.matweb.com/search/GetUnits.asp?convertfrom=10&value=840

Number 7 Volume 21 July 2015 Journal of Engineering

Table 4. Experimental results of mechanical properties of al-alloys 2024-T3, The
yellow refers to highest while the red to lowest changes green for standard.

Properties Onetime | Twotime | 2x head | 3x head | 25KW | 5KW Standard
P Shoot shooting | Distance | distance | Power | power

Hardness, Rockwell B 80 88 78 76 80 83 72
Ultimate tensile
Strength ( @) MPa 440 412 447 435 445 461 482
Tensile yield strength 248 30 3 32 356 333
(y2) MPa 4 5 45 5 5 340
Elongation at break % 12.7% 8.8% 5.9% 11.4% 11.7% 12% 16.5%
Modulus of elasticity 70.3 69.8 708 | 7005 | 705 | 711 | 715
(E) GPa
Poisson's ratio v 0.32 0.32 0.32 0.32 0.32 0.32 0.32
Fatigue strength 131 127 135 140 137 125 13
(of) MPa >

Typical affects
of shot peening

Figure 2. Effects of different types or size of particles on SP.
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Figure 3. Schematic configuration of laser shock peening LSP.
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Figure 4. Principle of plasma technique, Linde Group, 2013.

66



@ Number 7 Volume 21 July 2015 Journal of Engineering

1 Argon
Plasma gas distributor 2 Nitrogen

3 Oxygen
Guidance system 4 Hydrogen

5 Argon/Hydrogen (Argoplas®)
Support with 6 Air

plasma burner —‘

123455

Plasma power source

Figure 5. Example setup for standard plasma machine ,Linde Group, 2013.
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Figure 6. ASTM standard tensile test specimen for both shafts and plane spacemen with R = 40
for plane model, all dimension in (mm), ASTM Standards, 2012.
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Figure 7. AJAN CNC-plasma machine.

Figure 8. Machine heads.

48 Spacemen
8 Spacemen One 8 Spacemen Two
Time Plasma Peening Time Plasma Peening
8 Spacemen 2x Head 8 Spacemen 3x Head
distance Plasma Peening distance Plasma Peening
8 Spacemen Plasma 8 Spacemen Plasma
Peened by 5 kW Power Peened by 2.5 kW Power

Figure 9. Block diagram of the technique procedure.
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Figure 11. The effect of power changing of plasma peening arc on P-S diagram of AL 2024-T3.
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Figure 13. Schematic diagram shows the changes in grain size due to SP treatments.
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