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In this study, an attempt has been done to figure out the geotechnical properties of physically remolded
dredged materials of the Gulf of 1zmit located in NW Turkey, by using slump test method. For this aim,
slum tests were conducted on dredged material specimens using open-ended polyvinyl chloride (PVC)
cylinders of 10 cm diameter and height. Water content of the dredged material specimens was obtained
in the laboratory using oven method. Bulk wet density, Atterberg limits and phase relations such as
bulk unit weight, % solids by weight, void ratio, and engineering behavior properties such as Vane
shear strength, and effective stress were determined. Later, the statistical correlations were conducted
by regression analysis to obtain the relationships between water content and slump/cylinder height as
well as other parameters such as wet bulk density, % solid by weight, void ratio, Vane shear strength

and effective stress.

Key words: Vane shear strength, dredged materials, slump test.

INTRODUCTION

Description of dredged material properties is very
necessary for any planned dredging operation, and the
fundamental geotechnical parameters need to be
determined or predicted. While near shore dredging
operations, the dredging process generally involves too
much material handling, manipulation, and remolding.
The natural previously deposited material has been
dredged, transported and re-deposited by the time.
Therefore, its geotechnical properties are changed. The
most fundamental parameters of the dredged materials
are grain size distributions, water content, density,
specific gravity and percent solid. Engineering properties
include shear strength, permeability, viscosity,
consolidation and critical erosion.

The laboratory tests of soil classification and
description, grain size analysis and distribution, specific
gravity of solid particles, water content, bulk density,

shear strength, stress-strain and behavior characteristics
provide basic information about the dredged material soil
properties. Dredged materials lose their original
geotechnical properties while they are being dredged,
transported and redeposited. Intergranular bonding and
physico-chemical condition affect the materials behavior
(Mitchell, 1993; Lee, 2004). As the water content in the
dredged material is increased during remoulding and the
solid particles become more separated, the material
behaves like slurry. If fine-grained particles (silt and clay)
composed more than 35% of the total matrix solids, the
slurry behaves as viscous material (Spigolon, 1993). High
organic content, gas bubbles and fibrous materials affect
the shear strength of dredged materials (Klein and
Sarsby, 2000; Edil and Wang, 2000). DeMeyer and
Mahlerbe (1987) determined the threshold (yield) shear
stress o most clayey slurries less than 10 Pa. Bouziani

*Corresponding author. E-mail: cengizk@kocaeli.edu.tr, Tel: +90-262-303 31 04. Fax: +90-262-303 31 02.




"3,'%

T e d}‘:";anc.il-»~»-"_5
. *

Kurtulus et al. 1945

e, Bahgecik

Figure 1. Study area. Stars indicate the dredged material collection points (Google earth).

and Benmounah (2013) conducted v-funnel and mini-
slump tests with viscosity of Self-Compacting Mortars
(SCM), measured at different rotational speeds and linear
relationships were obtained between both v-funnel and
mini-slump tests and viscosity. Peilaetal. (2009) performed
the slump cone test on conditioned material to check the
mass behavior. Vinai et al. (2008) used a simple slump test
toanalyzethe global characteristics of the conditioned soils.

The dredged materials are used to improve soil
structure for agriculture purposes. Some dredged
materials may be very good topsoil according to
Francingues et al. (2000) and Nelson and Pullen 1990).
They are also used for creating embankments (McLellan
et al., 1990; Smith and Gailani, 2005), land improvement
(Harrison and Luik, 1980; Perrier et al., 1980; Spaine et
al.,, 1978), land creation (Coastal Zone Resources
Division, 1978; capping (Palermo et al.,, 1998),
replacement fill and share protection (Comoss et al.,
2002).

The advantage of the slump test is that it allows rapid
field estimation of a material’'s water content (with
calculated void ratio, density, or other phase
relationships) if a previously developed slump-water
content curve is available for the given material. The
slump test was originally developed for rapid estimation
of mine tailing properties in Australia (University of
Melbourne, 1996) by observing the height drop (slump)
instead of the spread diameter. In this study, slump tests
were conducted on 36 dredge material specimens
collected along the coastal areas of the Gulf of Izmit
(Gurbiz and Girer, 2008). Index parameters, phase
relationships and engineering behavior of the specimens
were determined and some correlations were performed.

Study area

The study was performed at the coastal areas of the Gulf
of Izmit, located NW Turkey (Figure 1).

Gulf sediment specimens

The dredged material specimens were collected using a
small dredging operation from the study area for the
purpose of characterizing their geotechnical properties.
The grain size distribution graphic of the dredged material
specimen collected from Station #1 is given in Figure 2
and the grain size distribution values of specimens
collected from 36 stations are given in Table 1.

The slump test method

The slump test is an operation that consists of filling an
upright open-ended cylinder with remolded dredged
material, getting rid of the excess material at the top;
slowly lifting the cylinder and measuring the variation in
height (slump) as the material complete its outward flow.
The slump test for concrete (ASTM 2000a) has been
used for years to measure the consistency of freshly
mixed concrete for quality control purposes. For this test
a conical upright open ended cylinder is filled with wet
concrete and tamped with a rod. After removing the
excess material at the top, the cylinder is slowly lifted and
the resulted variation in height (slump) of the concrete is
measured. The open-ended cylinder size is 150 mm in
height, with a 76 mm inside diameter.

Slump test application

Slump tests were conducted on 36 dredged material
specimens using an open-ended polyvinyl chloride (PVC)
cylinder of 10 cm height and diameter. In situ each
dredge material specimen was placed into the slump
cylinder, leveled off, and allow to flow outward as the
cylinder was slowly lifted upward with minimum
disturbance to the specimen. After the outward flow has
visually stopped, the change in height (slump) as material
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Figure 2. Grain size distribution of dredged specimen collected from Station #1.

Table 1. Grain size distribution of specimens collected from 36
stations.

Station No Gravel Sand Silt+Clay
1 28.31 19.32 52.36
2 30.12 19.61 50.27
3 25.63 21.10 53.27
4 26.58 23.17 20.26
5 29.15 17.94 52.91
6 30.81 17.43 51.76
7 25.94 22.78 51.28
8 28.91 20.45 50.64
9 28.64 15.13 56.23
10 29.48 19.65 50.87
11 29.11 17.39 53.47
12 31.92 15.11 52.98
13 25.48 21.89 52.63
14 26.45 23.15 50.32
15 25.31 20.87 53.82
16 27.96 21.69 50.36
17 21.93 23.76 54.31
18 23.81 23.84 52.36
19 16.34 20.47 63.19
20 21.59 19.52 58.49
21 19.78 25.49 54.73
22 23.62 25.02 51.36
23 12.56 25.11 62.34
24 23.58 25.45 50.96
25 21.36 25.74 52.63
26 22.54 26.79 50.67
27 22.45 22.07 55.48
28 24.51 24.06 51.43
29 24.73 20.59 54.68
30 25.31 24.45 50.23
31 26.94 18.70 54.36
32 38.14 11.74 50.12
33 29.57 19.00 51.43
34 31.96 17.36 50.68
35 19.74 26.47 53.79
36 21.65 28.06 50.29

completes its outward flow is measured. The slump was
divided by cylinder height to find normalized slump which
is the best predictor (DOER, 2004), (Figure 3). The slump
test was performed as quickly as possible to prevent
thixotropic effects. The cylinder walls were pre-wetting to
prevent material sticking to the walls while lifting the
cylinder. The cylinder was removed in less than 7 s after
leveling off the top.

Determination of water content (1) and bulk wet
density (V)

The water content is the ratio of the weight of water to
weight of solids obtained by weighing a specimen in its
natural wet state and then again upon drying at 105°C for
24 h. Bulk wet density was obtained using Equation 1.

H"ﬂ(cﬁj] =7 l{)‘l‘l,:;—;.."lfa (1)

The relationship between Wn (%) and normalized slump
(slump/cyl ht) is given in Figure 4. The water content and
normalized slump data show scattering since the coarser-
grained soils have less water content variability. The
relationship between water content and bulk wet density
is illustrated in Figure 5.

Determination of Atterberg limits

The Atterberg limits are a basic measure of a fine-grained
soil consisting of the liquid limit (water content at which
the soil passes from the liquid to plastic state), the plastic
limit (water content at which the soil passes from the
plastic to semi-solid state) and the shrinkage limit (water
content at which the soil passes from the semi-solid to
the solid state). Laboratory testing (ASTM, 2000b) is
required to determine the Atterberg limits. A suitable
prediction method using water content percent and
normalized slump is given by the Equation 2 (DOER-D1,
2004).

LL =52.74+ 0.526Wn —59.97 N 2
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Figure 3. Sequences of slump test application.
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Where, LL: Liquid limit percent, W: Water content
percent, N: Normalized slump = (slump / cylinder height).
Liquidity index (LI) and Plastic limit percent (PL) are given
by Equations 3 and 4.

LI =1601(Wn/LL)— 0.612 (3)
PL=[(LI)(LL) —Wn]/[(LI)—1] (4)

Plasticity index (PI) is obtained from the difference of LL
and PL Equation 5.

Pl =LL— PL )

The Atterberg limits of the dredged material specimens
were figured out using Equations (2 to 5). The results are
given in Table 2.

Determination of bulk unit weight (saturated wet bulk
density), (v)

The Equation (6) is used to determine the bulk unit
weight of the dredged material when only the water
content is known (DOER-D1, 2004).

y = 23321702051 (6)

Where, y Bulk unit weight (N/m®, Wn: Water content
percent .

The result of bulk unit weight of dredged material
specimens determined using Equation (6) is given in
Table 2.

Determination of void ratio (e)

Void ratio (e) is defined as the ratio of the volume of voids
to the volume of solids. If only water content is known,
the void ratio can be easily determined conducting a
single slump test and using Equation 7.

e = 0.028 Wn —0.055N — 0.065 @)

Where, e: Void ratio, Wn: Water content percent, N:
slump / cylinder height.

The void ratio data of dredged material specimens
determined using Equation (7) is given in Table 2.

Determination of percent solids

General equation for percent solids by weight is given by
Equation (8) (DOER-D1, 2004).

% solids by weight = 10000/ (Wn + 100) (8)

Where, Wn: Water content percent.

The percent solids by weight obtained using Equation
(8) are given in Table 2. The relation between % solids by
weight and water content is shown in Figure 6.

Determination of specific gravity

Specific gravity is the ratio of density of a substance
compared to the density of fresh water at 4°C (39°F).
Specific gravity compares the mass of a given volume of
material to the mass of the same volume of water and



Kurtulus et al. 1949

Table 2. Physical properties of dredged material specimens collected from the coastal areas of the Gulf of Izmit.

Specimen  Slump/Cyl  Solidweight  Water content V;’::l::t"k Liquid limit o Plastic limit Plasticity
No. ht (%) (%) y (%) Liquidity index (%) index
(N/m3)
1 0.02 75.94744 31.67 1.885489 68.19902 0.131466 26.14076 42.05826
2 0.04 70.28395 42.28 1.773361 72.58048 0.320624 27.98004 44.60044
3 0.07 62.14268 60.92 1.641114 80.58602 0.598296 31.62955 48.95647
4 0.08 67.71398 47.68 1.728704 73.02208 0.433378 28.29723 4472485
5 0.40 52.04267 92.15 1.503146 77.2229 1.298472 27.21109 50.01181
6 0.41 51.25051 95.12 1.493062 78.18542 1.335769 27.75018 50.43524
7 0.49 50.45154 98.21 1.482968 75.01316 1.484088 27.09455 47.91861
8 0.30 56.43978 77.18 1.560765 75.34568 1.027977 9.780324 65.56536
9 0.60 43.73305 128.66 1.400376 84.43316 1.827618 30.99445 53.43871
10 0.03 62.41808 60.21 1.645201 82.61136 0.554864 32.28662 50.32474
1 0.01 69.30487 44.29 1.75597 75.43684 0.327969 29.08951 46.34733
12 0.02 67.43998 48.28 1.724123 76.93588 0.392684 29.75138 47.1845
13 0.55 53.8648 85.65 1.526658 64.8084 1.503862 23.44472 41.36368
14 0.49 51.18755 95.36 1.492264 73.51406 1.464764 26.5097 47.00436
15 0.50 50.47701 72.48 1.483289 62.205 1.500322 50.95218 11.25282
16 0.60 47.62585 118.45 1.447803 74.60222 1.74801 15.98296 58.61926
17 0.04 57.72339 68.38 1.578215 88.86544 0.707492 18.83166 70.03378
18 0.05 63.15125 58.35 1.656192 80.4336 0.549434 31.42054 49.01306
19 0.04 71.33685 40.18 1.792635 71.47588 0.287998 27.52109 43.95479
20 0.052 74.8111 33.67 1.861147 67.33198 0.188595 25.84592 41.48606
21 0.60 49.20049 103.25 1.467304 71.0675 1.714003 25.99419 45.07331
22 0.68 41.26093 142.36 1.37063 85.04266 2.068047 31.37712 53.66554
23 0.82 42.50436 135.27 1.385568 74.71662 2.286515 27.64887 47.06775
24 0.85 39.96483 150.22 1.355089 80.78122 2.365205 29.9179%4 50.86328
25 0.26 62.0232 68.35 1.639348 76.6981 0.814741 31.63624 45.06186
26 0.21 59.98081 48.22 1.609749 89.4126 0.677214 35.46784 53.94476
27 0.30 55.16328 82.33 1.543717 57.8769 15.58019 23.31408 34.56282
28 0.39 54.77951 7712 1.538647 69.91682 1.1539%43 23.12561 46.79121
29 0.28 60.09254 56.32 1.61134 72.7684 0.928092 34.26943 38.49897
30 0.19 62.3558 48.33 1.644275 72.9057 0.705592 29.06953 43.83617
31 0.82 4498021 122.32 1.415473 67.90492 2.271949 25.12405 42.78087
32 0.74 46.41233 110.29 1.432914 66.37474 2.048263 24.48139 41.89335
33 0.75 45.41739 124.12 1.420784 73.04962 2.10829 26.96926 46.08036
34 0.78 45.14061 121.53 1.41742 69.88818 2172012 25.82564 4406254
35 0.76 4438132 125.32 1.408214 73.08112 2.133406 26.99093 46.09019
36 0.48 53.95489 85.34 1.527833 68.84324 1.372644 2457378 4426946
Specimen Void radio Specific Water content/ Vane shear E:;:::e U';?:::;f: (Scl:sar Compression index ~ Permeability
No gravity Liquid limit (kPa) (kPa) KN/m2 Cc misec
1 0.82066 2.591285 0.464376 0.332503 230.2969 92.86217 0.523791 0.003877
2 1.11664 2.64106 0.582526 0.251262 79.27978 38.90342 0.563224 0.012674
3 1.63691 2.686983 0.755962 0.166543 23.26455 10.84738 0.635274 0.053101
4 1.26564 2.654446 0.652953 0.212619 46.34254 23.16091 0.567199 0.020351
5 2.4932 2.705589 1.193299 0.059043 2.716764 0.433202 0.605006 0.247325
6 2.57581 2.707958 1.216595 0.05587 2.48056 0.364911 0.613669 0.277925
7 2.65793 2.706374 1.309237 0.044851 1.756347 0.184464 0.585118 0.310768
8 2.07954 2.694403 1.024345 0.088135 5.571432 1.503198 0.588111 0.131322
9 3.50448 2.72383 1.523809 0.026966 0.860068 0.037992 0.669898 0.828806
10 1.61923 2.689304 0.728834 0.177608 27.62866 13.24592 0.653502 0.051026
1 1.17457 2.651998 0.587114 0.248544 76.4072 37.61104 0.588932 0.015356
12 1.28574 2.66309 0.627536 0.225828 55.86003 27.92821 0.602423 0.0216
13 2.30295 2.688792 1.321588 0.043557 1.680454 0.168427 0.493276 0.18565
14 2.57813 2.703576 1.297167 0.046154 1.834566 0.20161 0.571627 0.27865

15 2.0075 2.676667 1.577204 0.063114 2.587881 0.395421 0.469845 0.11052
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16 2.98116 2.710885 1.474085 0.023172 1.005341 0.054792 0.58142 0.473262
17 1.98352 2.708247 0.824167 0.16129 15.49562 6.564475 0.709789 0.109923
18 1.56605 2.68389 0.725443 0.179042 28.24155 13.58087 0.633902 0.045089
19 1.05784 2.632753 0.562148 0.263701 93.73778 45.20208 0.553283 0.010314
20 0.8749 2598456 0.50006 0.305527 162.5673 71.40371 0515988 0.004971
21 2.793 2.705085 1.452844 0.031907 1.076385 0.064069 0.549608 0.370797
22 3.88203 2.726911 1.673983 0.018887 0.552708 0.012573 0.675384 1.187243
23 3.67746 2.718607 1.810441 0.013666 0.382288 0.004603 0.58245 0.981706
24 4.09441 2.725609 1.859591 0.012163 0.337026 0.003205 0.637031 1.430452
25 1.8378 2.688808 0.891156 0.120866 10.72872 4.008339 0.600283 0.081043
26 1.93835 2.692153 0.805256 0.148171 17.28368 7.545382 0.714713 0.098779
27 4.1185 2.745667 0.850426 0.133122 0.070703 1.46E-05 0.430892 2.391568
28 2.07291 2.687902 1.103025 0.073135 3.933439 0.842157 0.539251 0.127336
29 1.8796 2.685143 0.961956 0.102187 7.487823 2.379808 0.564916 0.086991
30 1.60455 2.67425 0.822981 0.142073 15.60096 6.622081 0.566151 0.049257
31 3.31486 2.70999 1.801342 0.013964 0.391457 0.004922 0.521144 0.680927
32 2.98242 2.704162 1.661626 0.019449 0.572314 0.01377 0.507373 0.468257
33 3.36911 2.714397 1.699119 0.0177% 0.515283 0.010448 0.567447 0.721164
34 3.29494 2.711215 1.738921 0.016192 0.462103 0.007794 0.538994 0.666602
35 3.40216 2.714778 1.714807 0.017145 0.493479 0.009308 0.56773 0.746438
36 2.29812 2.692899 1.239628 0.0529 2.271074 0.307983 0.529589 0.184358
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Figure 6. Relationship between % solids by weight and water content.

helps determine types of the minerals. Specific gravity is
calculated from Equation 9.

Gs=28—-55N/W—-65/W 9)
Where, Gs: Specific gravity of solids, W: Water content

percent, N: Normalized slump=slump/cylinder height.
The specific gravity values are given in Figure 2.

Determination of undrained shear strength (c,)

If only the water content and liquid limit of the dredged
material are known, the undrained shear strength is
obtained using the approximate Equation 10, (DOER-D1,
2004).

LI =log(170/c,)/2 (10)
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Figure 7. Relation between Vane shear strength and water content (%) / LL.

C, = 170e~*8 (11)
Where LI: Liquidity bindex, c,: Undrained shear strength

e = 2.178

The soil compression index Cc is given by Equation 12
(Terzaghi and Pack, 1967).

Cec = 0.009(LL — 10) (12)

Where Cc= Compression index, LL= Liquid limit percent.

Determination of Vane shear strength

The Vane test is one of the most widely used techniques
to estimate the undrained strength of soft clays. It
provides an indication of in-situ undrained shear strength
of fine - grained clays and silts or other fine geomaterials
such as mine tailings, organic muck, and substances
where undrained strength determination is required. It is
a cheaper and quicker method. Vane shear strength is
given by Equation 13.

‘LL)

Vane shear strength = 1832371/ (13)
Where, e: 2.718, Wn /LL: Water content percent / Liquid
limit percent.

The Vane shear strength values determined are given
in Table 2, and the relation between Vane shear strength
and water content (%) / LL is demonstrated in Figure 7.

As depicted in Figure 7, the correlation between Vane
shear strength and water content (%) / LL is very good.

Determination of effective stress (g )

The effective stress is a combination of both the
externally applied stresses and the internal pressure of
fluid phase(s) and enables the conversion of a
multiphase porous medium into mechanically equivalent
single-phase continuum. Soil settlement models are
developed base on effective stress concept where
settlement is always associated with effective stress
increase (Terzaghi, 1943; Janbu et al., 1956; Schertmann
et al., 1978). If only the water content percent and liquid
limit are known, then the effective stress is calculated by
Equation 14 (DOER-D1, 2004).

g'=129.77(Wn/LL)™*70 (14)
Where, ¢ '; Effective stress (kPa), Wn /LL: Water content
percent / liquid limit percent.

The calculated effective stress values are given in Table

2, and the relation between effective stress and water
content / liquid limit is shown in Figure 8.

Determination of permeability (k)

Permeability is determined by Equation 15.

k = 00174 [e- 0027 (PL - 0242PI) /PII**/ (1+ &) (15)
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Figure 8. Relation between effective stress and water content / liquid limit.

Where, k: permeability, e: Void ratio, PL: Plastic limit
percent, PI: Plasticity index.

DISCUSSION

The physical and engineering properties of the dredged
materials collected at the coastal areas of the Gulf of
Izmit were predicted using correlation equations given by
ERDC TN-DOER (2004) in order to figure out their
usability in engineering planning and construction aspect.
These properties mostly depend upon the site geology.
The dredged materials consist of mostly clay and silt
which have plasticity index values change in a large
range indicating medium to very high plasticity. They
have relatively high water content and void ratio but very
low shear strength indicating that they are very soft in
consistency. These results show similarities with the
results obtained by ERDC TN-DOER (2004) and Klein
and Sarsby (2000). The water content and bulk wet
density obtained by ERDC TN-DOER (2004) are higher
than our values. This study is the first study on the
marine dredged materials at the coastal areas of the Gulf
of Izmit. The results obtained in this study can be utilized
by the researchers and the people who are interested in
dredged materials.

CONCLUSIONS

In order to determine the physical and geotechnical
properties of dredged materials of the Gulf of lzmit, a
combination of slump tests were conducted in-situ and
water content of the dredged material specimens were
obtained in the laboratory using the oven method. The
other properties such as bulk wet density, Atterberg
limits, bulk unit weight, void ratio, percent solids, shear

strength and effective stress were calculated using the
formulae given by Doer Technical Note (ERDC TN-
DOER-D1, 2004).

Sieve analysis indicated that the dredged material had
12.56 to 30.12% gravel, 11.74 to 28.06% sand and 20.26
to 63.19% clay and silt. Atterberg limit tests demonstrated
that the dredged material had liquid limit ranging from
57.86 to 89.41, plastic limit varying from 9.78 to 50.95
and plasticity index ranging from 11.25 to 70.03. The
specific gravity of the dredge material varied from 2.59 to
2.72. The natural water content ranged from 31.67 to
150.22% with the void ratio changed from 0.82 to 4.11.
The Vane shear strength varied from 0.013 to 0.33
kg/cm®. The effective stress ranged from 0.07 to 230.29
kg/lcm®. The dredged material was very soft in
consistency and exhibit very low shear strength.

Good correlations were determined (R® = 0.87)
between water content and normalized slump, % solids
by weight and water content (R? = 0.98) and Vane shear
strength and water content/liquid limit (R*> = 0.872). Very
good correlations were obtained between water content
and bulk density and effective stress and water
content/liquid limit (R* = 1). Water content increases with
increasing slum/Cyht, and exponentially decreases with
increasing bulk wet density. % solids by weight and Vane
shear strength decrease exponentially with increasing
water content. Similarly the effective stress also
decreases exponentially with increasing water
content/LL. The geotechnical parameters using the
correlation  equations are for the preliminary
investigations and do not substitute for standardized
laboratory testing requirements.
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Theoretical and experimental studies have been performed to analyze the flotation processes for
recovery of wool wax from an industrial effluent by air flotation. Batch flotation process was carried out
at different experimental conditions and different air flow rates. The results obtained show that wool
wax can be successfully recovered from the tested effluent using batch air flotation. The percentage of
wax recovery increased with increasing the flotation time, that 90% wax recovery was achieved within
10 min. These high recoveries reduce extraction costs. Wax recovery was found to decrease with
increasing the initial concentration of wax/water emulsion. The highest percentage recovery of wax was
obtained at a column working height approximately eight times the diameter of the flotation column at
an emulsion of pH value of 9.0, inlet flow rate 1560 ml/min at a wool-soaping concentration 0.5 g/L. An
appropriate kinetic model was identified to represent the behavior of wool wax recovery from an

industrial effluent by air flotation.

Key words: Wool wax, recovery, air flotation, industrial effluents.

INTRODUCTION

During recent years there is an increasing public
awareness concern regarding environmental pollution.
Pollution is the contamination of environment as a result
of human activities. The term pollution refers preliminary
to the fouling of air, water and land by wastes. One of the
major sources which can affect the quality of seas, rivers
and underground water is oil and greases. Low
concentration of oil or grease in seas and rivers impart an
unpleasant taste to fish. Heavy surface grease films
interfere with the process of natural aeration and
photosynthesis. Free wax or oil and emulsions in water
sources may coat their surface and destroy algae and
other planktons thereby removing a source of fish food
(Bateup et al., 1996; Christoe, 1986).

Millions head of sheep, the total sacrifice and sacrifice for
the pilgrimage season every year in Kingdom of Saudi
Arabia. A recovery process for removal of valuable wool
wax as a product having the specification of lanolin from
wool grease was found in the liquor from the scouring of
raw wool. The process, apart from removing wool
grease/wool wax from wool scouring effluent (Christoe et
al., 1976; Kolattukudy, 1976; Moldovan et al., 2002),
avoids the production of pollutants. And in the case of the
treatment of wet sludge containing wool grease produces
a virtually grease- free solid product suitable for disposal
as an environmentally safe soil.

The cost of treatment of wax water emulsion by known
processes such as those processes which rely on acid or
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base treatment or solvent extraction is quite high and in
general have not proved economically attractive
(Dominguez et al., 2003). However, the discarding of
valuable and useable materials often found in the
emulsion is unfortunate waste and in most cases the
disposal of the emulsion to sewage systems and rivers is
environmentally unacceptable without treatment of some
sort (Anna et al., 2012). It may be practically useful to
make some research efforts towards improvement of the
performance in wax removal by simple operations and
economic procedures (Max and Klaus, 1980).

Flotation processes have been proved (Rubio et al.,
2002; Bradeley, 1985) suitable to remove both
suspended solids and waxes at a time from a great
variety of liquid water such as the effluents of pulp
industry, the textile and dying industry, the food industry,
the tannery process, the petrochemical industries
(Tsubouchi et al., 1985), waste water, oil production, and
refining electroplating and battery industries as well as,
municipal waste water (Rippon, 1992). Flotation process
is applicable to a wide range of oil water emulsions,
which were found difficult to be processed by the known
methods. Representative of these emulsion are the wool
grease in water emulsions resulting from wool scouring
processes. Flotation constitutes, thus an alternative
process, which cover the advantages of concentration
and separation method in one operation (Genon et al.,
1984; Mercz and Cord-Ruwisch, 1997; Eychene et al.,
2001).

Flotation processes are classified with respect to the
method by which the air bubbles are generated as
dissolved air flotation, induced air flotation, and electro
flotation (Van Ham et al., 1983; Nicholas and Byeseda,
1980; Rajinder and Masliyan, 1983). The aim of the
present work is to recover wool wax from industrial wool
scouring effluents by air flotation using a batch flotation
process, which is carried out at different conditions as
preliminary steps for further continuous operation works.
To suggest appropriate kinetic model to represent the
behavior of wool wax recovery from an industrial effluent
by air flotation.

EXPERIMENTAL

In order to obtain oil/lwater (W«/W5) emulsion, wool is first cleaned
and then scoured (Gibson et al., 1981; McCracken and Chaikin,
1978). The obtained emulsion is treated by a flotation process at
different conditions, of initial concentration, airflow rate, and the
amount of soap used during the scouring process. Besides, both
batch and continuous flotation are done at different feeding points.
Within the scope of the present investigation discussion will
emphasis on the batch flotation process only.

Materials

a) Wool: Raw wool, a protein (keratin), contains glandular
secretions (suint and wool grease) and feces from the sheep, plus
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dirt, straw, and vegetable matter. Residues of treatments applied
for disease control or for identification of the animal may also be
present. Being amphoteric, wool is damaged by caustic or acid
solutions, so special care is taken in processing.

b) Synthetic detergent: It reduces surface tension, increases the
wetting capacity of the solution, converts the impurities of the fiber
into emulsion and stabilizes the colloidal system formed (Athukorala
and Mazza, 2011). In this work Nestabone, a local dispersing agent
was used.

c) Soda soap and diethanolamine soaps: are used as foaming
agent to create froth while diethanolamine is a soaping agent added
for wax emulsification.

d) Soda ash,Na,COs (1%): Partially softens the water by interacting
with calcium salts, creating an active reaction of the media which is
most favorable for the formation of stable emulsion, and increase
fiber swelling thus assisting the release of impurities from the fiber.
e) Caustic soda and nitric acid (Analar 99%), are used to adjust pH
value

Emulsion stability test

Five W,/W, stocks solutions were prepared using 0.5 g of wool wax
per liter of water. For all samples, mixing was continued for 60 min
at a rate of 800 rpm, concentrations of emulsifier used were 200,
300, 400, 500 and 600 ppm. The samples were left to stand for 24
h each in a separate bottle, samples were taken from the surface
and the bottom of each bottle and the turbidity was measured for
each sample. The optimum amount of emulsifier required to attain
24 h stability was found to be 500 ppm.

Emulsion preparation

Ten wax/water emulsion concentrations were prepared by the
following procedure (0.5 g of wool wax are added to 0.5 g of
emulsifier in one liter of water and the resultant mixture is stirred for
one hour at 800 rpm, a 500 ppm wax/water emulsion is obtained). A
stock solution (250 ml) is diluted to one liter to obtain 125 ppm of oil
in wax water emulsion. The turbidity is measured and recorded and
the steps are repeated to prepare and measure 10 different
concentrations of wax/water emulsion.

WAX WATER EMULSION PREPARATION

The procedure includes three main processes cleaning, scouring of
wool and the flotation process. In the cleaning process 10 g of grey
wool are boiled with 1 g synthetic detergent in 200 ml tap water for
7 min and then wool is removed from liquor. To that boiled wool
sample 0.5 g soda soap powder are added in addition to 3 ml
diethanolamine, 1 g synthetic detergent, 1 ml Na,COs solution (1%),
and 200 ml tap water and the mixture is boiled for one hour. The
resultant wool is washed, squeezed and the resultant squeezing off
solution is added to the original mixture. The resulting emulsion is
treated by the flotation process (Poole et al., 1999, Poole, 2004;
Poole and Cord-Ruwish, 2004).

Flotation column and procedure

A column, 1 m height, 0.05 m diameter (Figure 1) with an opening
for air inlet in the bottom was used, fitted with a sparger of 1 mm
diameter for distributing of air into small bubbles. Along the column
height there is a sampling opening and near the top of the column
there is an outlet the foam. Accessory elements for the column are;
pH meter, compressor, air flow meter and a pump. Results were
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Figure 2. Effect of sampling level on wax concentration.

judged by a turbidity meter, measuring eFTU for comparison. The
flotation column is washed thoroughly and is connected with all
accessories required to begin an experiment. Turbidity and pH of
the emulsion are measured before the flotation process. Different
flotation experiments were carried out at different operating
conditions such as initial concentrations of the W,/W, emulsion,
working heights, inlet airflow rate, and different pH values. In all the
experimental runs, samples are taken at 2 min intervals from
different sampling points to measure the wax concentration.

RESULTS AND DISCUSSION
Effect of sampling point location

The effect of sampling point positions is clearly shown in
Figure 2, which shows the relation between the wax
concentration and time at different sampling points. It is
clear that lowest wax concentration is obtained at the
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spreading conditions are present, the oil spread around the gas, (f) the conglomerate then continues to rise. If this
processes have not occurred within the timeframe of approach, the bubble and drop do not attach but move away from

each other.

lower sampling point and this is explained that gas
flotation process may be an accelerated gravitational
separation technique in which fine gas bubbles are
injected into a water phase containing immiscible liquid
droplets (wax) so that the gas bubbles (Figure 3) attach
themselves to the wax droplets (Stewart, 1988a). The wax
appears lighter because the density difference between
the wax-air agglomerates and water is increased,
consequently, the wax rises faster enabling a more rapid
and effective separation from the aqueous phase. Air
bubbles enter the flotation column near the lower sampling
point where the bubbles are fresh and did not yet carry
any wax so their ability to carry wax droplets is the highest
along all the flotation column and so the wax concentration
in the bottom of the column is the lowest one.

On the other hand at a height of 20 cm of the column
top the wax concentration is increased with time until 6
min then with further increase in time the wax
concentration is decreased. This is attributed to that after
nearly 6 min all the wax droplets present in the column in
the height below 20 cm are carried by air bubbles from
the bottom of the column to the top. So the concentration
of wax in the top is increased and with further increase in
time there is no more wax droplets to be carried by the
bubbles from the bottom. The air bubbles start to carry
the oil droplets from height above 20 cm to the top of the

column. Thus the wax concentration starts to reduce. The
same holds with respect to the sampling point at height
40 cm at the start of the flotation process the air bubbles
carried the oil droplets from the bottom of the column to
the top of it till nearly most of the wax present in the
bottom of the column is removed. The air bubbles start to
carry the wax droplets from the top itself and so the wax
concentration at the top of the column is increased at the
start of the flotation process till time 16 min then with
increasing the time the wax concentration is decreased.

Effect of different amount of soap

Figure 4 shows the effect of the different amount of soap
used in the scouring process on the percent of wax
removal during the flotation process. It is clear that as
increasing the amount of soap the percent removal of the
wax from the wax/water emulsion is increased till the
maximum value of 99.6% at 0.5 g and time of flotation of
20 min. This increase of the percent removal of the wax
can be explained as where soap is acting as soaping
agent. The produced foam is increased with increasing
the amount of soap and hence the efficiency of flotation
process is increased and so the percent of wax removed
is increased.
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Effect of air flow rate and flotation time

Figure 5 shows the effect of flotation time on the percent
of wax removed during the flotation process while Figure

6 shows the effect of air flow rates. Both figures show
that with increasing the inlet air flow rate from 538 to
1814 ml/min the percent removal of wax is first increased
by increasing the air flow rate till inlet air flow rate
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reaches a value of 1560 ml/min and then it decreases
with no any further increase in the inlet flow rate this can
be explained as where the efficiency of the flotation
process is mainly dependant on the number of air
bubbles which carry the oil droplets out of the flotation
column. So, with increasing the air flow rate from 538 to
1560 ml/min the number of air bubbles per unit volume is
increased and so its ability to carry wax droplets from the
W,/W, emulsion is increased and thus, the percent of
wax removed is increased. On the other hand if the inlet
air flow rate is increased more than 1560 ml/min the
percent removal of oil is decreased this is not only due to
air bubbles slugging, but also due to the formation of
eddies which hinder the smooth bubble/droplets rising
which was clearly observed visually during the
experimental work.

Figure 7 shows the effect of different inlet air flow rates
on the wax concentration in the O/W emulsion in the
column by using the highest sampling point (at height =
40 cm) and only for 12 min. It was clearly that the highest
wax concentration in the column was at the highest
sampling point as discussed above. Also it is clear that
the wax concentration increased by increasing the air
flow rate from 538 to 1560 ml/min and this increase
nearly constant after time 10 min for each inlet air flow
rate. As it was discussed before that in the flotation
process gas bubbles and wax drops have to contact and
then attach, but since wax and gas are both less dense
than water, they will both rise if present in water. The

longer the residence time of the gas bubbles in the
flotation tanks, the greater the number of gas bubble-wax
droplet collisions (contact efficiency), the greater also the
quantity of the wax that ought to be removed (Oh et al.,
2009). If the air flow rate is increased up to the optimum
value this will give the best number of gas bubbles at the
optimum residence time (Jones et al., 1995, Jones and
Westmoreland, 1999).

Effect of initial concentration of the wax / water
emulsion

Figure 8 shows the relation between the removal percent
of wax and time at different initial concentrations of
wax/water emulsion. The figure clearly shows that with
increasing the initial concentration of wax in the wax
water emulsion the removal percent of wax is high. The
decrease for 500 ppm initial concentration than that for
250 ppm is somewhat undetectable. This means that the
initial concentration of wax/water emulsion do not affect
the process up to 500 ppm.

When the concentration of wax in W,/W, emulsion is
250 ppm and the air flow rate is 1560 ml/min the
produced bubbles has the ability to remove most of the
wax droplets present in the wax/water emulsion and
when the oil concentration is increased from 250 to 500
ppm and the inlet air flow rate is still 1560 ml/min appear
to the produced air bubbles have the ability to remove the
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increased amount of wax droplets that result from
increasing the wax percent in the wax/W emulsion but
when the wax concentration in the W,/W, emulsion is
increased from 500 to 750 ppm at the same inlet air flow
rate of 1560 ml/min, it is noticed that the percent removal
of wax is dramatically decreased and this can be

attributed to that the number of produced bubbles are not
enough to carry all the wax droplets.

If the wax concentration in W,/W, emulsion is increased
to such a limit that the diameter of wax droplet is more
than 200 pm, a primary separator must precede the
flotation unit. This is because the gas bubbles cannot
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Figure 9. Effect of pH on % removal.

carry such wax droplets so that gas flotation cannot work
effectively. Arnold and Stewart (1998) found that when
the oil concentration exceeds 1000 mg/L with droplets
larger than 200 um in diameter, a primary separator must
precede any flotation unit. This is because the gas
bubbles cannot float such large oil droplets, so that gas
flotation work effectively. Xuq and Chiang (1999) implied
that the oil particle flotation differs from solid particle
flotation in that oil-particle attachment may play an
important role as bubble—particle attachment at high
concentration.

Effect of pH values of the emulsion

Figure 9 shows the relation between the percent removal
of wax at different values of pH of the wax/water
emulsion at the fixed conditions of airflow rate, initial
concentration and height of the batch charge. It is clear
that the removal percent of wax from the emulsion
increased with increasing pH, taking into consideration
that the percent removal of wax is calculated with respect
to the equivalent turbidity of the oil/water emulsion at the
specified pH.

If the used process for wool scouring is the
saponification and emulsification of fatty acid, the process
occurs by the use of sodium, triethanolamine soaps by
addition of an alkali and a synthetic detergent. The
scouring solution penetrates inside the fabric structure
allowing for penetration of the impurities at the same
time. The alkali contained in the wetting liquor neutralizes

free fatty acids on the fabric and forms soaps. Most fatty
substances contaminated with the fabric are thus
emulsified and eliminated as emulsion (Toro et al., 2012).

The addition of acid decreasing pH value of the wax
water emulsion from 9 to 5 separates fatty acids from
their soap. This process is commonly used in treating the
wax/water emulsion produced from the scouring process
(acid cracking) and this is clearly shown from the data
where the turbidity of the W,/W, emulsion is decreased
with decreasing the pH value of the wax water emulsion.
Further removal of the wax from the resultant emulsion
decrease the efficiency of the flotation processes with
decreasing the pH value and this mainly due to the acid
cracking. The soaps are dissociated and so the foaming
agent which increases the efficiency of the flotation
process is decreased. This was noticed visually during
the experimental work, which is in agreement with the
data in the literature which recommended a flotation after
acid cracking to increase the pH value again (Stewart,
1988b).

Effect of working heights of emulsion

Figure 10 shows the relation between the percent
removal of wax and time at different working heights of
emulsion in the flotation column, while Figure 11 shows
the relation between the percent removal of wax and
height of wax water emulsion in the flotation column at
different flotation times at the fixed conditions of initial
concentration, pH and inlet air flow rate. These figures
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show that by increasing the working height of the wax
water emulsion in the flotation column, the percent
removal of wax is increased till 40 cm height then any
further increase in the working height decreases the
percent removal. By increasing the working height of
wax/water emulsion in the flotation column from 20 to 40

cm the percent removal is increased because at the low
working height the chance of forming eddies and
turbulence is high so that wax does not attached firmly
with the air bubbles (diverse flotation process) by
increasing the working height from 40 to 60 cm the
percent removal is decreased. It seems that the longer



Hashem and Almaghrabi 1963

100
20
_ B0 -
S
g
£ Initial conc.= 300 ppm,
& 60 1 Airflow rate = 1553 ml/min,
Sampling point at 3 em height
Height=40cm,
50 1 pH =3,
.1_:. E
3:' T L 1 T ¥ 1 T J T T T
0 2z 4 (] B 10 1z 14 16 18 20 s 24

Flotation time,min

Figure 12. Effect of time of flotation on % recovery.

upward travel of wax droplets makes some separation of
wax by loosening its attachment to the air bubbles.

Effect of flotation time on wax recovery

From previous experiments, it is clear that the percent of
wax recovery is increased with increasing the flotation
time. This increase in percent removal of wax is at high
rate in the first period of the flotation process and by time
this increase descents. In the first period of flotation
where the number of air bubbles per unit volume of the
emulsion is high so most of wax droplets are removed
rapidly and the removal percent of wax is then high. By
further increase the time of flotation the remaining part of
wax droplets which is actually smaller than that removed
in the first period is also removed but at slower rate.

Figure 12 shows the relation between flotation time and
recovery percent at the optimum flotation conditions. The
figure shows that the percent of wax recovery is rapidly
increased in the first time of flotation, then the recovery
rate is decreased. Within the first four minutes nearly
about 80% of wax was recovered, while within the
following 4 min only 8% recovery was achieved
decreasing to only 4 min only 4% recovery is achieved. It
is very clear from the economic point of view that the
optimum time is 8 min, it can be increased to 10 min for
ensuring total gain of wax.

Flotation model

The flotation model is a mathematical description of the

separation process and can be used as a benchmarking
tool and for optimizing the separation process. Given the
type of particle and its size, an engineer can determine
the best slurry flow rate, turbulence level and bubble size,
so that the particles not only collide with the bubbles but
also attach selectively during collision. The particle size
determines how quickly and efficiently they collide and
attach to the bubbles. Very fine particles collide with the
bubbles infrequently and at a much slower rate than large
particles, which collide easily but may also detach more
readily because of the instability of the bubble/particle
union. Among flotation models (Klimpel, 1995; Manqiu,
1998; Polata and Chander, 2000), the most acceptable
model is the kinetic model which uses the first order
reaction equation as the starting point. It is based on
rules of mass trans-port from one phase to another.

In typical first order particle flotation, the collection rate
(-dC/ dt) is considered to be proportional to particle
concentration. Since the probability of collision among a
group of particles is exponentially related to the number
of particles, the particle-particle interaction is not
important in first order kinetics. However, the interaction
among the oil droplets seems to play a significant role in
their collection. It can be easily imagined that this
interaction increases with the increase in gas velocity and
wax concentration. Therefore, if a wax flotation process is
expressed in the below form, the kinetic order (n) will
decrease with increasing oil concentration as can be
summarized from literature data (Chopin et al., 2011;
Dominguez et al., 2002; Orban et al., 2009). The kinetics
of an oil flotation process can be expressed by - dC/dt =
K Cn, where dC / dt, is the collection rate, C,
concentration of wax at any time, Kis the rate constant
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and n, order of the reaction. This is in agreement with the
data in the literature (Chipfunhu et al., 2010; Muganda et
al., 2010).

It is based on an observation that was made in the
earliest experimental kinetic studies of flotation that
stated not all particles will be recovered by flotation no
matter how much residence time they have in the
flotation environment. Work in progress to develop a
flotation model to increase the recovery and quality of
wax from industrial effluents.

Conclusions

The flotation process proved to be useful for wax
recovery from wool scouring effluent in batch flotation
processes. The percent of wax recovery was found to
increase by increasing the flotation time; the optimum
flotation time was 10 min to attain 90% wax recovery.
The optimum working height was found to be about eight
times the diameter of flotation column. Higher percent
recovery is obtained at ph value of 9.

The optimum inlet flow rate was found to be 1560
ml/min. The wax recovery percent was decreased with
increasing the initial concentration of wax water emulsion;
500 ppm is the optimum initial concentration for recovery
of wax. High wax recovery was obtained by higher soap
concentration in the wool scouring liquor. Higher working
heights or air flow rates as well as much lower column
heights or air flow rates are not sufficient conditions for
effective flotation. Moreover, lower pH values and lower
soap amounts in the scouring process deteriorate the
efficiency of wax recovery process. The kinetics of an oil
flotation process can be expressed by first order particle
flotation. The rate constant is useful for comparative
evaluations of various operating parameters affecting
flotation processes. Work in progress to develop a new
flotation model to increase the recovery and quality of
wax from industrial effluents
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Increase in world demand load has resulted in new distributed generation (DG) that has entered into the
power system. One of the most renewable energies is fuel cell, which is connected to power system
using a power electronics interface in microgrid or standalone condition. The highest problem of this
switching interface based DGs is the power quality (PQ) and harmonics of currents. Also, the voltage of
the DGs should be controlled in islanding condition. In this paper, we present a Lead-Lag optimal
controller for controlling one of the most important types of fuel cell, namely proton exchange
membrane fuel cell (PEMFC) in islanding mode operation for reducing PQ problems and voltage
control. At first, the introduction and implementation of the PEMFC is present and next, during system
load variations the proposed controller is designed. The controller should be designed against the
demand load variations of fuel cell. Here, the lead-lag controller is used when its coefficients are
optimized based on honey bee mating optimization (HBMO). In order to use this algorithm, at first, the
problem is written as an optimization problem which includes the objective function and constraints,
and then to achieve the most desirable controller, HBMO algorithm is applied to solve the problem.
Simulation results are done for various loads in time domain, and the results show the efficiency of the

proposed controller in contrast to the previous controllers.

Key words: Power system, fuel cell.

INTRODUCTION

Rising of fossil fuel cost and their probable depletion, air
pollution, global warming phenomenon and severe
environmental problems that caused distributed energy
sources have gained the attention of many nations in
producing electricity. High efficiency and very low
emissions can be satisfied in fuel cell-based power
generation systems. Moreover, fuel cells have a superior
dynamic response, good stability and low noise. Proton
exchange membrane fuel cell (PEMFC) can be a great

alternative for power generating sources in the coming
years, especially in the automotive, distributed power
generation, and portable electronic applications (Alireza
and Alireza, 2011).

PEMFC is composed of cathode, anode and electrolyte
between the anode and cathode. Hydrogen gas (H.),
which is obtained from methanol (CH3;OH), is inserted
into the end of the anode blade and oxygen or air at the
end of the positive electrode of the cell (cathode) (Mo
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Zhigun et al., 2005).

In the previous literature, various models have been
developed for the PEMFC system dynamic modeling,
analysis, control and operation. A type of fuzzy controller
that controls the fuel cell output voltage is considered by
Mo Zhigun et al. (2005). BP and RBF networks control
strategy for voltage and current control of the fuel cell is
used by Yanjun et al. (2006). The development of a
computer model for simulating the transient operation of
a tubular solid oxide fuel cell (SOFC) is described by
David et al. (1999). The power quality in an FC-based on
power system is affected by the harmonic contents of the
current waveform injected to the load / grid by the inverter
and also by the harmonic currents produced by the non
linear loads connected to the system (Tanrioven and Alam,
2006). In addition, the harmonics injected by the inverter
would increase in the FC connected to a distribution
generation DC bus with devices such as photovoltaic and
wind turbines. The electrochemical and thermal parts of
the model were developed and verified separately before
they were combined to form the transient model. The
model includes the electrochemical, thermal, and mass
flow elements that affect SOFC electrical output. A
nonlinear lumped-parameter mathematical model of
direct reforming carbonate fuel cell stack is considered by
Michael et al. (2001). Analytical detailed active and
reactive power output of a stand-alone PEM fuel cell
power plant (FCPP) is controlled (El-Sharkh et al., 2004).
The validity of the analysis in this paper is verified when
the model is used to predict the response step changes
in the active load and reactive power demand and actual
active and reactive load profile.

The ripple current propagation path is analyzed by
Changrong and Jih-Sheng (2007), who derived its linear
AC model. Equivalent circuit model and ripple current
reduction with passive energy storage and advanced
active control technique are then proposed to incorporate
a current control loop in the DC-DC converter, which is
used for this goal. A fully integrated modeling approach
that lends itself to parallelism is introduced by Abdelkrim
et al. (2010). Simulation time reduction with parallel
computing is achieved with this modeling. Gemmen
(2003) suggested that the ripple current be limited to less
than 10%. Passive energy storage compensation method
was suggested and tested extensively by Schenck et al.
(2005). Active compensation with external bidirectional
DC-DC converter method was suggested by Novaes and
Barbi (2003) and Monti et al. (2002). These methods
require externally added components or circuits and are
not preferred.

To produce electrical energy from the fuel cell, it is
essential that the output voltage of cell be kept constant
for different loads to supply high quality power to the
loads. Also the Power Quality (PQ) problems should be
solved in islanding mode operation of fuel cell. . In this
paper, a simple Lead-Lag controller is proposed for fuel
cell voltage control, reducing the current Total Harmonic

Abdi and Rasoulinezhad 1967

Distortion (THD) and Current Harmonic (CH) reduction.
The proposed controller is design based on HBMO
algorithm. In order to achieve the optimal Lead-Lag
controller at first, the problem is converted to optimization
problem and then is solved by using HBMO algorithm.
The main goal of this optimization problem is to regulate
the voltage of PEM. The advantages of the proposed
control are as follows: 1- controllers are simple, 2- its
robustness against load changes, 3- has the desired
control features, 4- has fast transient response and 5-
has zero steady error.

Dynamic model of the fuel cell

Firstly, to study the dynamic behavior of the fuel cell, the scheme,
structure and modeling of the fuel cell should be done. Figure 1
shows the schematic model of the fuel cell system proposed as
voltage controller that is applied in this paper. The mass of the
anode and cathode in the figure is considered as a sole
compression of anode and cathode (Noradin et al, 2012). The
dynamic model of the PEMFC system is based on Akbar et al.
(2012). The equal output voltage of the PEMFC system is extracted
by deducing the voltage drops from the regressive voltage.
Equation (1) expresses how to calculate the fuel cell output voltage
(Noradin et al., 2012).

Vs = rl(Ereversable_vact _Vohmic_vcon) (1)

Where, v is the accumulated fuel cell outandut voltage in volts, n is
the existing cells in the accumulated fuel cell, v, is the voltage

drop resulting from anode and cathode activity in volts, V is the

ohmic
ohmic voltage drop in volts, which is a certain amount of resistance
in the transfer of electrons and protons in the electrolyte between
the anode and cathode. V , results from the mass transfer of

oxygen and hydrogen. E g ersaple in €quation (1) is calculated
through the following Equations (1) and (10).

E =1.229—0.85x10 3(T — 298.15) + 4.3085x T x[In(PH, + 0.5In(P0,)] (2)

reversable —

Where, T is the cell temperature in Kelvins, PH,, PO, are effective

partial pressure (atm) of hydrogen and oxygen gases respectively
that can be calculated by the following equation,

i
o.291(fj
A (3)
PO, = P, — P — P lexp) ——

T 0.932

(4)

1
PH, = 0.5P%; : -1
1.635x| —
X(A) Pt
exp Tl.334 i Pa
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Figure 1. Schematic diagram of fuel cell.

Where, Pa and Pc are the anode and cathode inlet pressure in

. . . 2 ..
atmospheres, A is the effective electrode area in Cm<, iis the

. sat .
current of each cell in amperes, PHzo is the amount of saturated

Pchannel.

steam pressure whose value depends on the fuel cell. N, is

the partial pressure of N2 in the cathode gas flow channels in
atmospheres which can be calculated by the following equation,

P'\(l:hannel _ 0.79 P02 (5)
2 0.21

All the amounts used in this article are the same with data available
in the work of Noradin Ghadimi, (2012).

Honey bee mating optimization

Honey bee is a social insect that can survive only as a member of a
community or a colony. The colony inhabits an enclosed cavity. A
colony of honey bees consist of a queen, several hundred drones,
30,000 to 80,000 workers and broods during the active season. A
colony of bees is a large family of bees living in one bee-hive. The
qgueen is the most important member of the hive because she is the
one that keeps the hive going by producing new queen and worker
bees (Taher, 2011). Drones' role is to mate with the queen. Tasks
of worker bees are several such as: rearing brood, tending the
queen and drones, cleaning, regulating temperature, gathering
nectar, pollen, water, etc. Broods arise either from fertilized
(represent queen or worker) or unfertilized (represent drones) eggs.
The HBMO Algorithm is the combination of several different
methods corresponded to a different phase of the mating process of
the queen. In the marriage process, the queens mate during their
mating flights far from the nest. A mating flight starts with a dance
performed by the queen who then starts a mating flight during
which the drones follow the queen and mate with her in the air. In
each mating, sperm reaches the spermatheca and accumulates

X

there to form the genetic pool of the colony. The queen’s size of
spermatheca number equals to the maximum number of matings of
the queen in a single mating flight is determined. When the queen
mates successfully, the genotype of the drone is stored. At the start
of the flight, the queen is initialized with some energy content and
returns to her nest when her energy is within some threshold of
zero or when her spermatheca is full. In developing the algorithm,
the functionality of workers is restricted to brood care, and
therefore, each worker may be represented as a heuristic which
acts to improve and/or take care of a set of broods. A drone mates
with a queen probabilistically using an annealing function (Yannis et
al., 2011):

A
Prob(Q’ D) =€ s

(6)

Where Prob (Q, D) is the probability of adding the sperm of drone D
to the spermatheca of queen Q (that is, the probability of a
successful mating); A (f) is the absolute difference between the
fitness of D (that is, f (D)) and the fitness of Q (that is, f (Q)); and S
(t) is the speed of the queen at time t. It is apparent that this
function acts as an annealing function, where the probability of
mating is high when both the queen is still in the start of her
mating—flight and therefore her speed is high, or when the fitness of
the drone is as well as the queen’s. After each transition in space,
the queen’s speed, S(t), and energy E(t) decay using the following
equations:

S(t+1) = axs(t)(2) (7)

Et+1) =E(t)—y ©

Where a is a factor and y is the amount of energy reduction after
each transition. Also, Algorithm and computational flowchart of
HBMO method to optimize the PEM controller parameters is
presented in Figures 2 and 4. Thus, HBMO algorithm may be
constructed in the following five main stages:



Initial formation of hive structure (Define the controller

parameters)
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Nominating queen, drones & workers (Rank the solution based on the

penalized objective function)

> Mating fight to allow the matched drones mate with the queen via
equation (7)
v

| Breeding process when queen is back at hive |

Feeding selected broods & queen with the royal jelly by workers
(improve the fitness values)

Job assignment to the workers as needed in the hive

(Updating the fitness value

Is the new best solution
better than the

nrevioiis none?

Substitute the best
solution (new queen)

Keep the previous best
solution (previous

gueen)
| ]

Termination criteria satisfied
(Optimal value of the PSS
controller parameters)

Figure 2. Algorithm and computational flowchart of HBMO.
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Figure 3. Single line diagram of DG, local load, controller and grid.

(i) The algorithm starts with the mating—flight, where a queen (best
solution) selects drones probabilistically to form the spermatheca
(list of drones). A drone is then selected from the list at random for
the creation of broods.

(i) Creation of new broods by crossover ring the drones’ genotypes
with the queen’s.

(iii)y Use of workers (heuristics) to conduct local searches on broods
(trial solutions).

(iv) An adaptation of workers’ fitness based on the amount of
improvement achieved on broods.

(v) Replacement of weaker queens by fitter broods.

Study system description

Schematic diagram of an electronically coupled PEMFC, DG unit is
depicted in Figure 3. In this figure, DG unit is connected to load via
a low pass filter R;, Lyand VSC. Parameters of the system are listed
in Table 1.

Table 1. Parameters of DG, local load and grid.

Parameter Value
R 3.8Q
Rt 0.075 mQ
Lt 15 uH
VSC rated power 5 kw
PWM carrier frequency 1,980 HZ

fo 50 Hz
Nominal Load voltage 110 V (rms)

This system should be working in islanding mode. Depending on
the load value, voltage of local load may be increased or decreased
and even it may approach instability. Although, in the case of rated
load, the voltage and the frequency would remain in nominal value.
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Figure 4. Schematic of the proposed controller designing.

16 T T T

14k ...
13 k... .

12F. ...

Load Current (A)

11k ..

o) I

le] A A N

(0] 0.1 0.2 0.3

0.4 0.5 0.6 0.7 0.8

Time (sec)

Figure 5. Worst case of load variation of PEMFC.

Also, based on load current, the harmonic current can be
produced. Thus, it is necessary for system, different controller
appropriate for improving system performance.

Using HBMO to adjust controller parameters

Due to the development of system controllers, the conventional
controllers are used widely in power system applications. Applying
conventional controllers is simple against the new controllers of
power systems (Akbar et al., 2012). The Lead-Lag controllers are
widely used in most cases of power system controllers which
compensate very well. One of the highest benefits of these
controllers is the easily implemention in analog and digital systems.
If these controllers are designed optimally, indubitable they become
one of the most implemented controllers in modern systems. This
paper introduces a new optimal Lead-Lag controller, which is used
by HBMO algorithm for designing the controller of proton exchange
membrane fuel cell in order to control OD voltage and improve the
PQ. The overall controller schematic is shown in Figure 4.

Lead-Lag general controller is expressed in Equation (9) in which

the controller kplTl’TZ parameters should be optimized using

the proposed algorithm. In the load variations, it is obvious that the
transient mode of the PEMFC system depends on the controller

parameters. The conventional controller designing method is not
viable to be implemented because this system is an absolute
nonlinear. So these methods would have no efficient performance
in the system.

1+sT,

Ce®)=kp 7
2

)

In order to design an optimal controller using HBMO for the fuel cell
from the load current curve, we consider the worst condition for load
design controllers for these conditions. Figure 5 depicts the worst
condition for a load current in the system for voltage equal to 200V.
At first, the problem should be written as an optimization problem
and then by applying the proposed optimization method, the best
Lead-Lag controller is achieved. Selecting objective function is the
most important part of this optimization problem. This is because
choosing different objective functions may completely change the
particle's variation state. In optimization problem, we considered the
voltage error signal, total harmonic distortion of current and 3rd
harmonic of current in order to achieve the best controller.

tstart (10)

J=[em h\/ref —Vout‘+|THDi|+‘Iﬁttht
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Figure 6. Load variation considering constant voltage for the fuel cell a) current b) demand power.
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and cathode gas pressure with load current.

Where, tsim is the simulation time in which objective function is
calculated, Vout is the real output voltage and V . is the

reference voltage, THD; is the current total harmonic distortion and
|3th
h
the objective function is a small amount, in this case the answer will
be more optimized. Each optimizing problem is optimized under a
number of constraints. Problem constraints should be expressed
as:

is the 3rd current harmonics. We are reminded that when

MinimizeJ subject to
kp'" <k, <k;™
T <T, <T,™

min max
T, <T,<T,

(11)

Where, Tl,T2 are in the interval [0.01 2] and kp in the interval [1

500]. In this problem, the number of particles, the dimension of the

particles, and the number of repetitions are selected as 40, 3, 80,
respectively. After optimization, results are determined as:

kp, =134.1 ,T, =0.077,T, =1.7240 (12)

Simulation results

The load curve variation for fuel cells is considered in
order to show good performance of the proposed
algorithm. Desired load current is plotted in Figure 6(a)
and in Figure 6(b); the amount of fuel cell power demand
or load power variation is displayed. Desired load is
considered under the constant output voltage, while the
current is changing between the range of 10 to 32
amperes and its variations are considered to show the
performance of the proposed controller in transient times.
Simulation output results obtained from the proposed
algorithm which is expressed in Equation (12) are shown
in Figures 7, 8 and 9. Figure 7(a) depicts PEMFC’s
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Figure 8. Transient response in load changing using proposed controller a) reducing of demand power b)
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output voltage which is about 1 pu. Figure 7(b) shows the
variation of load current of demand load that reaches the
reference current signal. From this Figure, it can be seen
that by changing load current, gas pressure in the anode
and cathode change quickly to keep stable the output
voltage of the fuel cell at 1 pu and this shows good
performance of the proposed controller albeit simplicity.
Also, according to an output voltage of load and
reference voltage, it is obvious that controller response is
appropriate and it could follow the reference voltage
properly.

In Figure 8(a) and (b), the load voltage and current are
plotted in increasing load variation condition, respectively.
From the figure, it is obvious that the proposed controller

can control the load voltage. Figure 8(c) and (d) show the
THD value of voltage and current, respectively. It can be
seen that, the THD of the voltage is lesser than 5% and
THD of current is lesser than 2%. The harmonics of
voltage and currents are plotted in Figure 8(e) and (f),
respectively. These results have shown the high
efficiency of the proposed algorithm. At t=2.5 s, reducing
step in load switching occurrs. Figure 9 depicts the
results of the proposed algorithm for this condition. Figure
9(a) and (b) show the load voltage and current in
reducing load variation condition, respectively. From the
figure, it is obvious that the proposed controller can
control the load voltage. The THD value of voltage and
current is plotted in Figure 9(c) and (d), respectively. It
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Figure 9. Transient response in applying the disturbance in anode and cathode gas.

can be seen that, the THD of the voltage is lesser than
3.6% and THD of current is lesser than 1.4%. The
harmonics of voltage and currents are plotted in Figure
9(e) and (f), respectively. From these results, one can
say the proposed controller is an optimal controller for
PEMFC system.

CONCLUSION

Optimal controller designing for voltage control and
power quality improvement using HBMO based Lead-Lag
controller was proposed in this paper. For simplicity, easy
implementation, high efficiency features of the Lead-Lag
controller, this controller is chosen in this paper. To
obviate the problem of the previous controller HBMO

algorithm was utilized to design the Lead-Lag controller
to have the most optimized state. In solving this problem,
the problem was first written in the form of the
optimization problem in which its objective function was
defined and written in time domain; and then the problem
was solved using HBMO algorithm. The objective
function contains three parts, namely: voltage error
signal, total harmonic distortion of current signal and the
3rd harmonic signal of current. The most optimal mode
for gain coefficient and controller zero and pole was
determined using the algorithm.
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