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ABSTRACT

The present work aimed to study the efficiency of nanofiltration (NF) and reverse
osmosis (RO) process for water recovery from electroplating wastewater and study the factors
affecting the performance of two membrane processes. Nanofiltration and reverse osmosis
membranes are made from polyamide as spiral wound module. The inorganic materials ZnCly,
CuCl,.2H,0, NiCl,.6H,0 and CrCl3.6H,0 were used as feed solutions. The operating parameters
studied were: operating time, feed concentrations for heavy metal ions, operating pressure, feed
flow rate, feed temperature and feed pH. The experimental results showed, the permeate
concentration increased and water flux decreased with increase in time from 0 to 70 min. The
permeate concentrations increased and flux decreased with increase in feed concentrations from
10 to 300 mg/l. Raising of pressure from 1 to 4 bar, permeate concentration decreased for RO,
for NF decreased and then increased at high pressure and increase the flux. The rises of flow rate
from 20 to 50 I/h decreased permeate concentration and the flux increase. The rises of
temperature from 26 to 40 °C, increased permeate concentration and increased the flux. The rise
in pH from 4 to 7, decreased the flux as the pH goes from acidic side towards alkaline. The
polyamide nanofiltration membrane had allowed permeation of chromium and copper ions to
lower than permissible limits. Nanofiltration membrane had allowed permeation of nickel and
zinc ions at low concentration of these ions. The polyamide RO membrane gave a high
efficiency for removal of chromium, copper, nickel and zinc and it had allowed permeation of
these ions to the lower than permissible limits. The rejection at first three minutes when the feed
concentration approximately was constant for chromium in NF and RO, was 99.7% and 99.93%,
for copper was 98.43% and 99.33%, for zinc was 97.96% and 99.49%, and for nickel was
97.18% and 99.49% respectively. The maximum recovery for chromium in NF and RO was
71.75% and 48.5%, for copper was 75.62% and 50.68%, for zinc was 80.87% and 54.56%, for
nickel was 60.06% and 46.18% respectively. For a mixture of synthetic electroplating
wastewater, nanofiltration and reverse osmosis membranes have a high rejection percentage for
heavy metal ions. It was obtained pure water and concentrations of less than allowable limits for
heavy metals in the case of the mixture.
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1. INTRODUCTION

As the world's population and the consequent demand for water supply increase, the world
is facing a fresh water crisis due to the rapid depletion of the resources of fresh water. Domestic
and industrial activities have contaminated the ground water and the surface water to a large
extent. Precious resource conservation and the sustainable development of water will require
maximal recycling and reuse, Alzahrani, et al., 2013 and Dannys, et al., 2016. Due to
discharge of big amounts of waste water contaminated with heavy metals, industries containing
heavy metals, such as Cu, As, Cd, Ni, Cr, Zn and Pb; are the most dangerous among the
chemical intensive industries. Heavy metals can be absorbed by living organisms, due to their
high solubility in the aquatic environments. If the heavy metals are found beyond the permitted
concentration limits, they can cause health problems, Barakat, 2011. Waste water contains the
heavy metals originated from tanneries, batteries, pesticides galvanizing plants, fertilizer
industries, metal plating facilities, mining operations, paper industries and pigment, stabilizers
and thermoplastics manufacture and etc., Jain, 2013. The maximum contaminant level
(standards) of zinc metal in water is <10 mg/l, Wahaab, et al., 2010, copper metal is 4 mg/I,
nickel metal is 4 mg/lI and chromium metal is 2 mg/l, Abhang, et al., 2013.

The wastewater from electroplating industry that is polluted with heavy metals attracted
increasing interest due to the development of this industry in last years. The wastewater from
electroplating consists of heavy metals such as cadmium, chromium, nickel, zinc and copper.
However, the heavy metals and pure water have a great possibility of being reused if the heavy
metals from wastewater of electroplating industry can be removed efficiently, Wei, et al., 2013.
Various technologies have been applied for the removal of heavy metals from water and waste
water, such as chemical precipitation, adsorption, coagulation-flocculation, floatation, ion
exchange, electrochemical processes, and membrane filtration, Boricha, and Murthy, 2009.
The techniques involving chemical reactions require the use of large amounts of expensive
organic solvents and other polluting chemicals, they are slow and laborious, and the recovery of
the components is seldom complete, Gherasim, and Mikulasek, 2014.

Membrane processes with different type of membranes give a good promise for removal
of heavy metals for their space saving, easy operation and high efficiency. The membrane
technologies utilized to remove heavy metals from the waste water are nanofiltration (NF),
reverse osmosis (RO) and electrodialysis. NF is the intermediate system between ultrafiltration
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and RO. Nanofiltration is a promising process for the retention of heavy metal ions such as,
chromium, arsenic and copper from waste water. Nanofiltration membrane benefits from high
efficiency of contaminant removal, comparatively low energy consumption, reliability and ease
of operation, Fu, and Wang, 2011. In reverse osmosis, a pressure driven membrane, heavy
metals is rejected, while water can pass through the membrane. Reverse osmosis membrane has
been developed with a pore size down to 10™ um because of the stringent environmental
legislation. Reverse osmosis membrane is more efficient for the removal of heavy metals from
inorganic solution compared to nanofiltration, as indicated by the rejection percentage of over
97% with a concentration of heavy metals ranging from 21 to 200 ppm. The advantages of
utilizing reverse osmosis involve a high salt rejection, high water flux, chemical stability,
mechanical strength, the ability to withstand high temperatures and resistance to biological
attack, Kurniawan, et al., 2006.

Some researchers investigated the application of nanofiltration and reverse osmosis
processes for the treatment of waste water containing heavy metals such as copper and cadmium
ions. Synthetic wastewater containing Cd*? and Cu*? ions at different concentrations were
prepared and subjected to treatment by reverse osmosis and nanofiltration membranes in the
laboratory. The results showed that high removal efficiency of the heavy metals could be
achieved by reverse osmosis membranes which are 98 and 99% for copper and cadmium.
Nanofiltration was able for removal of more than 90% of the copper ions existing in the feed
water. The results showed that the reverse osmosis membranes was able for treating wastewater
with an initial concentration of 500 mg/l and decreasing the concentration of ion to about 3 mg/I
(removal of 99.4%), while the average removal efficiency of nanofiltration membranes was 97%,
Abu Qdais, and Moussa, 2004.

In this study, the effect of time, feed concentration, pressure, flow rate, temperature and
pH on flux and permeate concentration have been studied for polyamide spiral wound NF and
RO membranes to remove heavy metals from electroplating wastewater. The concentration of
heavy metal ions was measured by an atomic absorption spectrometry.

2. THEORETICAL BACKGROUND

The flux of solvent, which is generally water through the membrane is linearly
proportional to the pressure difference and osmotic pressure difference across the membrane,
Kucera, 2010:

Jw = kyw (AP — Am) (1)

Where: J,, is the flux of water (I/m2h), k, is the permeability coefficient of pure water
(I/m?.h.bar), AP is the applied pressure driving force (bar) and A is the osmotic pressure of the
solution (bar).

Solution osmotic pressure is related to its dissolved solute concentration and is predicted from

Van't Hoff equation as:

T=(piR, T C)/M.wt 2

Where: @ is the osmotic coefficient (dimensionless), i is the number of dissociated ions per
molecule (Van’t Hoff factor) (dimensionless), T is the temperature (K), Ry is the universal gas
constant (l.bar/mole.K), C is the concentration of solute (mg/l) and M.wt is the molecular
weight of solute.
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The Van't Hoff factor is inserted to express the deviation from ideal solution behavior that
implicates finite volume occupied by molecules of solute and their mutual attraction as in
Vander Waals attraction, Khudair, 2011.

By measuring the solute concentrations in feed solution (Cr) and also in permeate solution (Cp),
the rejection is calculated as follows, Gherasim, and Mikulasek, 2014:

R% = ( - ‘é—”) «100% (3)

F

Where: R is the solute rejection (percentage), Cp is the concentration in permeate (mg/l) and Cr is
the concentration in feed solution.

Recovery can be expressed as the volume of permeate divided by the initial volume of feed. This
expression applied in batch concentrating mode. For the overall system, the expression is,
Absar, et al., 2008:

Y% = ‘;—P +100% 4)
F

Where: Y% is the recovery (percentage), Vp is the volume of permeate (I) and V¢ is the initial
feed volume (1).

3. EXPERIMENTAL WORK

Four types of feed solutions were used for the membrane process zinc chloride (ZnCly),
copper chloride dihydrate (CuCl,.2H,0), nickel chloride hexahydrate (NiCl,.6H,0) and chromic
chloride (CrCls.6H,0). Synthetic wastewater containing the desired concentrations of Zn*?, Cu*?,
Ni*? and Cr™ were prepared by dissolving the desired amount of ZnCl, CuCl,.2H,0,
NiCl,.6H,0 and CrCl3.6H,0 in deionized water of 1-2 pus/cm conductivity. Solution pH was
adjusted to a desired value by adding 0.5 M citric acid (CgHgO7.H,0) or 1 M sodium hydroxide
(NaOH) as required. The total feed solution volume was 8 liters. The chemical analysis of
components is given in Table 1. The polyamide thin-film composite nanofiltration and reverse
osmosis membranes were used in this work. The specifications of NF and RO membranes are
given in Table 2. Schematic diagrams of lab-scale NF and RO system used in these experiments
are shown in Fig. 1.

Feed solution was prepared in feed vessel by dissolving the heavy metal compounds in 8
liter of deionized water. Pressure gauge (0-10 bar) was used in the feed line to indicate the
operating pressure, the feed solution drawn from the feed vessel by centrifugal pump (Model: 15
GR-18, Rated power: 150 W, Rated voltage: 220-240 V, Rated current: 0.58 A, Rated speed:
2860 r/min, Frequency: 50/60 Hz, Highest head: 15 m, Rated head: 10 m, Max. capacity: 25
I/min, Rated capacity: 10 I/min, Insulation class: B) then the solution is introduced into the
spiral-wound nanofiltration or reverse osmosis element by means of a high pressure pump
(Model: HF-6050, Max. outlet pressure: 125 psi, Open flow: 1.2 I/min, VOLTS: 24 VDC,
AMPS: 0.26 A). The feed temperature was varied by submersible electrical coil (Rated power:
1000 W, Rated voltage: 220V). The feed flow rate was controlled by rotameter (Range: 10-100
I/h). The concentrate stream is recycled to the feed vessel and mixed with the vessel. The water
flux was obtained by dividing the permeate volume by the product of effective area of membrane
and time. The concentration of heavy metal ions was measured by an atomic absorption
spectrometry (Buck 210/211, Variable Slit Band Width 2A, 7A & 20A, Dimensions: 40"L X
12"W x 12"H; Weight: 50 Ibs, U.S.A., Perkin Elmer, Sr.Nr:1159 A). After recording the results,
the solution was drained by a drain valve and the system was washed by deionized water. After
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each replacement for inorganic component, the membrane must be clean. For the cleaning of
metallic scales low solution pH is used. Cleaning steps:
e Preparing the cleaning solution and adjust the pH.
e Pumping the cleaning solution into NF or RO membranes.
¢ Recycling the cleaning solution.
e Cleaning the unit with deionized water. The cleaning continues until the conductivity of
the product stream reaches approximately those of feed water.

4. RESULTS AND DISCUSSION
4.1 Effect of Operating Conditions

It can be easily observed from Figs. 2 and 3 that the flux from nanofiltration and reverse
osmosis unit decrease with increase in operating time. The continuous decline of the flux was
mainly because of the gradual solution viscosity increment and to heavy metal deposition on the
surface of the membrane; with the increasing in feed concentration and osmotic pressure
gradually, which led to further membrane scaling and concentration polarization. Due to the
boundary layer on the surface of the membrane formed by heavy metals the resistance against
flux increased. This behavior is in agreement with Lee, et al., 2006 and Wang, et al., 2007. For
NF membrane the increase in time to 70 min resulted in the decline of flux from 20.667 to
15.405 LMH for zinc, 17 to 14.405 LMH for copper, 12.333 to 11.44 LMH for nickel and 17 to
13.667 LMH for chromium. For RO membrane the increase in time to 70 min resulted in the
decline of flux from 11.083 to 10.393 LMH for zinc, 10.583 to 9.655 LMH for copper, 9.083 to
8.798 LMH for nickel and 10.333 to 9.238 LMH for chromium. Figs. 4 and 5 show the effects
of time on recovery percentage of permeate. The recovery percentage increased according to Eq.
(4) because the accumulation volume of permeate has been increased as time increased. For NF
the increase in time to 70 min resulted in the increase of water recovery from 9.25 to 60.06% for
nickel, 12.75 to 71.75% for chromium, 12.75 to 75.62% for copper and 15.5 to 80.87% for zinc.
For RO the increase in time to 70 min resulted in the increase of water recovery from 6.81 to
46.18% for nickel, 7.75 to 48.5% for chromium, 7.93 to 50.68% for copper and 8.31 to 54.56%
for zinc. Figs. 6 and 7 show that the heavy metal ions concentration in the product gradually
increased with increase in operating time. This behavior can be explained by the increase of the
feed concentration with time in the recirculation mode led to increase in concentration
polarization and this cause an increase in the salt passage. This behavior is in agreement with
Wei, et al., 2013 (who studied the changes in the chromium, copper, and nickel ion
concentrations in the permeate and rejection rates versus operating time under a continuous
concentration process, respectively.  Over the course of operation, the heavy metal
concentrations in permeate gradually increased. The heavy-metal concentrations in permeate
only slightly increased with continued operation). For NF membrane the first 30 minutes resulted
in the increase in permeate concentration of 42.79% for zinc, 66.31% for copper, 15.49% for
nickel and 33.29% for chromium. The final 40 minutes resulted in the increase in permeate
concentration of 26.05% for zinc, 95.17% for copper, 43.96% for nickel and 127.27% for
chromium. For RO membrane the first 30 minutes resulted in the increase in permeate
concentration of 17.72% for zinc, 70.37% for copper, 54.77% for nickel and 66.72% for
chromium. The final 40 minutes resulted in the increase in permeate concentration of 52.58% for
zinc, 18.43% for copper, 41.35% for nickel and 14.59% for chromium. The behavior of rejection
of heavy metal ions as shown in Figs. 8 and 9 due to the concentration of heavy metal ions in
permeate which has increased with time and the increase in feed concentration (feed
concentration has been changed with time) because of the recirculation mode. The rejection at
first three minutes when the feed concentration approximately constant for chromium in NF and
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RO was 99.7% and 99.93%, for copper was 98.43% and 99.33%, for zinc was 97.96% and
99.49%, for nickel was 97.18% and 99.49% respectively.

Fig. 10 shows that the permeate flux have been decreased with increasing feed
concentration of zinc. This behavior is due to increase in osmotic pressure, decrease of the
effective pore size of the membrane due to adsorption of solute on the surface of the membrane
and the effect of concentration polarization. This behavior is in agreement with Al-Rashdi, et
al., 2013. The possibility of fouling inside the pores of membrane would be larger in case of the
concentrated solution flowing, this fouling could act in blockage a number of bores completely
or partly, so the flux would be decreased. The increase in feed concentration of zinc ions from 10
to 300 mg/l resulted in the decline in flux of 24.7% for NF and 20.48% for RO. Fig. 11 shows
that zinc ions concentration in permeate has been increased as the feed concentration increased
due to the increase in concentration of feed due to recirculation mode. This behavior is in
agreement with Ahn, et al., 1999. The increase in feed concentration of zinc ions from 10 to 300
mg/l resulted in the increase of permeate concentration from 1.409 to 13.71 mg/l for NF and 0.19
to 4.63 mg/l for RO.

Fig. 12 shows the permeate flux has been increased with increasing applied pressure, this
behavior is due to an increase of the preferential sorption of water at higher pressure, and thus
the solvent permeability increases at high pressure compared with the solute permeability. This
behavior is in agreement with Lee, et al., 2006. The increase in applied pressure from 1 to 4 bar
resulted in the increase in flux of 304.06% for NF and 311.98% for RO. Fig. 13 shows the
concentration of zinc ions in permeate has been decreased with increasing applied pressure
which can be explained by the following: at low pressure the solute diffusive transport through
the membrane is higher than that of convective transport. As the applied pressure increases, the
decrease of the concentration of ions in permeate becomes possible due to convective transport
becomes more important at high pressure. This behavior was observed for RO membrane, this
behavior is in agreement with Chai, et al., 1997. For NF membrane the permeate concentration
has been decreased and then increased at high pressures, this behavior can be explained as the
increase in pressure caused an increase in the flux so that the solution level in the feed tank
decreased and the feed became more concentrated (i.e. the concentration of zinc ions in feed
solution is higher than that of initial feed concentration) and the concentration polarization has
been increased with increasing pressure causing an increase in permeate concentration at high
pressures, in this case the effect of both concentration polarization and convective transport play
an important role. This behavior is in agreement with Al-Rashdi, et al., 2013. The permeate
concentration had decreased from 20.85 to 11.01 mg/l at p= 1-3 bar and then increased to 11.45
mg/l at p=4 bar for NF and decreased from 6.89 to 3.45 mg/l for RO.

Fig. 14 shows that the permeate flux increases with increasing in feed flow rate (cross
flow velocity). These increment means that there is a boundary layer concentration polarization
at the surface of the membrane, as the flow rate or cross flow velocity has been increased this
boundary layer has been decreased. This behavior is | agreement with Murthy, and Chaudhari,
2009. The increase in feed flow rate from 20 to 50 I/h resulted in the increase in flux of 6.25%
for NF and 5.48% for RO. Fig. 15 shows that the increase in feed flow rate leads to a decrease in
the permeate concentration of nickel ions. Similar behavior were found in literature Frare's, et
al., 2005 and Ahn, et al., 1999. Mass transfer coefficient increased with increase in feed flow
rate which decreased the concentration polarization and decrease the permeate concentration and
this behavior is in agreement with Gherasim, and Mikulasek, 2014, Boricha, and Murthy,
2009 and Murthy, and Chaudhari, 2009. The increase in feed flow rate from 20 to 50 I/h
resulted in the decrease of permeate concentration of 7.13% for NF and 38.27% for RO.



Number 4 Volume 23 April 2017 Journal of Engineering

It is clear from Fig. 16 that the increase in feed temperature leads to an increase in
permeates flux. This behavior can be explained as the solvent diffusion coefficient increased, the
average pore size of the active layer increased slightly and the solution viscosity decreased with
an increase in the temperature of feed, which led to an increase in the permeate flux. This
behavior is in agreement with Wei, et al., 2013 and Wang, et al., 2007. The increase in feed
temperature from 26 to 40 'C resulted in the increase in flux of 9.64% for NF and 55% for RO.
Fig. 17 shows that the increases in feed temperature leads to an increase in permeate
concentration of copper ions. Increasing the temperature influence the heavy metals adsorption
by the membranes, more copper ions will be adsorbed on the membrane surface due to the
diffusion rate of the molecules has been increased, also the increase of membrane pore size
resulting in an increase in the permeate concentration. This behavior is in agreement with Abd
Alameer, 2011. The increase in feed temperature from 26 to 40 'C resulted in the increase of
permeate concentration of 8.28% for NF and 6.14% for RO.

It is clear from Fig. 18 that for chromium the flux has been decreased as the pH goes from
the acidic side towards the alkaline side. More decrease is shown around the region of pH=5 and
pH=7 for NF membrane and at pH=7 for RO membrane. The maximum flux of chromium was at
pH=4 for both membrane. It is well known that when the pH of the solution decreases, the
solubility of dissolved salts increases. From membrane point of view, this would decrease the
rate of fouling on the membrane surface which leads to decrease the osmotic pressure and
consequently the permeate flux would increase. On the contrary increasing pH of solution would
accelerate the deposition of salt on membrane surface. This agrees with Abd Alameer, 2011.
Fig. 19 shows that the increase in pH would lead to an increase in the precipitation of dissolved
salts which will foul the membrane surface, hence, increasing the resistance to salt passage
through the membrane. Therefore higher removal values are obtained at pH=7 for chromium.
The decreasing of pH means the increasing of the concentration of hydrogen ion, H*, while the
increasing of pH is a result of increasing of hydroxide ion OH". The molecular weight of
hydroxide ion is much larger than H*. According to the pore side theory for membranes the
permeation of hydrogen ion with small molecular weight (i.e. small ions size) is larger than the
hydroxide ion, and this can be explain the reason of the high permeability of heavy metal ions in
lower pH range. The electrical charge equilibrium will be varied according to the concentration
of the ions on both sides of the membrane. This behavior agrees with Al-Alawy, 2000.

The flux for nanofiltration is higher than that from reverse osmosis membrane; this is due
to the pore size of nanofiltration membrane which is larger than that of reverse osmosis
membrane and the RO has higher osmotic pressure than NF membranes as a result the
permeability of pure water for nanofiltration is approximately twice that of RO. The flux of NF
is higher than that of RO for chromium about 50-82%, copper 30-62%, nickel 22-36% and zinc
50-85%. The concentrations of heavy metal ions in permeate for nanofiltration is higher than that
from reverse osmosis membranes. The concentration or rejection has been affected by size
exclusion than other mechanisms, and NF has higher MWCO which means larger pore size than
RO, but rejection for RO system mainly depends on solution diffusion transport.

4.2 NF and RO Simulated Electroplating Wastewater

Experiments has been made to show the effect of time (0-70 min) on the flux and
concentration of heavy metal ions in NF and RO process for a mixture of synthetic electroplating
wastewater, Wei, et al., 2013. Figs. 20 to 22 show the effect of time for a mixture of
electroplating wastewater on flux and the concentration of heavy metal ions in permeate for NF
and RO. The increase in time to 70 min resulted in the decline of flux from 16.83 to 13.48 LMH
for NF process and 10.17 to 9.32 LMH for RO process. The increase in time to 70 minutes
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resulted in the increase in permeate concentration for NF process from 0.042 to 0.568 mg/l for
zinc, 1.878 to 7.01 mg/l for copper, 0.696 to 2.654 mg/l for nickel and 0.421 to 2.461 mg/l for
chromium. The NF membrane has allowed permeation of chromium, nickel, copper and zinc
ions to lower than permissible limits. For RO process the permeate concentration has been
increased from 0.0335 to 0.12 mg/I for zinc, 0.848 to 2.442 mg/l for copper, 0.541 to 0.807 mg/I
for nickel and 0.13 to 0.643 mg/I for chromium. The RO membrane has allowed permeation of
chromium, nickel, copper and zinc ions to lower than permissible limits. The explanation for this
behavior for NF and RO is the same as explained in section 4.1.

5. CONCLUSIONS

Nanofiltration and reverse osmosis processes can be used for recovery of water from heavy
metal solutions. The polyamide nanofiltration membrane has allowed permeation of chromium
and copper ions to lower than permissible limits. Nanofiltration membrane has allowed
permeation of nickel and zinc ions at low concentration of these ions. The polyamide reverse
osmosis membrane gives a high efficiency for removal of chromium, copper, nickel and zinc
ions and it has allowed permeation of these ions to the lower than permissible limits. The
rejection at first three minutes when the feed concentration approximately constant for chromium
in NF and RO was 99.7% and 99.93%, for copper was 98.43% and 99.33%, for zinc was 97.96%
and 99.49%, for nickel was 97.18% and 99.49% respectively. The maximum recovery for
chromium in NF and RO was 71.75% and 48.5%, for copper was 75.62% and 50.68%, for zinc
was 80.87% and 54.56%, for nickel was 60.06% and 46.18% respectively. For a mixture of
synthetic electroplating wastewater, nanofiltration and reverse osmosis membranes have a high
rejection percentage for heavy metal ions. Pure water was obtained and with concentration of
less than the allowed for heavy metals in the case of the mixture.
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NOMENCLATURE
C concentration of solute, mg/I
Cr concentration in feed solution, mg/I
Cp concentration in permeate, mg/I

i number of dissociated ions per molecule (Van’t Hoff factor), dimensionless
Jw flux of water, I/m°.h
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k., permeability coefficient of pure water, I/m?.h.bar

Q, feed flow rate, I/h

R solute rejection, percentage

Rg universal gas constant, I.bar/mole.K

T temperature, K

t time, min

145 initial feed volume, |

Vp volume of permeate, |

Y recovery, percentage

AP applied pressure driving force, bar

Ar osmotic pressure of the solution, bar

© osmotic coefficient, dimensionless
ABBREVIATIONS

NF Nanofiltration

UF Ultrafiltration

RO Reverse 0smosis

LMH Liter per square meter per hour

MWCO Molecular weight cut off

Table 1. Chemical specification of inorganic compounds.

: . Copper Chloride | Nickel Chloride : .
Specification ZlncZC?:Ilorlde Dihydrate Hexahydrate Chl(’:orgllc g:lcglde
(ZnCl;) (CuCl,.2H,0) | (NiCl,.6H,0) (CrCls.6H,0)
Minimum assay 97.0% 99.0% 98.0% 97.0%
Molecular weight 136.28 170.48 237.69 266.45
CAS-No. 7646-85-7 10125-13-0 13478-00-7 10078
Made in India India India England

Table 2. Specification of nanofiltration and reverse osmosis element.

Specifications NF RO
Type of membrane Polyamide  thin- | Ultra low pressure aromatic polyamide
film composite reverse 0Smosis membrane element
Active membrane area, m® | 0.36 0.36
Average permeated flow 0.57 m°/d 0.19 m°/d
Maximum feed water SDI 5 5
Maximum  feed  water | 45 45
temperature C.
pH range of feed water | 2-11 3-10
during continuous operation
pH range of feed water | 1-12 2-12
during chemical cleaning
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Figure 1. Schematic diagram of lab-scale RO system.
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Figure 2. Effect of operating time on flux for NF process (Q_ =40 /h, T=26 °C, P=2 bar, Cg,
iOl’]S:3 00 mg/l).
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Figure 3. Effect of operating time on flux for RO process (Q,=40 I/h, T=26 "C, P=2 bar, Cg,
ions=300 mg/1).
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Figure 4. Effect of operating time on recovery percentage for NF process (Q,=401h, T=26
°C, P =2 bar, C, jons=300 mg/l).
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Figure 5. Effect of operating time on recovery percentage for RO process (Q, =40 1/h, T =26
'C, P =2 bar, Cg, jons=300 mg/I).
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Figure 6. Effect of operating time on permeate concentration of ions for NF process (Q,=40 I/h,
T=26 "C, P=2 bar, Cf, jons=300 mg/).
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Figure 7. Effect of operating time on permeate concentration of ions for RO process (Q_=40 I/h,
T=26 "C, P=2 bar, Cf, jons=300 mg/l).
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Figure 8. Effect of operating time on rejection percentage of heavy metal ions for NF process
(Qe=40Vh, T=26 C,P =2 bar, Cf,ions=300 mg/l).
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Figure 9. Effect of operating time on rejection percentage of heavy metal ions for RO process
(Q =40 Vh, T=26 C, P=2bar, Cf ions=300 mg/l).
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Figure 10. Effect of feed concentration of zinc ions on flux (t=30 min, T=26 OC, P=2 bar, Q=40
1/h, pH=6).
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Figure 11. Effect of feed concentration of zinc ions on permeate concentration (t=30 min, T=26
C, P=2 bar, Q=40 I/h, pH=6).
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Figure 12. Effect of operating pressure on flux for zinc ions (t=30 min, T=26 "C, Q=40 I/h, Ck,
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zn =300 mg/l, pH=6).
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Figure 15. Effect of feed flow rate on permeate concentration of nickel ions (t=30 min, T=26 C,
P=2 bar, Cg,ni “=300 mg/l, pH=6).
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Figure 16. Effect of feed temperature on flux for copper ions (t=30 min, P=2 bar, Q=40 l/h, Cg,
+2__ —
cu =300 mg/l, pH=5).
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Figure 17. Effect of feed temperature on permeate concentration of copper ions (t=30 min, P=2
bar, Q=40 I/h, Cf, ¢, *=300 mg/l, pH=5).
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Figure 18. Effect of feed pH on flux for chromium ions (t=30 min, T=26 “C, P=2 bar, Cr,
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Figure 19. Effect of feed pH on permeate concentration of chromium ions (t=30 min, T=26 C,
P=2 bar, Cr. ¢; =300 mg/l, Q=40 1/h).
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Figure 20. Effect of operating time on flux of a mixture of electroplating wastewater (Q_ =40 I/h,
T=26 'C, P=2 bar, pH=3.49, Cf, zu =15 mg/l, Cg. c. =60 mg/l, C. ¢: =125 mg/l, C. ni =150
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Figure 21. Effect of operating time on permeate concentration of ions in a mixture of
electroplating wastewater for NF process (Q,=40 1/h, T=26 C, P=2 bar, pH=3.49, Cy, m =15

mg/l, Cg, cu =60 mg/l, Cg, ¢; =125 mg/l, Cg,ni =150 mg/l).
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Figure 22. Effect of operating time on permeate concentration of ions in a mixture of
electroplating wastewater for RO process (Q,=40 I/h, T=26 C, P=2 bar, pH=3.49, Cf, m =15

mg/l, C. cu *=60 mg/l, Ck. ¢r °=125 mg/l, Cg. ni *=150 mg/1).

21



Number 4 Volume 23 April 2017 Journal of Engineering

Cultivation of Chlorella Vulgaris Using Airlift Photobioreactor Sparged with
5%CO,-Air as a Biofixing Process

Mahmood Khazzal Hummadi AL-Mashhadani Entisar Mohsin Khudhair
Lecturer
College of engineering- University of Baghdad College of engineering- University of Baghdad
Chemical Engineering Department Chemical Engineering Department
Email: mkh_control@yahoo.com Email: entisar.mohsen@gmail.com
ABSTRACT

The present paper addresses cultivation of Chlorella vulgaris microalgae using airlift
photobioreactor that sparged with 5% CO,/air. The experimental data were compared with that
obtained from bioreactor aerated with air and unsparged bioreactor. The results showed that the
concentration of biomass is 0.36 g I™* in sparged bioreactor with CO-/air, while, the concentration of
biomass reached to 0.069 g I"* in the unsparged bioreactor. They showed also that aerated bioreactor
with CO./air gives more biomass production even the bioreactor was aerated with air. This study
proved that application of sparging system for cultivation of Chlorella vulgaris microalgae using
either CO,/air mixture or air has a significant growth rate, since the bioreactors become more
thermodynamically favorable and provide impetus for a higher level of production.

Key words: microalgae, chlorella vulgaris, airlift photobioreactor, CO, biofixing process
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1. INTRODUCTION

Until recently, fossil fuel as a main source of energy is considered. However, concern about the
depletion of this source is still a big challenge for the researchers. Therefore, the finding convincing
alternatives to meet this challenge is necessary. Fossil fuels are also one of the reasons changing the
climate by increasing the greenhouse gases (GHGS) such as carbon dioxide, methane, water vapor,
nitrogen oxide and sulphur oxide Amaro et al., 2011; Demirbas, 2011; Lee et al., 2010; Ranjan et
al., 2010, Liu, 1994. Among these gases, carbon dioxide is the most plentiful of gas and represents
about 68% of the estimated total (GHG) emission Harrington and Foster, 1999; Kondili and
Kaldellis, 2007; Roman, et al., 2007. In 1997, more than 170 countries signed the Kyoto agreement
to reduce carbon dioxide emissions Gutierrez et al., 2008.

In addition, many studies have concerned biological process such as CO, mitigation from
environment by fixing mechanism De Morais and Costa, 2007a. Some studies have used the
terrestrial plants as source of biodiesel fuel for example; palm and soybeans Costa and De Morais,
2011; Demirbas and Demirbas, 2011. This alternative requires a long time to be ready for use and
requires a large areas of farmland that definitely affect the production of food crops and increasing
the global food crisis Ozkurt, 2009; Demirbas 2010 ; Kecebas et al,2009; Demirbas 2011 ; Costa
and de Morais, 2011; Demirbas and Demirbas, 2011. Therefore, with these challenges, the
researchers used another biological process which is less expensive and more economic through
using the microalgae for CO, mitigation and convert it into biomass production Carvalho et al.,
2011. In general, cultivation of microalgae requires sunlight as a source of energy, nutrients, water,
and carbon dioxide as a source of carbon and regulation of pH in the medium Chisti, 2007;
Carvalho et al., 2011. The microalgae have other advantages over terrestrial plants crops including,
higher growth and biomass production rates, and shorter maturity rates. Normally microalgae double
their biomass within 24 hours. Also, it required far less land for growing thus which is not
compromising food production and supply, and oil content reaches to 20-50% in its biomass Chisti,
2007; Clarens et al., 2010; Lee et al., 2010; Mercer and Armenta, 2011. The cultivation of
microalgae is obtained in a closed engineering system such as airlift reactor, which has recently
gained renewed interest as a promising strategy for carbon dioxide mitigation Filali et al, 2011. This
system has a great potential productivity due to better control of the environment and harvesting
efficiency. Furthermore it has optimized space/volume utilization, therefore, more efficient use of
costly land Pedroni et al., 2001.

Furthermore, supplying the carbon dioxide represents one of the major limiting factor in scale up the
bioreactor design Richmond, 2008; Morita et al., 2000. Therefore, using CO; as sparging gas in
the microalgae cultivation helps to strip oxygen accumulated and prevent toxicity of algae cells
Ying et al., 2013. The current research represents an objective study which has been carried out to
verify the effect of the proportion of carbon dioxide with the air on the growth of Chlorella vulgaris
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microalgae by using airlift photobioreactor that was designed by different working group Al-
Mashhadani et al., 2015.

2. MATERIAL AND METHOD
2.1 Microalgae Culture and Cultivation Medium

Microalgae strain used in the current experiments is Chlorella vulgaris, which was isolated and
purified at Plant Laboratory for Graduate Studies, Department of Biology, College of Science,
University of Baghdad by using serial dilution and different plating techniques as described by
Abed et al, 2014. This type of microalgae was collected from three different places in drinking
water treatment plant that is located on Tigris River and purified by serial dilution. The stock
cultures were propagated and maintained on NPK medium (20:20:20+TE N: P: K) commercial
fertilizer. Its advantages are its being low-cost nutrients and high water soluble for biomass culture
Ammar, 2016. This fertilizer has the following composition as percent concentration (N as urea
2.1% and as ammonia 17.9% , P as phosphorus oxide 20% , K as potassium oxide 20% with trace
element consist of Mg 0.1% , Zn 0.05% , Mn 0.05% , Fe 0.1% , Cu 0.05% , B 0.02% and Vitamin
B 0.0005%). This medium was prepared by dissolving these salts in RO treated water, the pH (6.23)
was adjusted by using (0.1 N) of NaOH and HCI.

The incubation conditions used were continuously illuminated by three cool-white fluorescent light
tubes (T5 Led, china), each fluorescent tube was 10 Watt and 2 foot length mounted approximately
10 inches at the surface of the flasks. Agitation was carried out by bubbling continuously sterile and
(2.3) filtered air into the stock culture to provide a constant source of CO,. The weekly subculture of
algae cells was made to maintain the inoculum.

2.2 Design of Lab Scale Airlift Loop Photobioreactor

Fig.1 shows the configuration of airlift bioreactor used in the present study. The design of the airlift
bioreactor was made according to results obtained from Al-Mashhadani et al., 2015 using Navier-
Stokes equations as main equations in their modeling. However; some modifications have been done
to get a suitable environment of microalgae culture. The modified bioreactor was fabricated out of
Plexiglass pipe, with dimensions of 350 mm in height and 150 mm in diameter. The airlift loop
bioreactor consists of a stone diffuser located in the center of concentric tubes with 80 mm in
diameter, fixed at distance 30 mm from the bottom and internal draught tube with dimension
100mm in diameter, 250 mm in height and fixed at 50 mm above the bottom of the reactor, 6 mm
above the stone diffuser . Holes were made on the top of the reactor for fixing the props and exhaust
gas.
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2.3 Experiment Setup and Culture Condition

Fig. 2 illustrates the setup of photobioreactors for Chlorella vulgaris cultivation with lab scale airlift
loop reactor. Both reactors have the same dimensions and were provided with magnetic stirrers
(MRHEI-Tec, Germany) to ensure that all cells are exposed to the light and to prevent microalgae
sedimentation. The microalgae cells were continuously illuminated over 24h per day by three
fluorescent cool white lights, while the temperature of the culture media was controlled by aquarium
heater controller (HK 50, China) at 30°C.

PH meter and dissolved oxygen (DO) props were fixed in downcomer region for daily measurement.
The bioreactors were aerated with air that was mixed with 5% CO, from a gas cylinder for 28 minutes
every day during the cultivation time. The CO,/air mixture was adjusted in small mixture provided with
a gas analyzer (Biogas 5000, G Geotech, UK, England) to achieve a desired concentration of CO, in the
airstream and the flow rate was regulated by the gas flow meter at 200ml/min. The sparging gas mixture
was filtered and sterile through inline air filtered 20 mm in diameter which was inserted in the bottom of
the reactor as can be seen in Fig. 2. The air was supplied by air pump (HX-106A, China) and mixed with
CO; when it is required. The second rector culture was operated with no additional CO,, except that
already existed in the air supplied.

The pre-cultured of Chlorella vulgaris was inoculated into the reactors with an inoculum size 250ml that
was fed to the reactor and completed with 5L of NPK, as working volume and operating in a batch mode
under 30°C. During this time, the airlift photobioreactor was sterilized by filled with a solution of about
200 ppm of odium Meta bisulfide (Na,SO,4) as a decontamination agent hold in the airlift bioreactor for
about 20 minutes before inoculation.

In this work, two sets of experiments were conducted. In the first experiment, one of the airlift bioreactor
cultures was dosed with 5% CO, enriched with air. The dosing was periodically for about 28 min per day
at a rate 200 ml /min, the dosing was carried out until pH reached 6. While the second bioreactor was
unaerated (control) for comparison purpose with the cultures aerated.

The second experiment was conducted to represent a comparison between one aerated with mixture of
air and 5% CO, and another aerated with only air at the same aeration time. After gas dosing, 5ml of
samples of each culture was taken to evaluate kinetic parameter. PH and dissolved oxygen were
measured before and after dosing.

2.4 Analytical Determination

Chlorella cultivation in the airlift reactors was tested for up 11days and during this time, sampling
process was carried out every 24h intervals. Microalgae growth rate was estimated by two different
methods. The first method measures the optical density (OD) at wavelength 680 nm (i.e., ODggo).
This wavelength was chosen on preliminary tests for estimation the maximum absorbance (optical
density) at wide range of wavelength. Researchers used similar wavelength Mohd et al., 2011 and
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Jeong et al., 2003 by using UV spectrophotometer (GENESYS 10UV, USA) to ensure maintaining
an exponential phase of growth. The second method was measuring the dry weight of microalgae (g
I'Yy by filtering the samples after centrifuged it in (Centrifuge PLC- 03, Taiwan) with 3000 r/min for
20 min then dried at 60 °C for 1h. A linear regression equation was derived to describe the
relationship between biomass dry weight (g ") and corresponding OD at 680 nm wavelengths.

The pH value for each culture was measured daily before and after gas dosing using pH meter
(CRISON, Basic 20, USA). The dissolved oxygen (DO) level of the cultures was also measured
before and after gas using (CRISON, OXI 45+, Spin).

3. KINETIC PARAMETER

Growth curve of density with time was accomplished by the biomass concentration (X, g I™) that
can be used to estimate maximum specific growth rates (u, d*), biomass doubling time (td, d),
maximum biomass concentration (X max , g I'*) and volumetric biomass productivities (P, g I'* d*)
for each cultures.

Specific growth rate, p (day™) was estimated from Eq.(1) Chiu et al., 2009.

X
Ln=t

p=—0t (1)
Where X; and X, are dry biomass concentrations (g 1) respectively during the exponential

logarithmic growth phase, and At is the cultivation time in the day during the exponential
logarithmic growth phase Ketheesan and Nirmalakhandan, 2012.

Doubling time (td, d) was calculated from Eq. (2)
tg =— (2)

Biomass productivity, P (dry g I"* day™) in batch mode was estimated from the variation in biomass
concentration within the cultivation time (day) according to Eq. (3) Ryu et al, 2009.

Xe—Xo
P=(tt ) (3)

Where X; is the dry biomass concentration (g I'*) at t (day) and X is the dry biomass concentrations
at inoculation De Morais and costa, 2007a.
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According to the method described by Ketheesan and Nirmalakhandan, 2012, the carbon dioxide
biofixation rate Fcoy, (gcoz day™) can be estimated from Eq. (4)

Fcoo=aP V¢ (4)

Where P is the biomass productivity of the culture (g I d™), V¢ is the culture volume in liter and (a)
is the mass of CO, fixed in unit biomass which calculated by Eq. (5)

a=Cc (Mcoz/ Mc) (5)

Where Cc is the carbon content of the dried microalgae biomass (g carbon (g biomass)™), since 50%
of carbon content in the dry biomass Becker, 1994, Mco; is the molecular weight of CO; and Mc is
the molecular weight of Carbon.

4. RESULTS AND DISCUSSION

Chlorella vulgaris growth was investigated in airlift bioreactor to determine the photosynthetic
efficiency in this reactor. According to the suggested experimental design, two experiments were
carried out to estimate the aeration effect on Chlorella growth at constant temperature and
illumination.

Effect of aeration on growth of microalgae

In the first experiment, Chlorella was cultivated in batch airlift bioreactors. The sparging system
was carried out using ambient air enriched with 5% pure CO, and the results were compared with no
aeration culture (unsparged bioreactor). Fig.4 shows the growth curves for Chlorella vulgaris
cultivation. From this figure, it can be seen that the algae cells have a close biomass concentration
during the first day (lag phase) in reactor sparging with CO,. After adaption, cells began good
growth during the experiment culture. Whilst, cells cultivated in control reactor took a long period
for adoption. The maximum biomass concentration was obtained from a culture aerated with 5%
CO,. The cell concentration recorded about 0.36 (g I™*) after 11 days. While, the growth rate with
absence of aeration (control) has no significant increase, and maximum concentration of the cells
was about 0.069 (g I'*) at 10" day then began inhibited.

In the second experiment, Chlorella was also cultivated in batch airlift bioreactors. But, one of the
bioreactors was sparged with ambient air enriched with 5% pure CO,, while the other bioreactor was
sparged with ambient air only for the same period of sparging (28 min) in both reactors.

Fig.5 shows the growth curve of Chlorella cells aerated with air enriched with 5% CO.. It has the
same behaviour of that in the first experiment except the adaption period, although the experiments
were carried out at a different time. This gives a kind of credibility the results of those experiments.
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However, in the first experiment culture, the microalgae cells require one day for adaption, while in
the second experiment, the response displayed no adoption (lag phase). This behaviour was because
the stock cultures already were maintained under 5% CO,. Schimidell et al., 2001 demonstrated that
when the inoculums culture are maintained under different conditions from those used in the
cultivation runs, the adaptation (lag) phase probably will be long. But it absents when the conditions
are similar. Yun et al., 1997 also checked that acclimatization of the inoculum is important and
found that when stock cultures of Chlorella vulgaris were maintained under air, it grew less well in
media containing 15% (v/v) additional CO,, but when the inoculum was grown under air
supplemented with 5% CO,, it grew better in culture media containing 15% additional CO, than it
did in media containing 5% CO..

As can be seen from the Fig. 5, Chlorella cells also reached to the 0.359 g I"* as maximum biomass
concentration in 11 day under aeration with 5% CO,, which is approximately the same result
obtained in the first experiment. While the growth rate without any addition of CO; only
atmospheric air, the growth rate was slow. The microalgae biomass concentration reached to 0.056 g
I at 3" day and remained stable at this value for few days then increased slowly to reach maximum
concentration (Xmax) 0.083 g I'* at 11" day to be double concentration compared with its inoculum.
The important kinetic parameter for Chlorella cultivate in both experiment are summarized in Table
(D).

The experimental data showed higher maximum specific growth rate, maximum biomass
concentration, maximum biomass productivity and minimum doubling time under culture with CO,
enrichment with 5% CO, for both experiments. The highest value of specific growth rate was (0.39
day™®) while the lowest value of specific growth rate was (0.17 day™) for Chlorella species
cultivated with 0.036% of CO, in ambient air. Whereas, no significant value in specific growth for
control because of the very slow growth and unobtainable exponential phase. In addition, the
shortest biomass doubling time (td, day) was 1.7 day at 5% CO, aerated, while the longest td was
3.9 days at ambient air aerated as a notice in Table 1. Therefore, as maximum growth rate increased,
biomass doubling time decreases and cultivation becomes more economically sustainable. So
microalgae can duplicate their biomass in less than 7 days, whereas higher plants take many months
or years VVonshak et al., 1982. In this study, the doubling time was equal to or less than 4 days.

The productivity (g I™* per day) of Chlorella species cultivated under 5% CO, for both experiments
reached to the maximum value of 0.031 (g I'* per day), while 0.0077 (g I"* per day) was obtained for
culture aerated with air only. The 0.0036 (g I per day) which is the maximum value was obtained
per day for control.

Fig.6 shows the photographic view of algae cultivation in the two experiments. It can be seen that
there is significant difference between the cultures using high concentration of CO, and the ambient
air or control in the present study.
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The results in this study are approximately similar to other studies that cultivated Chlorella species
in photobioreactor under aeration of 5% CO,, for example; Chiu et al., 2008 found when Chlorella
sp. cultivate under 5% CO, with continuous aeration and illumination the specific growth rate was
(Umax= 0.34 day™) and cell dry weight was (Xmax= 0.899 g I™) for high density inoculum about
(8x10°ells ml™). While, he obtained (Xma= 0.062 g I'*) as cell dry weight and (Uma= 0.127 day™)
for low-density inoculum about (8x10°cells mI™). De Morais and Costa, 2007a, b found that the
best kinetics of Chlorella is (Hma= 0.31 day™) and doubling time is (td=2.27 day). The maximum
productivity was (Pmax= 0.14 g I per day ) for Chlorella cultivated under 6% CO, for 15 min in
every hour during the illumination with 12 hr light / 12 hr dark photoperiod.

Effect of aeration on carbon dioxide biofixation

Dissolved carbon dioxide and fixation by microalgae through the photobioreactor was detected
during each experiment. From the previous studies it depended on the law of material conservation.
It allows for calculating carbon dioxide biofixation rate from estimation the microalgae biomass
production rate (g 1™ d?). In which, the carbon content of the biomass (gcoz /g biomass)
approximately ranges from (0.5 - 0.57). Some of calculations were conducted using a report biomass
molecular formula (COg4s H1.83No.11Poo1) Chisti, 2007. These calculations were used when direct
biofixation rate of CO, was not available, which is based on the assumption that biofixation rate of
COs; in the form of extracellular products was negligible.

In this study, CO, biofixation rate was determined according to the method described in Becker,
1994 that is similar to use by other researchers i.e., Ho et al., 2010 and Tang et al., 2011. It was
found that the fixation rate of CO, resulted in high value when CO, concentration increased in air.
As shown in Table 1., the maximum biofixation rate of CO, was (0.28 gco./day) observed at 5%
CO; when 5L culture sparged with 28 min per day at a rate of 200 ml/min. While it was (0.069
gcoz/day) when the ambient air was contained approximately 0.036% of CO..

A good similarity was noticed between the values obtained from this study and the values from the
following researchers; Tang et al., 2011 found that CO, fixation rate was (0.244 gco./day) for
Chlorella cultivated in 1L Erlenmeyer flask when continuously aerated with 5% CO; enriched air.
Whereas, he found the fixation rate was (0.134 gcoo/day) for culture continuously aerated with
0.036% CO,., Sydney et al., 2010 found CO, fixation rate was (0.251 gco. /day) for Chlorella
vulgaris cultivated in 8 L working volume continuously aerated with 5% CO..

Some researchers had other results of CO, fixation rate for Chlorella cultivated such as; Ryu et at.,
2009 who found CO; fixation rate was (0.35 gcoz/day) for Chlorella species cultivated with 5% CO,
concentration in 600 ml bioreactor under continues aeration, Lv et al., 2010 recorded CO, fixation
rate (0.6 - 1.2) at maximum value in 5L photobioreactor aerated with hollow fiber membrane
sparging with 0.5% CO,; And Scragg et al., 2002 who found the biofixation of CO, for Chlorella
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aerated at ambient air at 25 °C was (0.04 g I™* per day ) and (0.024 g I"* per day) in Wayamba’s
media and Low N medium respectively.

Photosynthetic activity of the culture medium containing Chlorella cells was determined by pH and
dissolved oxygen (DO) monitoring. Both of measurements were carried out daily before and after
dosing of air enriched with 5% CO, or with air only (without bubbling).

Effect of aeration on pH of the culture

As can be seen in Fig. 7 and Fig. 8, the behaviour of culture curves aerated with 5% CO, are the
same. The periodical supplement of CO, to the culture resulted in almost steady pH level in the
target region (6.18 — 9.02) without the use of expensive buffer and the periodic dosing made pH
controlled in the expected range. So this results in a potential for both energy and economic saving.
While for the culture aerated by air only a gradual increase in PH was noticed and this increased
caused algae inhabitation as noticed in Fig. 8. Commonly, as microalgae growth, the pH in the
culture increased due to cellular metabolism which converted CO, uptake through photosynthesis to
the carbonic acid (H,COs3), then the last was dissociated into bicarbonate (HCOs™) of the medium.
CO; is uptake by microalgae metabolism at a rate depending on the activity of the photosynthesis,
which itself depended on the light activity. This causes increasing in associate to H* ion and
increasing in pH, but as a consequence of pH increasing (COs?) increased also. When HCO3™ and
CO; decreased causes photosynthetic reaction inhabitation and the approximately of the algae
trichomes and (OH") ion are formed making pH become more alkaline which improves the rate of
algae respiration Steenman, 1975; Fox, 1996. Therefore the many algae cultures need to use buffer
or acid added when pH of culture increased over the suitable level via an auto-controlled culture.

In this study neither acid nor buffer was added because it was expected that the increasing pH could
be neutralized by daily CO, supply by dosing technique. While noticing the pH of control culture
also increased very slowly continually until the 10" day with its dry weight increased from 0.03g 1™
to only 0.06 g I'* as a record in Fig. 4 .Corresponding , its pH also increased slowly and rising from
(7 - 8.32) as shown in Fig. 7. Then, when pH values not changes, this means the algae began died.
The culture aerated only air also grew slowly to reaches a maximum value at 9™ day with its dry
weight increased from (0.03 g I to 0.074 g I'*) as seen in Fig. 4. Correspondingly, its pH increased
slowly from (7- 9.2) as shown in Fig. 8. However, after 9 days the pH barely increased and was
maintained at (9.21 - 9.25). Whilst the algae almost stopped growing as well, with the cell dry
weight (0.07 - 0.083 g I'™") because of absence CO, supplied and O, accumulation in the culture can
cause adverse effects on the growth of alga. The reasons are that; after pH went above 9 value, the
culture of microalgae was inhibited because for most type of microalgae the suitable pH ranges from
6 to 9 Coutteau, 1996. And over this ranges inhabitation in growth occurs.

In the culture aerated by air enrichment with 5% CO,, the cell dry weight increased dramatically
from a range (0.03 — 0.36) g I"* during the experiment culture, the corresponding pH was assumed to
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rise even faster than the culture aerated with air only or the control culture. However, due to dosing
daily so the pH of the culture maintained in a suitable range. As can be seen from Fig. 7 and Fig. 8,
the pH values from a range (7.89 - 9.02) as heights value before dosing to the range (6.16 - 6.18) as
low value after 28 min of CO, dosing daily. Because of the desirable culture condition (CO;
unlimited and O, free), the pH value reduced to this range then returned to increase back to about
(7.89 - 8.34) within only one day ago. The next day, another 28 min of dosing dragged it back to
around the range (6.16 - 6.18) again. Such a virtuous cycle kept pH within a desirable range, making
the culture also not limited by pH. Therefore these results indicate that the increasing CO,
concentration led to improving algae biomass productivity.

Effect of aeration on DO of the culture

Dissolved oxygen (DO) also was determined through the experiments culture in airlift
photobioreactor. It is a point to photosynthesis activity. During the lighting process, microalgae
metabolism occurs as a result of photosynthetic generation, in which the oxygen concentration
increases steadily. While carbon dioxide disbursed by microalgae and reached to saturation state
with culture medium, this causes dissolving level dropped steadily and DO rejected through
metabolism. In addition, the initial O, value was generated in the culture through which air bubbled.

Fig. 9 and Fig. 10 show the daily values of DO measurement for both experiments. As noticed from
Fig. 9 there is no change for control culture curve and the DO stay stable through the run. This
refers to low photosynthesis activity as a result of no aeration occurs. While in another culture when
air aerated which made mixing in the reactor and decreases in the DO value. Through the culture
runs, air enriched with 5% CO, dosing periodically at 28 min per day found decreases of DO in a
suitable range from (20.1 — 22.9 mg I™") as highest value before dosing to (8.24 — 8. 9 mg I"*) as low
value after dosing daily. This process kept the DO in the culture safety. Increasing the microalgae
biomass through the culture aerated with 5% CO,, resulted of consequently increased accumulation
of the DO in culture, as shown in Fig 9 and Fig 10. Whilst, the reactor culture when aerated with air
only, DO values range from (12.2 -15.6 mg %) as highest value before dosing to (8.35 — 8.76 mg I™%)
as low value after dosing daily. Whereas, DO of the control culture recorded as increased from (12.4
to 13.9 mg I') during the cultivation experiment. This slowly increased occur due to the low growth
of the cells without aeration. In addition, the mixing of culture efficiently by bubbling air is very
important for microalgae cultivation in a closed reactor, because the high elevated dissolved oxygen
concentration level can lead to severe photo-oxidation which damage microalgae cells and causes
decreasing the treatment efficiency Oswald, 1988; Lee and Lee, 2003; Richmond, 1991. For
instance, oxygen level above air saturation (0.2247 mole O, m3) could inhibit photosynthesis in
many microalgae species, even if carbon dioxide concentration is maintained at elevated levels
Aiba, 1982. Generally, the mixing not only reduces the DO in microalgae cultures but also ensures
good mass transfer of carbon dioxide and oxygen in the culture system Ugwu et al., 2007.
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5. CONCLUSIONS

The present article studied the behavior of Chlorella vulgaris microalgae in airlift photobioreactor.
The growth rate and biomass production was experimentally achieved with Chlorella vulgaris
culture in airlift photobioreactor. The airlift bioreactor as draft tube proved promising technology for
obtained optimal mixing. Moreover, the designed system has successfully shown ability to sequester
CO; from airstream containing 5% CO, concentration. As well, the Chlorella vulgaris has very
effective to quantitatively remove CO, from an elevated CO, airstream in laboratory bioreactor. The
main results showed higher growth rate and biomass production can be achieved if the sparging
system was 5% CO./Air compare with air only. For example, maximum growth rate was (0.39 d*)
and maximum cell concentration was (0.36 g I™). While with sparging air, the maximum growth is
(0.17 d'*) with (0.038 g I'™") cell concentration.

In addition, this study showed the high CO, biofixation potential by Chlorella vulgaris microalgae
was 0.28 gco2 per day. The periodic dosing strategy of CO; is proposed for Chlorella cultivation as
well. Daily 28 minutes of 5% CO; enriched with airstream supplement to the culture maintained pH
at a suitable level (6.18 - 8.3) without using any expensive buffer for adjustment the pH value.
Removal of oxygen from the culture was investigated in the current study. The aeration system
decreases the DO concentration of the culture in a suitable range from (22 mg I to 8.29 mg 1) after
periodically dosing daily.
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8. NOMENCLATURE

a mass of CO; fixed in unit biomass

Cc carbon content of the dried microalgae biomass, (g carbon (g biomass)™)
d day

Fcoz carbon dioxide biofixation rate, (gco, day™)

Mco2 molecular weight of CO,, (g gmol™)

Mc molecular weight of Carbon, (g gmol™)
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P biomass productivity, (g I d™)

Pmax  maximum volumetric productivity, (g I"d™)

t time, (day)

td doubling time, (day)

Ve culture volume, (L)

Xt biomass concentration at any time t, (g 1)

Xo biomass concentration at the inoculation, (g I™%)

X max maximum biomass concentration, (g 1)

H max maximum specific growth rate, (day™)

At the cultivation time in day during the exponential growth phase
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Figure 1. The structure of airlift loop bioreactor.
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Figure 4. Effect of the concentration of CO; sparging on the growth of Chlorella vulgaris. The
culture was inoculated with 0.033 gl™* of microalgae cell approximately and cultivate without
aeration (control), air enriched with 5% CO, bubbled at 200 ml/min for 28 min per day under

continues illumination and 30 °C temperature.
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Figure 5. Effect of the concentration of CO, aeration on the growth of Chlorella vulgaris .In the
culture approximate 0.033g I™* of microalgae cell was inoculated and cultivate under atmospheric
air, air enriched 5% CO, bubbled at 200 ml/min for 28 min per day under continues illumination and
30 °C temperature.
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Tablel. Maximum specific growth rate (umax, d%), doubling time (td. d), Maximum biomass
concentration (g I"/d) and CO, fixation rate (FCO2, gco. /day) for Chlorella vulgaris in airlift
photobioreactor.

CO, aeration | Hma(day™) | td(day) | Xmex(9I") | Prax(@™d™) | Feoa(gco, per day)
Experiment(1) Control - - 0.069 0.0036 -
Air with5%CO, 0.39 1.76 0.36 0.031 0.28
Experiment (2) | Air 0.17 3.9 0.083 0.0076 0.07
Air with5%CO, 0.39 1.7 0.359 0.031 0.28

(-) means no significant value obtained.

(a) (b)

Figure 6. Photograph of cultivation Chlorella vulgaris in the two experiments (a) Comparision
between cultivation under air enriched with 5% CO, and control (no aeration). (b) Exp.2.
Comparision between cultivation under air enriched 5% CO, and ambient air only.
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Figure 7. Daily pH values changes with culture time for Chlorella vulgaris supplied periodically
5% CO, for 28 min per day compare with control. There are two pH values per day, a higher value
one and a lower value, representing the pH values before and after dosing, respectively.
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Figure 8. Daily pH values changes with culture time for Chlorella vulgaris supplied periodically
5% CO,, air for 28 min per day. There are two pH values per day, a higher value one and a lower
value one, representing the pH values before and after dosing, respectively.
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Figure 9. Daily DO values changes with culture time for Chlorella vulgaris supplied periodically
5% CO, for 28 min per day compare with control. There are two DO values per day, a higher value
one and a lower value one, representing the DO values before and after dosing, respectively.
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Figure 10. Daily DO values changes with culture time for Chlorella vulgaris supplied periodically
5%CO,, air for 28min per day. There are two DO values per day, a higher value one and a lower
value one, representing the DO values before and after dosing, respectively.
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Hydraulic Analysis of the Samarra-Al Tharthar System

Mohammed Sadeq Abdulwahid Abdulridha Dr. Hayder A. Al Thamiry
Ministry of Water Resource /General Commission for College of Engineering \ University of Baghdad /Dept. of
Maintaining Irrigation and Drainage Projects Water Resources
sadikmalak@yahoo.com dr_hydr@yahoo.com
ABSTRACT

Low incoming discharge upstream of Samarra-Al Tharthar System leads to sediment
accumulation and forming islands, especially an island upstream of Al Tharthar Regulator. This
island and the sedimentation threaten the stability of the structure and reduce the efficiency of
the system. This study aims to hydraulically identify the sedimentation problem mentioned
above, to find solutions of how to control the sediment problems, and to develop the capacity of
the system for 500 years return period flood of 15060 m%s. Surface Water Modeling System
(SMS10.1) with two dimensional depth average models (RMA-2) software were used to simulate
and analyze the system. The results of analysis showed that the maximum permissible discharge
through the system was 8250 m*/s where the discharge from Samarra Barrage was 2400 m*/s to
avoid flooding in Baghdad city. The water surface level could be lowered during constructing;
the new Al Tharthar Regulator expansion capacity of 7000 m®/s in the case of peak flood (15060
m?/s) to 68.51 m.a.m.s.l. upstream of Samarra Barrage by dredging the island and channel. On
the other hand, during constructing the guide bank, and dredging the island and channel, the
water surface elevation was 68.91 m.a.m.s.l. upstream of Samarra Barrage.

Key words: Tigris River, Simulation, Flow analysis, SMS, RMA2
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1. INTRODUCTION

Iragi rivers are considered non regime channels according to the fluctuation in their
discharges and the reduction in the inflow, especially in the recent years. Low discharges cause
harmful effects on the rivers, morphology through the accumulated sediment in low velocity
regions, capacity of the rivers, and changing the flow pattern.

Samarra Barrage and Al Tharthar Regulator system is a multi-purpose barrage on Tigris
River adjacent (West) to Samarra City and north of Baghdad, Irag. Reduced discharges of Tigris
River, the draught seasons, and the lack of rainfall with an increased need to water led to serious
problems in the river. Problems like sedimentation upstream of the system and formation of
islands resulted upstream of system. These islands and the sedimentation threaten the stability of
this structure and reduce the efficiency of the system.

The main purpose of the system is to divert floodwater in Tigris River to Lake
Tharthar through Al Tharthar Regulator, control irrigation, and power generation of 84 MW.

This system consists of Samarra Barrage, which consists of 17 gates and passes 7000
m?®/s and Al Tharthar Regulator which can divert 9000 m%/s across 36 gates. The design capacity
of the reservoir is 150,000,000 m? but most of that is filled with sediment.

It was built in 1956 by the German company "Zeblin" to control 16000 m%s peak flood
flow rate. During 1969, Tigris witnessed a high flood of 15000 m?/s at Begi City.

This study aims to identify the problem, find the required solutions, how to control the
sediment problems, and also to predict the capacity of the system at 500 years return period flood
of 15060 m?/s.

Outcomes are expected to improve the flow upstream of the system, occupy flood
discharge and reduce the accumulation of sediment.

Simulation will be done by using Surface Water Modeling System (SMS) with the two
dimensional depth average models (RMA-2) software.

The preparation of a two-dimensional mathematical model simulates the system in order
to evaluate the hydraulic performance of the system during flood, dry years, and actual capacity
of the system, define the required treatments to improve the capacity of the system, develop
capacity of the system to the expected 500 year return period discharge of 15060 m*/s capacity,
and define the best scenario to avoid sedimentation during dry seasons.

2. HYDROLOGY OF TIGRIS RIVER BETWEEN SAMARRA BARRAGE AND
BAGHDAD CITY.

Al-Samuraie, 2004, studied the hydraulic behavior of Tigris River between Samarra
Barrage Station and Sarai Station in Baghdad City. This study used discharges between 300 and
7000 cumecs. The main results of the study showed that the bank full discharge is 3175 cumecs,
when released from Samara Barrage is the maximum possible discharge that could be passed
through the river. Recently, the capacity of Tigris River capacity within Baghdad city is limited

to 2500 m*/s (National Center for Water Resources Management).

3. STUDY AREA

After the flood of 1954 which, apart from inflicting economic disaster, threatened to be a
national tragedy when many cities were subjected to flood, the Ministry of development (at that
time) invited consulting engineers in order to make the necessary investigations and studies for a
flood control project, Figure (1-A). The work at the first stage of the present Samarra—Al
Tharthar scheme was inaugurated in 1956, Figure (1-B) with an estimated Al Tharthar lake
storage capacity of 73 billion cumecs, comprising of Samarra Barrage, by which the river level
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can be raised sufficiently to divert flood water over the west bank of the river; a spillway formed
by the construction of a dyke to prevent the water from returning to the river through which the
water will flow to the depression; and a regulator to control flow onto the spillway. It is the
policy of the government of Iraq to develop the water resources to the extent that all water
available for irrigation will be actually used for that purpose. After the 1969 flood, Al Tharthar
Project has been developed by raising the surrounding embankments in order to hold large

quantities of water to prevent flood hazards ,Ministry of Water Resource, 2003.

3.1 Samarra-Al Tharthar System

The system is consisting of the following facilities as shown in Fig. 2 Samarra Barrage,
Al Tharthar Regulator, Tigris-Al Tharthar channel and Al Tharthar irrigation project channel.
The first facility includes the irrigation gates, fish path, hydroelectric station and Al- Ishaqgi
regulator. The second facility includes head regulator for Al Tharthar irrigation system and Al
Tharthar escape regulator. This system starts from the end of the closing dyke till the middle
dyke with 252 m length from the right shoulder to the left of the facility. There are 17 vertical
gates, 12*5.5 m dimensions in Samarra Barrage, power gates 14 gates, 10*12 m dimensions. 6 of
them are used for the hydro-electric system now and Al Ishaqi 4 gates, 2.5*2.5 m dimensions.

3.2 The Guide Bank

In the original design of SOGREAH, there was a guide bank to direct the flow into
hydroelectric station and separate Al Tharthar Regulator from Samarra Barrage. In the basic
design of Samarra-Al Tharthar System there supposed to set up a barrage to guide the flow and
separate Al Tharthar Regulator from Samarra Barrage. The guide bank closes the small dyke
channel and determines the direction of the Tigris and the section that feeds the flow of flood to
Al Tharthar Regulator. At that time, the guide bank was not build, as shown in Fig.3

3.3 Suggested New Expansion Regulator

It is expected that there will be flood of 500-year return period upstream Samarra Barrage
with a discharge of 15060 m®/s. For this reason, the Ministry of Water Resources decided to
expand the capacity of Al Tharthar canal to attain the maximum benefit of this project by
controlling flood of Tigris River. Expanding Al Tharthar Regulator is a suggestion made by the
Alphurate Center for the Study and Designs Irrigation Facilities/ Ministry of Agriculture and
Irrigation in 1988. It was built near Al Tharthar Regulator that exists now. It passes a discharge
of 7000 m¥s. It consists of 28 openings about 396.6 m long and about 392.7 m away from Al-
Tharthar. In the case of its execution it would be with the same characteristics, Fig4.

4. MESH GENERATIONS

The finite element mesh was generated by using the SMS software package for the case
study of Samarra-Al Tharthar System. All regions in the domain were represented by two-
dimensional, depth-averaged elements. The mesh was built by using an adaptive tessellation
technique for triangular elements and a patch technique for rectangular ones; the mesh consists
of nodes, from which elements are generated. Each node in the mesh is described by an XYZ
coordinate system. The value of X and Y indicate the position of the node with respect to some
point of reference, while the Z value indicates the ground elevation (bathymetry) at that
particular node.

The finite element mesh was generated to represent the case of dry year as shown in
figure (5). Figures (6) and (7) represent the finite element mesh for the case of flood year.
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5. TOPOGRAPHY

Bathymetry data for the study site was collected in the form of XYZ coordinates by using
a Leica TC 600 total station ,Center of Studies and Engineering Designs/ Ministry of Water
Resources, 2013. In order to create a numerical model, information about the topography in the
study area is needed. The topography for the area upstream of Samarra-Al Tharthar System was
surveyed in advance with a total station by the Ministry of Water Resource. From this survey,
around 3583 scatter points were obtained with X, y, and z-coordinates. For the pre-construction
situation, these points were simply converted into contour lines by using the scatter module
within SMS as can be seen in Fig.8

6. INPUT PARAMETERS AND BOUNDARY CONDITIONS

In order to receive reliable results from the RMA2 computations, input parameter values
have to be properly assigned. The input parameters in this model include the upstream boundary
conditions (flow from river 1, flow from river 2, and flow from river 3), as shown is Fig.9, the
downstream boundary condition (water surface elevation at Samarra Barrage and outflow at Al
Tharthar Regulator), Manning’s roughness coefficient, n, and the eddy viscosity, E, as was
previously mentioned.

A summary of the boundary condition for dry and flood seasons is shown in Tables 1.
and (2), respectively. Discharge rates were recorded by the National Center for Water Resources
Management in the case of dry season. The water surface elevation was considered as 67.4
m.a.m.s.l. at Al Tharthar Regulator as an operation water level upstream of the control structures
in all scenarios for dry year and 69 m.a.m.s.l. for flood year.

7. SCENARIOS OF THE SYSTEM
The study was divided into three main categories according to inflow as:

A- Dry season.
B- Flood season with discharges of 10400 and 11400 m®/s according to actual situation.
C- Flood season with a discharge of 15060 m®/s, according to 500-year return period flood.

The adopted treatments for each of the above categories are based on the following items:

1. Dredging of the channel and total or partial dredging of the island upstream of Al Tharthar
Regulator to elevation 60 m.a.m.s.l. for the island area and a level of 62 m.a.m.s.l. for Al
Tharthar channel, or without dredging.

2. Constructing a Guide Bank.

3. Constructing the expansion of Al Tharthar Regulator.

The first category consists of four cases that were based on the release from the control
structures. Then they were identified as Samarra Barrage only, Samarra Barrage with Al
Tharthar Regulator, Samarra Barrage with hydroelectric station, and Samarra Barrage with both
hydroelectric station and Al Tharthar Regulator.

8. RESULTS AND DISCUSSIONS

In this research, the flow of Tigris River upstream the system was simulated by using a
mathematical model RMA2 within SMS10.1 system for dry and flood seasons and because the
results of the model are in the form of a digital map it was not possible to present the maps of all
scenarios that were used in the mathematical simulation. So, it the result of one of the scenarios
will be presented in the dry season and in the case of operating hydroelectric station, Samarra
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Barrage and Al Tharthar Regulator, and operating the system in the existing situation with a
discharge of 492 m?/s.

The distribution of the velocities in the study area was identified as a digital contour map
as shown in Fig. 10 and 11. It is obvious that the flow velocity upstream of Samarra Barrage
ranges between 0 and 0.3 m/s while the flow velocity upstream of Al Tharthar Regulator is close
to zero because of the lack of discharge that passes from Al Tharthar Regulator. When
constructing the guide bank the flow will be directed towards the hydroelectric power station and
Samarra Barrage.

On the other hand, the results of the flood season presented to pass the flood peak with a
discharge of 15060 m®s for a return period of 500 years when constructing the expansion of Al
Tharthar Regulator with a capacity of 7000 m%/s. Fig. 12. shows the distribution of velocity for
four cases ranging between 0 and 0.75 m/s upstream of Al Tharthar Regulator and 0 to 1.5 m/s
upstream of Samarra Barrage in the existing situation. Table3. shows that the water depth ranges
between 14 and 17 m upstream of Al Tharthar Regulator and reaches 20.4 m upstream of
Samarra Barrage.

Fig. 13 shows the water levels for four operational cases; the water surface elevation
upstream of Samarra Barrage would be 68.5 and 68.9 in case of island and canal dredging and in
case of constructing the guide bank¢ and island and canal dredging upstream of Al Tharthar
Regulator. Thus, flow over will happen and the level of water surface reaches 78.4 and 79.19 m
for the two other cases as shown in Table4.

9. CONCLUSIONS

The maximum permissible discharge through the system is 8250 m*/s while the discharge
from Samarra Barrage is 2400 m*/s. Guide bank improves the flow towards the hydroelectric
station and Samarra Barrage. When operating the system with a discharge of 15060 m*/s and
constructing new Al Tharthar Regulator expansion capacity of 4000 m®s, water surface
elevation will be higher than the allowable limit by 1.51, 0.70, 3.70, and 0.60 m upstream
Samarra Barrage for all cases overtopping and overtopping will occur. While operating the
system with a discharge of 15060 m*/s and constructing new Al Tharthar Regulator expansion
capacity of 7000 m®/s, water surface elevation will be lower than the allowable limit by 0.50 and
0.10 m upstream Samarra Barrage in case of dredging the island and channel and constructing a
guide bank with dredging the island and channel upstream Al Tharthar Regulator consequently.
Water surface elevation will be higher than the allowable limit by 9.40 and 4.19 m upstream
Samarra Barrage in other cases and overtopping will occur. The expansion regulator of 7000
m®/s is the solution for the 500-years return period flood since the water level upstream of
Samarra Barrage is within the maximum allowable limit of 69 m.a.m.s.l.
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A- Layout of Head Works of Samarra Barrage as it was planned.
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B- Layout of head works of Samarra Barrage as it was built.

Figure 1. Layout of head works of Samarra Barrage, General Establishment of Dams and
Reservoirs, Unpublished Report, Baghdad. Ministry of Water Resources,2003.
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Figure 2. Satellite image of Samarra-Al Tharthar System.
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Figure 3. Layout of the future guide bank, Wadi Tharthar Project by Coode and Partners S.W.T,
1954,
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Figure 4. Layout of the expansion of Al Tharthar Regulator. Alphurate Center for the Study and
designs irrigation facilities,1988.
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A- Without construction of guide bank . B- With construction of guide bank.

Figure 5. Finite elements of the type adaptive tessellation in the mathematical model of the
study area for actual situation in dry year.

A- Without construction of guide bank B- With construction of guide bank

Figure 6. Finite elements of the type adaptive tessellation in the mathematical model of the
study area for actual situation with discharge 15060 m3/s, with new expansion of Al Tharthar
Regulator for 4000 m¥s.
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A- Without construction of guide bank B- With construction of guide bank

Figure 7. Finite elements of the type adaptive tessellation in the mathematical model of the
study area for actual situation with discharge 15060 m?3/s, with new expansion of Al Tharthar
Regulator for 7000 m¥s.
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Mesh Module elevation

Figure8. Digital elevation model (DEM) of Samarra Tharthar system, Center of studies and Engineering Designs/ Ministry of Water
Resources(2013).
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B. Layout input parameters at flood year

Figure 9. Layout of boundary conditions for the study area.

Table 1. Input parameters and boundary conditions for dry year.

Water
Al
. . . level at
. River 1, | River2, | River3, | Tharthar
Operation case 3 3 3 Samarra
(m°/s) (m°/s) (m°/s) Regulator, B
3 arrage,
(m?°/s)
(m)
Samarra Barrage 193 289 10
Samarra Barrage with 193 289 10
hydroelectric station
Samarra Barrage with Al 67.4
Tharthar Regulator 193 289 10 72
Samarra Barrage with
hydroelectric station and 193 289 10 72
Al Tharthar Regulator

Table 2. Input parameters and boundary conditions for flood year.

Inlet Water level at New Al Water level at
Discharge . Al Tharthar Tharthar
LS Discharge, Samarra Barrage,
combination (m¥s) Regulator, Regulator, (m¥s)
(m) (m’s)
10400 10400 W.L
11400 11400 2400
W.L
15060 15060 3660
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Figure 10. Velocity distribution upstream of Samarra-Al Tharthar system for first scenario in case existing situation.
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Figure 11. Velocity distribution upstream of Samarra-Al Tharthar system for first scenario in case existing situation with guide bank.

55



Number 4 Volume

Mesh Module § ehecity mag

9

1- Existing situation
Mesh Modale velocity mag

s

T

23 April 2017 Journal of Engineering

Vesh Module vebseity ming

°M

Qj’}'"‘""“'“'*“"

{

jitret g

Bl

2- Existing situation with dredging channel and island

Figure 12. Distribution of velocities upstream of Samarra-Al Tharthar system for third scenario with discharge of 15060 m*/s and new
expansion Regulator of 7000 m?s.
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Figure 13. Water surface elevation upstream of Samarra-Al Tharthar system for third scenario.
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Table 3. Summary of the RMA-2 software results of velocity distribution and water depth for
Samarra-Al Tharthar System of the adopted cases in the third scenario with a discharge of

23 April Journal of Engineering

15060 m*/s.
Upstream
Upstream P Exppansion of
Al Tharthar
case Samarra Barrage Regulator Al Tharthar
Regulator
Velocity, m/s
Depth of water, m
o 0.00-0.75 0.50-1.50 0.50-0.80
Existing situation 20.40 14.00-17.00 15.60
Existing situation with 0.17-0.80 0.50-1.50 2.00-2.40
channel and island dredging. 10.00-10.50 5.50-7.40 6.25
Constructing of future guide 0.14-1.50 2.00-7.40 1.00-1.16
bank 10.00-15.00 2.00-10.00 8.00-10.00
Constructing of future guide 0.20-1.00 1.00-5.00 1.40-2.00
f’:}gﬁd dredging channel and 7.50-11.00 4.00-8.00 4.00-6.00

Table 4. Summary of the RMA-2 software results of water surface elevation for Samarra-Al
Tharthar System of the adopted cases in the 3™ scenario with a discharge of 15060 m*/s for
new regulator of capacity 4000 and 7000 m®/s.

Capacity of Water surface elevation, m.a.m.s.l.
S Description the new Upstream New | Upstream Al | Upstream
regulgator, Al Tharthar Tharthar Samarra
m°/s Regulator Regulator Barrage
3-5 | Existing situation 78.30 78.26 78.40
Existing situation
3-6 | with dredging 66.90 67.10 68.50
channel and Island.
Constructing of 7000
3-7 future guide bank 70.95 69.00 73.19
Constructing of
future guide bank
3-8 with dredging 67.10 66.60 68.90
channel and Island
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Rotating Ceramic Water Filter Discs System for Water Filtration
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ABSTRACT

T his work aimed to design, construct and operate a new laboratory scale water filtration
system. This system was used to examine the efficiency of two ceramic filter discs as a medium
for water filtration. These filters were made from two different ceramic mixtures of local red
clay, sawdust, and water. The filtration system was designed with two rotating interfered

modules of these filters. Rotating these modules generates shear force between water and the
surfaces of filter discs of the filtration modules that works to reduce thickness of layer of rejected
materials on the filters surfaces. Each module consists of seven filtration units and each unit
consists of two ceramic filter discs.

The average measured hydraulic conductivity of the first module was 13.7mm/day and that
for the second module was 50mm/day. Results showed that the water filtration system can be
operated continuously with a constant flow rate and the filtration process was controlled by a
skin thin layer of rejected materials. The ceramic water filters of both filtration modules have
high removal efficiency of total suspended solids up to 100% and of turbidity up to 99.94%.

Key words: ceramic filters, filtration system, water filtration, water purification.
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1. INTRODUCTION

Availability of fresh and safe water for human consumptions is becoming scarce due to the
increasing population, deficit in water sources, and contaminations being released into these
sources. Governments, several civilian community organizations, universities, scientific research
centers, and other institutions are working to get rid of these problems by supporting studies,
researches, and activities in the fields of improving the water quality and increasing the water
uses efficiencies. One of the fields of concerns is to supply safe water with low cost systems.

Ceramic is one of the common materials that had been used to produce water filters for a safe
drinking water. The ceramic filters offer many advantages over other filters made of other
materials. The ceramic filters are efficient in raw water filtration, of low cost, environmentally
friendly, and a simple technology is needed to produce them.

Many studies and researches were performed on ceramic filters to improve the water quality
by using and developing different mixtures and techniques to increase the efficiency of removing
the suspended materials. Jassim, 2010, studied the evolution of water purifier cartridge made
from Iraqi local ceramic materials. The main conclusion of this study was that all of the tested
ceramic filters produced using four types of additives have excellent removal efficiencies of
suspended materials and have good efficiencies in adsorption of some cations and anions. Musa,
2010, studied the performance of ceramic water filters made from selected two types of clays,
sawdust and water for point-of-use. A linear relation between filters porosity and the percentage
of the added sawdust was obtained. A quadratic relation was found between the percolation rate
of water and the filters porosity. Moreover, a nonlinear polynomial relation of third degree was
obtained between the percolation rate and the filters thickness. The results of the study showed
that the filters made of both clay types have good removal efficiency of turbidity and total
coliform. Plappally, et. al, 2011, conducted a field study on the use of ceramic water filters of
frustum shaped and influences on the general health. These filters were made from different
percent of local clay and sawdust. The results showed that the filters made from the mix ratio of
clay: sawdust of 50:50 by volume has better efficiency in microbial filtration and better field
service than the other ratios. In laboratory part of a study on the hydraulic performance ceramic
pot water filters, Peabody, 2012, tested the comparison of hydraulic properties of the Filter Pure
(FP) and Potters for Peace (PFP) ceramic pot filters. The FP filters was made from a mixture of
clay, sawdust, water, and colloidal Silver. The PEP filter was made from the same mixture of the
filter FP except of colloidal silver which was used as coated layer on the surface of PEP filter.
The results showed that the filter FP has hydraulic performance better than the PEP filter. In the
study of Sharhan, 2013, ceramic filter discs were produced from different Iragi local materials
to test their hydraulic performance. A laboratory scale bioreactor for municipal wastewater
treatment with rotating ceramic discs was designed and constructed in order to examine the
quality of water filtrated by using these ceramic discs. The obtained results showed that the
mixture of red clay soil and sawdust as an additive has a maximum hydraulic conductivity over
other additives. The results indicated that the bioreactor system can be used efficiently to treat
municipal wastewater. The removal efficiency of the bioreactor system was related inversely to
the hydraulic conductivity of the ceramic filters and was proportionally related to the hydraulic
detention time. Subriyer, 2013, studied the treatment of domestic water using ceramic filter
made from natural clay, fly-ash, and iron powder. In this study, the content of heavy metal in
water was minimized by using a simple method of filtration technology. The analysis showed
that the filtration system has good ability to decrease dissolved solids in permeates. It was found
that the flow rate has no significant influence on the reduction of dissolved solids. The study
showed that these filters have high efficiency in producing good quality of permeate due to
removing the iron and zinc by more than 99% and 96% respectively. Yakub, et. al, 2013,
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conducted the research on the filtration characteristics of frustum-shaped ceramic water filters.
These filters were made from red clay and sawdust in three different proportions by volume. It
was found that filters produced with 50% of sawdust have an optimum flow rate and high
efficiency of E. coli removal. The study concluded that the filtration efficiency did not change
significantly with volume fraction of sawdust. Moreover, the removal of E. coli was referred in
general to the geometrical clogging resulted by micro-pores and totally may be by a high
adsorption due to the increasing of tortuosity. Zair, 2013, carried out a research on development
of the performance of ceramic candle filters for water purification using mixing of different
percent of Iragi locally materials. It was found that the filters made from a mixture by weight of
25% activated kaolin clay, 35% coal, and 40% porcelanite have good performance of water
purification. Abiriga, and Kinyera, 2014, studied the purification of water by ceramic filters in
double filtration system. The ceramic filters were made from different mixes of ball clay,
hardwood sawdust and grog. This filtration system has two ceramic disc fixed one over other
with a specified distance between them. The results showed that the double filtration discs
produced from mix ratios 5:1:2 and 4:2:1 by volume of clay, sawdust, and grog respectively for
each have best efficiency of E. coli removal.

The above mentioned studies are some examples and there are many other studies that
encourage efforts for more studies to develop new ceramic filter having different geometric
shapes with high performance in purifying of water and to apply new design of water filtration
systems that use this type of filtration material.

Generally, this study aims to produce two different ceramic filters with a disc shape
manufactured from local materials. These disc filters are assembled to form two different
filtration modules that are used in a designed and constructed laboratory scale water filtration
system. The modules filters are rotated within the system to reduce accumulation of rejected
materials on the surfaces of the filters.

2. CERAMIC FILTERS MODULES

Two different ceramic filters modules were prepared, FM1 and FM2. Each module consists of
fourteen ceramic disc filters. Ceramic filter discs in each module have approximately the same
properties. The filters used in these two modules were produced from two mixtures of local raw
materials. These mixtures have different ratios of red clay, and sawdust as an additive. The ratios
of the raw materials in addition to the pressure used to form these discs and the firing
temperature are the key parameters that affect the filtration properties of the filters. Table.1
presents the ratios of raw materials used in each mixture, in which all the presented ratios are by
weight. The percentage of water added to the mixtures was 10% by weight. Semi dry pressing
method was used to form the disc shape of these filters. Details of this method can be found in
Hammer, 1975. A special steel mold was used and press pressures of 40, and 20MPa were
applied to prepare the ceramic filters of FM1 and FM2, respectively. The mold was designed to
produce ceramic filters of 12cm in diameter and a thickness of 2.5mm. The ceramic filters were
fired inside a programmable electrical kiln according to a time schedule program of firing. The
final firing temperature of 1070°C was used to produce both filters discs. This firing temperature
was found suitable to give efficient filter disc, Sharhan, 2013. Fig. 1 shows samples of the
produced ceramic filters discs. Each of the filtration module, Fig. 2, consists of seven ceramic
filter units. The filter unit is constructed from two discs separated by PVC ring of 3mm width as
shown in Fig. 3. A pipe with holes at each filter unit is used to fix these units and to collect the
filtered water from each unit. This pipe is of 20mm outer diameter and 12mm inner diameter.

The produced ceramic filters of the two modules were tested for their hydraulic conductivity
and are presented in Table 2. The measured hydraulic conductivity of the filters of FM1 ranged
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between 10 and 17mm/day with an average of 13.7mm/day. The hydraulic conductivity of FM2
ranged between 46 and 55mm/day with an average of 50mm/day.

3. WATER FILTRATION SYSTEM

A laboratory scale water filtration system was prepared by using the ceramic filter modules.
Fig. 4 shows a schematic diagram of this system and Fig. 5 shows the filtration system installed
in the laboratory. The system consists of a storage tanks, filtration tank, two ceramic filtration
modules, backwash tank, two treated water storage tanks, peristaltic pump, and an electrical
control board. All units are fixed on a steel frame of three floors. The dimensions of the storage
tank were 34cm width, 66cm length, and 34cm depth with 601 net volume. The tank is supplied
by raw water through a pipe of 12mm inner diameter located at the left hand side at a distance
2cm from the top edge of the tank. This pipe is controlled by an electrical float valve used to
preserve 30cm of raw water depth. This tank supplies raw water to the filtration tank. The
filtration tank is the main unit of filtration system that consists of the filtration modules. The tank
has the outer dimensions of 32cm width, 81cm length, and 52cm depth with 961 net volume. A
mechanical float valve was used to control the inflow to the filtration tank. Four submersible
water pumps were used to circulate raw water in order to prevent settling of the suspended
materials. A drain pipe of 50mm fixed at the bottom of filtration tank was controlled by a
mechanical valve to wash or empty the filtration tank and also used for taking samples. The two
ceramic filtration modules were installed inside the filtration tank in a way shown by Fig. 2.
The distance between the two filter modules is 75mm center to center with an interference of
about 20% between the surface areas of each of the filtration units of the two modules. A motor
is used to rotate these modules at rate of 15rpm. The reason behind rotating the ceramic filtration
modules is to provide a shear force between these discs by water filling the gap between the
filters. This force provides unsuitable environment for micro-organism growth and reduces the
thickness of the accumulated rejected materials by the filters. Backwashing with clear water is
necessary to remove the rejected material within and over the ceramic filter during operation.
The backwash tank has a square base of 32x32cm and a depth of 28cm with 201 net capacity.
Fresh water is supplied to this tank through an inlet pipe of 12mm diameter controlled by a
mechanical float valve. The backwash process is carried out by a pump that operates at a
maximum rate of 20l/min and a minimum rate of 8l/min. The filtration system was supplied by
two treated water storage tanks of 17.5cm width, 21cm length, and 16cm depth. The capacity of
each tank is 4l. Each tank receives treated water from one filtration modules. Each tank has a tap
of 12mm diameter that is used for water sampling. A peristaltic pump with two heads was used
to pump water from each filtration modules to the treated water storage tanks. The rotating speed
of this peristaltic pump is ranged between 60 and 600rpm. Four sizes of silicon tubes can be used
to pump water with a range vary between 6 and 180l/hr. Two pressure gauges were installed at
the section side of each head of the peristaltic pump.

3.1 Design of Experiment Runs

A total of twenty experiment runs was carried out by using raw water with five different total
suspended solids, TSS, concentrations. These experiments were grouped in five sets. Each set
consists of four experiments that were carried out with a specific concentration of TSS of the
water to be filtered by using the filtration system. The concentrations of TSS were 500, 1000,
3000, 5000, 7000 mg/l. These concentrations were achieved by adding red clay as weight
percentage to the volume inside the filtration tank. Properties of raw water that was used in the
experiments are summarized in Table 3. The first experiment run of each set was conducted
without using peristaltic pump and without using backwash. In this case, the water flows
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through the ceramic filters to the treated water storage tank by gravity. Other three experiments
were conducted by using peristaltic pump and backwash with different discharge and backwash
time.

The discharge of the peristaltic pump in the second to the fourth experiments of each set is
selected to be one and half, three and six times the higher value of the steady state flow rate
obtained from the two modules.

A total of thirty tests of temperature, pH, electrical conductivity, turbidity, total dissolved
solids and total suspended solids of raw water were carried out before starting each set of
experiment run. Four hundred and eighty physical tests were carried out on the effluent of the
filtration system including turbidity and total suspended solids. One hundred and eighty negative
suction pressure readings of the two pressure gauges were recorded during all runs when using
the peristaltic pump. Sixty water flow rate measurements of treated effluent discharge were
carried out during experiment runs without using the peristaltic pump.

3.2 Water Filtration System Operation Procedure
Each set of experiments is executed according to the following procedure:

1. Tap water is filtrated before it was added to the storage tank by one-micron cotton filter.
Then, the filtration tank is filled with the filtered potable water via the storage tank.

2. The water filtration system is operated without using peristaltic pump and backwash pump.
The flow rate of treated filtrating water from each of the two filtration modules is measured
by volumetric test using graded vessel with time watch. The flow rate is measured every one
hour until reaching the steady state of flowing for each module. This run is too important in
order to be sure that all trapped air and probable residue of ceramic incineration have been
removed from filter pores.

3. The required concentration of TSS for raw water is prepared by adding a calculated amount
of red clay slurry to the filtered tap water inside the filtration tank. The slurry of the red clay
is prepared by adding amount of clay to about 15| of water in a container and is mixed well.
This slurry is then gradually added with a good mixing to the filtration tank.

4. The samples of raw water are collected by using clean plastic bottles. These samples are to
be tested for pH, EC, TSS, TDS, and turbidity.

5. The first experiment is carried out without using peristaltic pump and backwash pump. At
the beginning, the flow rate from each filtration module is measured volumetrically as water
flow by gravity. Then the flow rate is measured each hour of five hours running.

6. Samples of water filtered by each filtration module are collected from the treated water
storage tanks. These samples are to be tested for TSS and turbidity only. The temperature of
water is measured each time of the water samples collection.

7. All filtrated water during the experiment is continuously returned back to the storage tank in
order to maintain the concentration of raw water and the constant head in the filtration tank.

8. At the end of operation, the filtration tank is drained out and the accumulated rejected
materials on the filters are removed during the backwashing by using distilled water for a
duration of twelve seconds on and off for a period of half hour. Moreover, tap water is
poured gently on the outer faces of filters. Finally, the filtration tank is well cleaned by
potable water and is then completely drained.

9. The filtration tank is filled with tap water in the same way as in the first step mentioned
above. The water filtration system is then kept running without peristaltic pump by using tap
water. The effluent of filtration water from the modules was monitored until it reached the
steady state flow rate.
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10. The filtration system is operated with the use of peristaltic pump and backwash pump. The
flow rate of peristaltic pump is selected to be one and half of the maximum steady state flow
rate resulted from step number 9 mentioned above. The backwash pump is operated when
the negative suction pressure gauge reading being less than about -0.4bars and stop when the
reading of pressure becomes higher than -0.4bars. The system is kept running for five
continuous hours. Samples of filtrated water are collected from each of filtration modules to
be tested for TSS and turbidity t the starting time and at each hour of operation.

11. Steps 7 to 10 are then repeated two times. These represent experiment number three and
four. But in step number 10, the flow rate of the peristaltic pump is selected to be three and
six times the maximum steady state flow rate for experiment number three and four,
respectively.

4. RESULTS ANALYSIS

Tests results of the five sets of experiments are presented in Table 4 to Table 8 under
different concentration of TSS of 500, 1000, 3000, 5000, and 7000mg/l, respectively. The
calculated removal efficiencies during these experiments are presented in Table 9. Figs. 7 and 8
show the time variation of effluent of FM1 and FM2 during the first experiment of each set,
respectively. The relation between the steady state effluent of filtration modules and the used
TSS concentration during the first experiment of each set are presented in Fig. 9. The time
variation of suction pressure gauge readings of the two modules for all TSS of raw water that
were recorded during the experiments is presented in Figs. 10 to 15.

The steady state potable water flow rate of FM1 and FM2 when the filters are virgin was
125ml/min and 175ml/min, respectively. All other examined flow rates with potable water of
FM1 and FM2 during other experiments reach a steady state flow rate of 100ml/min and
150ml/min, respectively. These steady flow rates are achieved after approximately three hours of
the test start. This change in steady state flow rate is probably due to clogging of some pores
inside the body of the filter discs. The steady flow rate of FML1 is less than that of FM2 by about
29%. This is due to the use of less percentage of sawdust and high pressing pressure in the
production of FM1 compared to that of FM2.

In general, in all experiment with raw water of different concentrations of TSS, a thin layer of
rejected materials was formed on the surfaces of ceramic filters. This layer increased with time
until they reached a steady state thickness. This thickness is a function of the concentration of
TSS and the shear resulted between the filters units due to their rotation. This layer is controlling
the filtration process instead of the ceramic filters medium.

In the first experiment of all sets, the results showed that the effluent water from modules
FM1 and FM2 is decreasing gradually until it reached a steady state effluent rate. The rate of
this decrease and the value of the steady state depend on the concentration of the TSS of the
water being treated. The overall percentage of decrease in the effluent of modules FM1 and FM2
is 20% and 14%, respectively. The maximum percentage of this decrease is 28% and 19% for
FM1 and FM2, respectively, that was recorded during experiment with 7000mg/l TSS
concentration of raw water. While, its minimum value of 12% and 9% for FM1 and FM2,
respectively, which was recorded during the experiment with TSS concentration of 1000mg/I. It
is expected that the minimum decrease to be recorded when the concentration of TSS is 500mg/I,
which is during the first experiment of the first set. But in this experiment, the filter has never
been subjected to raw water before and the initial effluent rate was 125 and 175ml/min for FM1
and FM2, respectively. While in all other experiment, the initial effluent rate was 100 and
150ml/min for FM1 and FM2, respectively. This may explain why the minimum reduction in
the effluent rate was not in the first experiment of the first set. At the end of the first run of
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experiment of the first set, some of the pores of the filter media were clogged by the suspended
particles that cannot removed by backwashing and this clogging being permanent. In these
experiments, the steady state effluent rate is reached after approximately three hours. The values
of steady state effluent of FM1 were 100, 88, 83, 77, and 72ml/min that was recorded during the
first experiment of the five sets, respectively, and that for FM2 were 150, 136, 133, 128, and
122ml/min. The variation in values of the steady state effluent with the variation in the
concentration of TSS may be referred to the nature of formation of the thin layer of the rejected
materials on the filters surfaces. This formation depends on the concentration of the TSS and the
shear between the filter surfaces due to the rotation of filtration modules. As the concentration
of the TSS increased, the rate of accumulation of this layer is increased also, but the shear at the
filter surface attempts to reduce the thickness of this layer until a steady state relation between
the thickness formation and the shear is reached so that a specific thickness is achieved. This
specific thickness of the rejected material is proportionally related to the concentration of the
TSS.

In all experiments, the results showed that the values of TSS concentration and turbidity of
the effluent for both FM1 and FM2 start to decrease during all runs and then reach a constant
value. This may be referred to formation of the thin layer of rejected material on the surface of
the filters. The particles of this layer have smaller pores than that of the filter and are forming a
skin filter on the original filter media.

The overall average of TSS concentration of the effluent of FM1 is 1.3mg/l, while that for
FM2 is 1.2mg/l. This difference in TSS concentration between both modules FMland FM2 is
referred to the smaller pores of module FM1 compared to that of Module FM2 as a result of
using less percentage of sawdust and high press pressure in the production of FM1 compared to
that of FM2.

The maximum recorded value of the TSS concentration of the effluent of the both modules
FM1 and FM2 was 4mg/l that was recorded at the beginning of test number two of set number
one. This was expected during the first run of using the peristaltic pump with TSS concentration
of 500mg/I that forces fine particles to penetrate inside the filters pores at the beginning of this
run and cannot be removed by the subsequent backwash. No TSS concentration in the effluent of
FM1 and FM2 was recorded after three hour of test number four of set number one. This may be
due to temporarily clogging of more filter pores during the second and third runs and
accumulation of more fine partials on the surface of the filters.

The behavior of turbidity of effluent water is completely like that of TSS concentration for all
runs of all experiments sets because turbidity reflects the same index of total suspended solids in
the water. The turbidity of effluent water for both modules FM1 and FM2 is generally less than
5NTU. This turbidity is within the requirements of the Iraqi water quality and the world health
organization standard of turbidity in drinking water, WHO, 2004; Iraqi Central Organization
for Standardization and Quality Control, 2001.

The results of experiments showed that the ceramic water filters discs of both filtration
modules FM1 and FM2 have high removable efficiency of the TSS and turbidity. The range of
removal efficiency of TSS varies from 99.20% to 100% for filtration module FM1 and from
99.40% to 100% for filtration module FM2. The range of removal efficiency of turbidity was
from 97.12% to 99.94% for filtration module FM1 and from 97.70% to 99.94% for filtration
module FM2. These results indicated that the removal efficiencies of the two filtration modules
are approximately the same.

The negative gauge pressure measured at the suction side of the peristaltic pump was recorded
during each run of the experiment sets that were carried out with the peristaltic pump. The results
of these runs showed that the negative suction gauge pressure for modules FM1 and FM2 is
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decreased with time until it reaches a steady state value at about the third hour of running.
Moreover, the results showed that the suction pressure for both modules FM1 and FM2
decreased when increasing the discharge of peristaltic pump. The negative suction pressure for
both modules FM1 and FM2 was decreased with the increasing of TSS concentration of influent
raw water. The minimum value of negative suction gauge pressure was -0.52bar for FM1 and -
0.50bar for FM2 that were recorded during the second hour of run number four of experiments
set number five. The decreasing in the pressure with time is due to clogging of filter pores during
time with suspended solids of raw water and reaching the steady state suction pressure is due to
effect of the thin layer of the rejected materials on the filters surfaces that was kept at a final
constant thickness due to the action of the shear force.

Therefore, filters of module FM2 is better than of module FM1 because filters of module FM2
have hydraulic conductivity about three times greater than that of module FM1.

5. CONCLUSIONS
The salient issues obtained from this study to test the filtration efficiency of ceramic filter
discs by using the laboratory scale water filtration system are as follows:

1. The water filtration system showed excellent performance in water purification.

2. The water filtration system can be continuously operated with a constant flow rate.

3. A thin layer of rejected materials was formed on the surfaces of ceramic filters during all
runs. This thickness is a function of the concentration of TSS and the shear resulted
between the filters units due to their rotation.

4. The filtration by using water filtration system is controlled by a skin thin layer of rejected
materials which was formed during system operation.

5. When the FM1 and FM2 are virgin and when using potable water, the steady state effluent
was 125ml/min and 175ml/min, respectively. In all other experiments with potable water,
the examined effluent of flow of FM1 and FM2 reach a steady state of 100ml/min and
150ml/min, respectively.

6. The effluent water from modules FM1 and FM2 during the first experiment of all sets is
decreased gradually until it reached a steady state effluent rate. The rate of this decrease
and the value of the steady state depend on the concentration of the TSS of the water being
treated. The overall percentage of decrease in the effluent of modules FM1 and FM2 is
20% and 14%, respectively.

7. The maximum decreasing percentages in the effluent of the modules FM1 and FM2 was
28% and 19%, respectively, occurred at the first run of experiments set using 7000mg/I
TSS concentration of raw water.

8. The minimum percentages of decreasing the effluent of the modules FM1 and FM2 was
12% and 9%, respectively, occurred at the first run of experiments set using 1000mg/l TSS
concentration of raw water.

9. The overall average TSS concentration of the effluent of FM1 is 1.3mg/l, while that for
FM2 is 1.2mg/I.

10. The turbidity of effluent water for both modules FM1 and FM2 is within the requirements
of the WHO and Iraqi standards of turbidity in drinking water which is 5SNTU.

11. There is no significance difference of removal efficiencies of TSS and turbidity between
ceramic filter discs of both filtration modules. Therefore, from the hydraulic conductivity
point of view, the FM2 is better than FM1 because filters of module FM2 have hydraulic
conductivity about three times greater than that of module FM1.

12. The removal efficiencies of TSS and turbidity were increased with time during the
operation of water filtration system for both of filtration modules FM1 and FM2.
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13. The negative suction gauge pressure for both modules FM1 and FM2 was decreased with
increasing of the discharge of the peristaltic pump. As well as, the negative pressure for
both modules FM1 and FM2 was decreased by increasing of TSS concentration of the raw
water. The lower value of suction pressure was -0.52bar for FM1 and -0.50bar for FM2
occurred at the second hour of run number four of experiments set number five.
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Table 1. Different mixtures of red clay and sawdust.

Particle size of

i 0 0
Filters Set Red Clay, % Sawdust, % sawdust, um
S1 95 5
52 925 75 75-42
Table 2. Measured hydraulic conductivity of the filtration modules
Filtration module FM1 Filtration module FM2
Hydraulic Hydraulic
Filter Ceramic conductivity Filter Ceramic conductivity
unit no filter disc mm/day unit no filter disc mm/day
’ no. Ceramic | Filter ' no. Ceramic | Filter
disc unit disc unit
1 13 1 52
1 5 12 135 1 > 8 50
3 15 3 52
2 n B 14 2 1 28 50
5 17 5 53
3 5 10 13.5 3 6 6 49.5
7 14 7 55
4 p 12 14 4 8 6 50.5
9 14 9 50
> 10 14 14 > 10 50 >0
11 14 11 50
6 B 13 13.5 6 12 50 50
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13 16 13 50
! 14 11 135 ! 14 50 50
Mean hydraulic conductivity 13.7 Mean hydraulic conductivity 50
Table 3. Physical properties of raw water used for water filtration system tests.
TSS TDS Turbidity EC H Temperature
Run set no. mg/l mg/I NTU ps/cm P °C
1 500 524 174 874 8.42 20
2 1000 554 326 924 8.30 16
3 3000 562 1235 936 8.27 16
4 5000 610 1751 1017 8.12 15
5 7000 652 3194 1086 7.85 15
Table 4. The results of water filtration system tests with TSS concentration of 500mg/I.
Raw water Effluent water
> % o ® - .
= S c o Turbidity TSS discharge
T2 | c g = ;
s | oS = 5| E NTU mg/l ml/min .
SZ | FE x @ Suction
= FM1 | FM2 | FM1 | FM2 | FM1 | FM2 pressure
o 0 4 4 3 | 3 | 125 | 175 bar
= 0 1 4 3 3 2 122 171
SSE |1 2 3 2 2 1 | 118 | 165
2 g 2 3 2 2 1 1 112 | 159
= 4 2 2 1 1 100 150
= 5 2 2 1 1 100 150 FML | FM2
0 5 5 4 4 0 0
1 3 3 2 2 -0.04 | -0.01
2 2 2 2 1 1 263 -0.07 | -0.01
3 2 2 1 1 -0.08 | -0.02
o 4 2 2 1 1 -0.08 | -0.02
174 | s00 | S 5 | 2 | 2 | 1 | 1 20.08 | -0.02
o 0 3 3 2 2 0 0
‘_E 1 3 3 2 2 -0.11 | -0.05
2 2 2 2 1 1 -0.12 | -0.06
8 3 3 2 2 1 1 450 -0.13 | -0.07
= 4 2 2 1 1 -0.13 | -0.07
3 5 2 2 1 1 -0.13 | -0.07
= 0 2 2 1 1 0 0
= 1 2 2 1 1 0.2 | 0.5
2 2 2 1 1 -0.23 | -0.18
4 3 1 1 0 0 900 -0.25 | -0.2
4 1 1 0 0 -0.25 | -0.2
5 1 1 0 0 -0.25 | -0.2
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Table 5. The results of water filtration system tests with TSS concentration of 2000mg/I.

Raw water ® Effluent water
_%‘ I 2 e _ | Turbidity TSS Discharge
S E 2> < 5 e < NTU mg/I ml/min
sz|F S X o Suction
2 FM1 | FM2 | FM1 | FM2 | FM1 | FM2 pressure
Lo 0 2 2 1 1 100 | 150 bar
= % 1 2 2 1 1 08 | 147
Ze| . 2 2 2 1 1 94 142
0 =
o 3 2 2 1 1 88 136
= L
£ 4 2 2 1 1 88 136
g 5 2 2 1 1 88 | 136 | "ML | FM2
0 2 2 1 1 0 0
1 2 2 1 1 -0.06 | -0.01
2 2 2 1 1 -0.08 | -0.03
2 3 2 2 1 1 225 -0.10 | -0.05
o 4 2 2 1 1 -0.10 | -0.05
£ 5 2 2 1 1 -0.10 | -0.05
>
326 | 1000 2 5 3 3 > > 5 5
= 1 3 3 2 2 -0.14 | -01
B 2 3 2 2 1 -0.16 | -0.13
8 3 3 2 2 1 1 450 -0.18 | -0.16
g 4 2 2 1 1 2018 | -0.16
3 5 2 2 1 1 -0.18 | -0.16
-*g 0 4 3 3 2 0 0
1 4 3 3 2 022 | -017
2 3 3 2 2 027 | -0.22
4 3 3 2 2 1 900 -0.28 | -0.26
4 2 2 1 1 -0.28 | -0.26
5 2 2 1 1 -0.28 | -0.26
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Table 6. The results of water filtration system tests with TSS concentration of 3000mg/I.
Raw water Effluent water
> 2 | g L .
£ S S | € £ | Turbidity TSS Discharge
=] 0n c = .
=SE |0 D S | = NTU mg/l mi/min _
£z |FE| & o Suction
= FM1 | FM2 | FM1 | FM2 | FM1 | FM2 pressure
_a 0 3 3 2 2 | 100 | 150 bar
= £ 1 3 3 2 2 96 | 145
2o | 1 [ 2 2 2 1 1 | 90 | 139
5 4=
o3 3 2 2 1 1 83 | 133
-: .2 133
= 4 2 2 1 1 | 83
= 5 2 2 1 1 | 83 | 133 | "ML | FM2
0 2 2 1 1 0 0
1 2 2 1 1 -0.07 | -0.03
) | 2 2 [ 2 [ 11 205 -0.09 | -0.04
3 2 2 1 1 -0.11 | -0.06
o 4 2 2 1 1 -0.11 | -0.06
1235 | 3000 | E 5 2 2 1 1 -0.11 | -0.06
2 0 2 2 1 1 0 0
= 1 2 2 1 1 -0.17 | -0.14
B 2 2 2 1 1 -0.18 | -0.15
= 3
% 3 2 2 1 1 450 -0.19 | -0.17
= 4 2 2 1 1 -0.19 | -0.17
_z 5 2 2 1 1 -0.19 | -0.17
-‘g 0 2 2 1 1 0 0
1 2 2 1 1 -0.31 | -0.29
2 2 2 1 1 -0. -0.32
4 900 035 | -03
3 2 2 1 1 -0.35 | -0.32
4 2 2 1 1 -0.35 | -0.32
5 2 2 1 1 -0.35 | -0.32
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Table 7. The results of water filtration system tests with TSS concentration of 5000mg/I.

Raw water Effluent water
[«B] .
?D S E g = | Turbidity TSS Discharge
2 A S |3|F NTU mg/I ml/min
'g E (l,—3 S T @ J Suction
= FM1 | FM2 | FM1 | FM2 | FM1 | FM2 pressure
_a 0 4 3 3 2 | 100 | 150 bar
= % 1 2 2 1 1 89 | 139
; o1 2 2 2 1 1 83 | 133
oF 3 2 2 1 1 77 | 128
£2 4 2 2 1 1 77 | 128
=
g 5 2 2 1 1 | 77 | 128 | "ML | FM2
0 4 4 3 3 0 0
1 3 3 2 2 0.1 | -0.07
9 2 2 2 1 1 2or -0.12 | -0.08
3 2 2 1 1 014 | -0.11
o 4 2 2 1 1 -0.14 | -0.11
1751 | 5000 | E 5 2 2 1 1 014 | -0.11
o 0 3 3 2 2 0 0
= 1 2 2 1 1 -0.20 | -0.18
2 3 2 2 2 1 1 -0.21 | -0.19
8 3 2 2 1 1 450 -0.22 | -0.20
§ 4 2 2 1 1 0.22 | -0.20
3 5 2 2 1 1 -0.22 | -0.20
-‘g 0 3 2 2 1 0 0
1 3 2 2 1 -0.34 | -0.32
4 2 2 2 1 1 900 -0.36 | -0.34
3 2 2 1 1 -0.36 | -0.34
4 2 2 1 1 -0.36 | -0.34
5 2 2 1 1 -0.36 | -0.34
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Table 8. The results of water filtration system tests with TSS concentration of 7000mg/I.

Raw water Effluent water
[«D) .
> 3 2 e | Turbidity TSS discharge
22198 5 |S|E~ NTU mg/l ml/min
sz |FE| g | @ Suction
- FM1 | FM2 | FM1 | FM2 | FM1 | FM2 pressure
_ 0 4 3 3 2 | 100 | 150 bar
o £ 1 3 3 2 2 83 133
Z2S| 1] 2 3 2 2 1 77 128
52 3 2 2 1 1 72 122
£Z 4 2 2 1 1 72 122 | Lo | e
=3 5 2 2 1 1 72 | 122
0 3 3 2 2 0 0
1 3 3 2 2 02 | -017
5| 2 2 2 1 1 - 024 | -0.21
3 2 2 1 1 0.25 | -0.22
o 4 2 2 1 1 -0.25 | -0.22
3194 | 7000 | E 5 2 2 1 1 025 | -0.22
e 0 3 3 2 2 0 0
= 1 3 2 2 1 -0.30 | -0.28
K% 2 3 2 2 1 -0.32 | -0.30
% 3 2 2 1 1 50 0.32 | -0.30
= 4 2 2 1 1 -0.32 | -0.30
2 5 2 2 1 1 -0.32 | -0.30
-‘g 0 3 2 2 1 0 0
1 3 2 2 1 -0.47 | -0.45
2 2 2 1 1 052 | -05
4
3 2 2 1 1 900 052 | -05
4 2 2 1 1 052 | -05
5 2 2 1 1 052 | -05
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Table 9. Removal efficiency of TSS and Turbidity from raw water by using filtration modules

FM1 and FM2.
Raw water s | S o Removal efficiency% Removal efficiency%
c |52 idi
TsS Turbidity c f_,f _§ § of TSS of Turbidity
mg/l NTU x | E Max. | Min. Ave. Max. Min. Ave.
1 FM1 99.80 99.40 99.60 98.85 97.70 98.28
FM2 99.80 99.40 99.60 98.85 97.70 98.28
9 FM1 99.80 99.20 99.50 98.85 97.12 97.99
500 174 FM2 99.80 99.60 99.70 98.85 98.28 98.57
3 FM1 99.80 99.60 99.70 98.85 98.28 98.57
FM2 99.80 99.60 99.70 98.85 98.28 98.57
4 FM1 100 99.80 99.90 99.43 98.85 99.14
FM2 100 99.80 99.90 99.43 98.85 99.14
1 FM1 99.90 99.90 99.90 99.39 99.39 99.39
FM2 99.90 99.90 99.90 99.39 99.39 99.39
5 FM1 99.90 99.90 99.90 99.39 99.39 99.39
1000 326 FM2 99.90 99.90 99.90 99.39 99.39 99.39
3 FM1 99.90 99.80 99.70 99.39 99.10 99.25
FM2 99.90 99.80 99.70 99.39 99.10 99.25
4 FM1 99.90 99.70 99.80 99.39 98.77 99.08
FM2 99.90 99.80 99.70 99.39 99.10 99.25
1 FM1 99.97 99.93 99.95 99.84 99.76 99.80
FM2 99.97 99.93 99.95 99.84 99.76 99.80
5 FM1 99.97 99.97 99.97 99.84 99.84 99.84
3000 1235 FM2 99.97 99.97 99.97 99.84 99.84 99.84
3 FM1 99.97 99.97 99.97 99.84 99.84 99.84
FM2 99.97 99.97 99.97 99.84 99.84 99.84
4 FM1 99.97 99.97 99.97 99.84 99.84 99.84
FM2 99.97 99.97 99.97 99.84 99.84 99.84
1 FM1 99.98 99.94 99.96 99.90 99.80 99.85
FM2 99,98 99.96 99.97 99.90 99.83 99.87
9 FM1 99.98 99.94 99.96 99.90 99.80 99.85
5000 1751 FM2 99.98 99.94 99.96 99.90 99.80 99.85
3 FM1 99.98 99.96 99.97 99.90 99.83 99.87
FM2 99.98 99.96 99.97 99.90 99.83 99.87
4 FM1 99.98 99.96 99.97 99.90 99.83 99.87
FM2 99.98 99.98 99.98 99.90 99.90 99.90
1 FM1 99.99 99.96 99.98 99.94 99.87 99.91
FM2 99.99 99.97 99.98 99.94 99.91 99.93
5 FM1 99.99 99.97 99.98 99.94 99.91 99.93
2000 3194 FM2 99.99 99.97 99.98 99.94 99.91 99.93
3 FM1 99.99 99.97 99.98 99.94 99.91 99.93
FM2 99.99 99.97 99.98 99.94 99.91 99.93
4 FM1 99.99 99.97 99.98 99.94 99.91 99.93
FM2 99.99 99.99 99.99 99.94 99.94 99.94
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Figure 11. Comparison of time variation of the suction pressure gauge reading of FM2, discharge
of peristaltic pump= 225ml/min except for TSS= 500mg/l was = 263ml/min.
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Figure 12. Comparison of time variation of the suction pressure gauge reading of FM1, discharge
of peristaltic pump= 450ml/min.
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ABSTRACT

A tungsten inert gas (TIG) welding is one of the most popular kinds of welding used to join

metals mainly for aluminum alloys. However, many challenges may be met with this kind of
joining process; these challenges arise from decay of mechanical properties of welded materials.
In the present study, an attempt was made to enhancing the mechanical properties of TIG weld
joint of 6061-T6 aluminum alloy by hardening the surfaces using shoot peening technique. To
optimize the shoot peening process three times of exposure (5, 10, and 15) min. was used. All
peened and unpeened, and welded and unwelded samples were characterized by metallographic
test to indicate the phase transformation and modification in microstructure occurring during
welding process. Tensile test and Vickers micro-hardness measurements were performed for all
samples to investigate the effect of shoot peening on mechanical properties of welded aluminum.
The results indicated a significant improvement in properties for peened welded and unwelded
samples compared with those unpeened one. Also, the results showed that the tensile and micro-
hardness properties were increased with increasing the time of exposure to 15 min. due to
generation of compressive residual stresses at surface.

Key words: shot peening, TIG welding, aluminum alloy 6061 -T6.
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1. INTRODUCTION

Aluminum alloys (Al6061) are preferred engineering material for many application in fields of
construction (building and high way construction), automobile, aerospace, and various high
performing components owing to their lower weight, excellent corrosion resistance, and high
thermal conductivity Kaufman, 1999, Narsimhachary, 2014. But when joining these materials,
there are many difficulties raised. These difficulties are associated with the high thermal
conductivity and high coefficient of thermal expansion of aluminum, the existence of tenacious
oxide layers, shrinkage, and high solubility of hydrogen in molten state Narsimhachary, 2014,
Nandan, 2010. In addition to, problems associated with phase transformation and softening of
the alloys due to heating during welding operation which results in reducing the mechanical
properties of alloys Kumar, et al., 2013. The welded joints are involved in wide range of
components and being used in critical load bearing structures. Therefore, it is important to study
techniques or methods that can alleviate these negative effects of welding process and enhance
the mechanical properties of welded components. One of these techniques is hardening the
surface by shot peening method. Shot peening is a metal working process in which small
spherical balls with velocities of 20-120 m/s are fired toward the surface of a part. Shot peening
is usually used to produce a continuous layer of compressive stress at the surface of parts
Salman, et al., 2015. The compressive stress produced by shot peening depends upon several
factors; material properties being shot peened, prior processing, and the specific peening
parameters (velocity, time exposure, ball diameter) Mehmood, and Hammouda, 2007.

Many papers were published in this field. The effects of surface hardening by shot peening on
fatigue properties for low carbon steel (1020 AISI) were studied by Abbass, 2008. She found a
significant improvement in the fatigue strength of shot peened welded parts. Similarly, Salman,
et al., 2015 investigated the mechanical properties for welded joint of aluminum alloy 6061 and
influence of shot peening of welded parts. Also, the modifying the surface of friction stir welded
7075 aluminum alloy samples by using laser peening and shot peening was analyzed by
Hatamleh, et al., 2007.

A TIG welding was used in present work to weld 6061 aluminum alloy specimens. TIG welding
is one of the most popular methods used to join metals mainly for aluminum alloys. With this
method the electric arc, created between a continuously fed filler wire electrode and the metal,
provides thermal energy to melt the work piece as well as the filler material Weman, 2003.

In this work, shot peening was used to introduce compressive residual stresses into TIG AA-
6061-T6. An attempt was involved in this study to optimize the shot peening parameters in order
to get the best enhancement of mechanical properties of welded AI6061 specimens. Hence,
varying time exposure (5, 10, and 15) was used for shot peening process. The mechanical
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properties (yield strength and elongation) of unpeened and shot peened TIG welded specimens
were investigated also in this work and compared to the base unpeened material.

2. EXPERIMENTAL WORK

2.1 Sample Preparation
The samples used for welding process were rectangular plates (100mmx50mm with a thickness

of 3mm) of aluminum alloy (Al6061-T6) and wire type ER4043 used as a filler, their chemical
compositions are shown in Table 1. The sample surface was peroxided by stainless steel brush
and whipped with acetone solution to remove scale, rust and dirt. Table 2 illustrates different
categories of used samples.

2.2 TIG Welding Process

Cleaned and brushed samples with dimension (100 x 50 x 3) mm were joined by using TIG
welding to yield butt joints TIG welding using ER4043 as filler metal and argon as shielding gas.
The other parameters were as follows: current 133A, flow rate 33 cfh, gap 1mm, filler diameter
3mm, voltage 20V. The welded samples were then inspected visually by using dye penetrating
and magnetic inspections. The inspections revealed there were no defects in welded samples.

2.3 Shot Peening Treatment

All specimens (welded and as received (unwelded samples)) were shot peened with steel ball
(1.25 mm mean diameter) for varying time (5, 10, and 15) min. The angle of nozzle inclination
was shifted by 10° with respect to vertical axis to avoid medium collision. A constant distance
about 120 mm was maintained between specimen and nozzle.

2.4 Tests and Inspection

2.4.1 Metallographic Practice

Metallographic samples with dimensions (30mm x 20mm x 3mm) were cut from the welded
sheets in perpendicular to the welding direction. The as-received and welded samples were
prepared by mounting, grinding, polishing and then etched to analyze the microstructure, and
observe the change in grain structure. Wet grinding was performed by emery paper of SiC with
particle size sequentially (320, 500, 800, 1000, and 1200) and water was used as a coolant and
lubricant to facilitate hand grinding. Polishing stage was carried out by using special polishing
cloth and diamond paste to obtain mirror polished surface. Finally, etching was performed by
immersing the prepared specimen in Keller's Reagent (15 ml HF, 45 ml HCI, 15ml HNO3 and 25
ml H,0) for (15-20 sec) and washing by water, then the samples were dried by exposing to
stream of warm air. Optical microscope was used to perform this test.

2.4.2 Micro-hardness Measurement

The micro-hardness of the samples was measured with a Vickers micro-hardometer model
(HVS-1000). The micro-hardness test was taken using an indentation load of 500 g for 15
seconds at different regions across the surface of the weld. In order to obtain a reliable statistical
data, the micro-hardness was evaluated by taking two indentations on each point and averaging
of these values.
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2.4.3 Tensile Test

The tensile properties for all samples were characterized by using Instron tensile testing machine
3710-016 according to ASTM 638. The orientation of the samples was with the weld in the
center of the sample and the load was applied perpendicular to the weld direction. A cross head
speed of 10 mm/min was used and all tests were performed at room temperature.

3. RESULTS AND DESCUSSION

3.1 Metallographic

Different regions of the weld were shown in Fig. 1, where 1-a illustrates the microstructure of
base metal. While, Fig. 1-b&c illustrate the microstructure of weld and the transition area for
base metal and weld zone. It is clear from Fig. 1 that the base metal consists of uniformly
distributed and equi-axed grains which are significantly coarser as compared with those of weld
zone. Also, it can be noticed that there are some precipitates, represented by dark particles, that
are spread uniformly in base metal and their amount are larger than those in weld zone. This may
explain the higher strength of base metal. Moreover, it can be shown the dendritic structure in
weld zone that may be attributed to the fast heating in welding process of base metal and fast
cooling for molten metal as it gets lesser time for solidification.

3.2 Micro-Hardness

Fig. 2 and Table 3 illustrate the micro-hardness measurement at different locations across the
weld zone. There are three areas in which micro-hardness values show significant change, the
weld zone; fusion boundary and heat affected zone (HAZ). The largest value of micro-hardness
was at base metal 90 HV. The lowest value was recorded at HAZ and weld center. As it moves
from the HAZ the micro-hardness values increase at fusion boundary and then return to decrease
at near and at weld line due to softening effects. Micro-hardness value varies at a range of 90 HV
to 56 HV from base metal to weld center. The variations in micro-hardness values may be
correlated to the microstructure developed after the welding process. The low level in micro-
hardness at base metal can be explained by coarsening grain size structure which reduces the
effect of precipitation elements. The higher value of micro-hardness at fusion boundary may be
attributed to recrystallization process occurring at this region due to high temperature during the
thermal cycle of the TIG welding which yielded fine grain size. Moreover, it may be due to
precipitation of intermetallic phase and thermal cycles. The same findings were observed by
Kumar, et al., 2013, and Abbass, at el., 2013. They reported that this variation in micro-
hardness values is due to phase transformation induced by fusion weld metal effect of heat input.

3.3 Tensile Properties

Fig. 3 and Table 4 summarize the results of tensile test for all samples. These results indicate that
the highest tensile properties was for unwelded samples (as received or peening treated sample)
as compared with other TIG weld samples in all cases. These are revealing that the effects of
softening occurred due to high temperature involved in welding process. The microstructure test
shows the phase transformation was taking place in weld zone. It is also observed that the
location of fracture was at or near the weld line. As reported previously Suzuki, and Hasegawa,
2007, there is relation between surface hardness and tensile properties, and it was clarified that
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the surface hardness is one of the main factors for determining the tensile, tensile, and fatigue
strength. Fig. 2 shows that the HAZ region and weld center have the lowest micro hardness area
because the recrystallization process occurs in this region due to high temperature and the
decreasing in participates particles left in the material. Hatamleh, et al., 2007, found the similar
results and reported in his article the effect of laser and shot peening on fatigue life that "this area
of the weld will be relatively ineffective in inhibiting dislocation motion and the strain
localization in the softened area of the weld will result in a degradation of the mechanical
properties".

On the other hand, an improvement in tensile strength and elongation was recognized with shot
peening treated samples in all conditions. Moreover, it is noticed that there is significant effect of
shot peening time on magnitude of this improvement in tensile and elongation properties. The
improving properties were increased with shot peening time 5 and 15 min. while decreased for
10 min. This variation may be caused by the quantity of residual compressive stress generated at
the surface and its values and distribution. Compared to tensile strength of unpeened samples of
about (300) MPa, the tensile strength of shot peened samples for 5, and 15 min was about (334
and 332) MPa respectively. The increase of about 11% was recognized. The same trend was
observed with TIG weld samples, where the tensile properties of shot peened TIG weld samples
exhibited higher values than unpeened TIG weld samples in all cases. The specimens processed
with shot peening indicated around 11.2% increase on average in tensile strength when
compared to the unpeened TIG weld samples. In the same manner, it is noticed also from the
results that the properties were changed as a result of changing the shot peening exposer time.
The tensile properties were enhanced in about 5.5 % with shot peening 15 min as compared with
(5 and 10) min.

4. CONCLUSIONS
It can be concluded from the results above the following points:
e Properties of weld zone are greatly affected by microstructure and softening effects.
e Shot peening is effective way to improve the properties of welded structures. It improved
the yield strength in about 11.2%.
e The effect of shot peening on the improvement of time exposure properties is apparent
and more obviously at time of 15 min and in lesser level at time 5 min.
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Table 1. Chemical Analysis of the used materials 6061 - T6 and Filer wire ER 4043.

Element Cr Cu Fe Mg Mn Si Ti
Measured Value 0.04-0.35 0.15-0.4 Max 0.7 | 0.8-1.2 | Max 0.15  0.4-0.8 | Max 0.15
Standard Value 0.25 0.35 0.55 1 0.15 0.4 0.12

Filer Metal 0.15 0.3 0.45 0.9 0.15 0.45 0.12

Table 2. Test samples classification

No.  Symbol Conditions

1 A. As received (unwelded samples)
2 Aq As received + shot peening 5 min.
3 A As received + shot peening 10 min
4 Az As received + shot peening 15 min
5 B. TIG Weld Process

6 B TIG Weld + shot peening 5 min
7 B, TIG Weld + shot peening 10 min
8 Bs TI1G Weld + shot peening 15 min

Table 3. Micro-hardness values across the TIG weld A6061-T6 sample.

Distance 12/ -112|/-120 9 -8 -7 -6 5| -4 -3]|-2] -1
Micro-hardness 90 88 | 73 | 66 | 57 | 56 ' 61 59 | 78 | 80 | 63 | 57
Value
Distance 1 2 3 4 5 6 7 8 9 10 | 11 | 12
Micro-hardness 66 | 75 | 74 | 56 | 58 | 61 | 65| 68 | 76 | 79 | 88 | &9
Value

Table 4. Tensile test results of all samples

Sample Yield Strength MPa Elongation %

A. 300 17

A; 334 21.7
A, 304 21.9
As 332 21.7
B. 140 7.2
B, 151 9.7
B> 150 9.3
Bs 158 12

85
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Figure 1. Microstructure of samples a- base metal, b- weld zone, c- base metal, HAZ, and weld
zone interface. (20X).
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ABSTRACT

Unsaturated polyester was used as a matrix which was filled with different percentages of
cobalt ferrite using hand lay-up method. Cobalt ferrite was synthesized using solid state ceramic
method with reagent of CoO and Fe,O3;. Mechanical properties such tensile strength, Young's
modulus and shore D hardness of the composite have been studied. All these properties have
increased by 10% with increasing cobalt ferrite contents. Also the thermal properties such
thermal conductivity and specific heat capacity are highly increased as the ferrite content
increased, while the thermal diffusivity increased by 22 %. On the other hand dielectric strength
of composite has been measured which increased by 50% by increasing the cobalt ferrite content.
Keywords: cobalt ferrite, thermal conductivity, thermal diffusivity, specific heat capacity,
tensile strength, dielectric strength.
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1. INTRODUCTION
The importance of polymer is mainly still regarded as a cheap alternative material that is
manufactured easily. The intensive use of polymer in broad use has led to the
development of materials for specific applications namely composite. One of these
polymers is unsaturated polyester which characterized by vinyl unsaturation in the
polyester backbone which is thermosetting polymer unsaturated polyester resins are most
widely used in systems, particularly in marine industry. By for the majority of dinghros,
yachts and workboat built in composite make use of the resin system Han and Soon,
2001.
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Ferrite with spinel structure represents the importance class of magnetic materials which are
ferromagnetic oxides consisting of ferric oxide and metals oxides. The spinel ferrites having the
chemical formula MFe;O4 (where M is a divalent metal ions such Co, Ni, Mn , etc.) Mukta, et
al., 2009.

Among the different spaniel ferrites cobalt ferrites CoFe,O, are promising magnetic materials
because of their moderate saturation magnetization, high electrical properties, high magnetic-
crystalline anisotropy, good mechanical properties and chemical stability Mukta, et al., 2009.

Magnetic polymer composites are a subclass of composite materials which have attracted the
attention of the researchers and scientists due to their unique properties, which render their use to
be important in various applications such as high capacity information storage device, integral
circuits, micro sensors, cell separation, bioprocessing, medical diagnosis and controlling drug
delivery Gomez-Del et al., 2014, Gardea and Lagoudas 2014.

Adding small amounts of ferrite particles into polymers is one of the major research challenges
because they can substantially improve the quality of composite materials in the terms of
mechanical, thermal and electrical properties Andrei et al., 2006.

Haifel et. al. have studied the thermal conductivity and dynamic mechanical analysis of ferrite
particles filled thermoplastic natural rubber composite Haifel et al., 2013.

Many works have been done on polymer based composites filled with magnetic materials in
micrometer- size such as barium ferrite Li et al., 2007. NiZn ferrite Nakamuca et al., 1994 and
Fes04- Yag Yusof et al., 2007. Faiq and Attiyah have studied the effect cadmium ferrite on the
epoxy resin. The mechanical properties and thermos- physical properties have affected with
incorporated the ferrite content Faiq and Attiyah, 2016.

The main objective of the research is to study the effect of cobalt ferrite on the mechanical and
thermal properties and dielectric strength of polyester.

2. EXPERIMENTAL PART

2.1 Materials Used:

Cobalt ferrite was synthesized from reagent grade of CoO and Fe,O3 using solid state ceramic
method.

The unsaturated polyester resin is used as the matrix in the preparation of ferrite- polymer
composite. It is provided from the Saudi Arabia (SIR) Company in the form of transparent
viscous liquid at room temperature which is a thermally hardened polymer (thermosets) with a
density of (1.255 gm / cm®). MEKP is stable organic peroxide that decomposes rapidly in the
presence of certain metallic carboxylate salts. MEKP is used as hardener Table 1 shows the
characteristics of unsaturated polyester used in the research.

2.2 Procedures:

The synthesis of cobalt ferrite starting from stoichiometric mixture of CoO and Fe,Oj3 subjected
to a combination of mechanical mixing and ball milled grinding and then sintered at 1200°C for
4 hrs.

The unsaturated polyester was in the form of viscous liquid, transparent pink color at room
temperature.
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The resin converts from a liquid to solid state by adding hardener which is manufactured by the
company itself; a methylethylketon peroxide symbolized by (MEKP) in the form of a transparent
liquid is added to resin by rate 2% room temperature and increasing the speed of hardened by
stirring for 2 hrs. The most basic fabrication method for thermoset composite is hand lay-up
which is typically consisted of laying polymer layer by hand on to a tool to form a laminate
stack. A good mixing between polymer and its hardener is done to form a matrix. Cobalt ferrite
powder with different percentages( 2,5,8,10,15)% mixed with matrix and stirred for one hour to
avoiding any bubbles occur.

The mixture was poured into a mould. Finely composite plates were cut into different shape and

dimensions for each test according to international standard. The casting time occurred overnight
at room temperature.

2.3 Characterization:

2.3.1 Tensile test

The tensile test was performed according to (ASTM D638) at room temperature with capacity
(20KN) applied load and strain rate of (0.5 mm/min) by using the machine type WDW-200E.
Fig. 1 shows the tensile machine and Fig. 2 shows standard and experimental specimens for
tensile test.

2.3.2 Hardness test

The hardness test is performed by using hardness (Shore D) and according to (ASTM DI-2242)
standard. Samples have been cut into a diameter of (40mm) and a thickness of (5mm). Fig.3
shows the hardness machine.

2.3.3 Thermal and dielectric properties test

To study the thermal properties test, two samples with the same dimensions have been prepared
according to the standard specifications of instrument (3x2)mm, one of the most precise and
convenient techniques for studying thermal transport properties is the transient plane source
(TPS) method. It is a modern technique, yielding information on thermal conductivity, thermal
diffusivity as well as specific heat per unit volume of material under study. The dielectric
strength is performed by the impedance analyzer device. The optimization of polymer/ ferrite
filler interfacial interaction is significant for the enhancement of thermal transport of polymer/
ferrite composite. The most important thermos- physical properties of a material that are needed
for heat transfer calculations are: thermal conductivity, thermal diffusivity and specific heat.
Fig.4 shows thermal properties machine and Fig. 5 shows thermal properties specimens. The
dielectric strength is performed by the impedance analyzer device.

3. RESULTS AND DISCUSSION:

X- ray diffraction (XRD) was carried out at room temperature to determine the crystallinity of
cobalt ferrite. All the diffraction peaks in the XRD pattern were compared with JCPDS (standard
values cards) with nearly no impurities respect to cobalt ferrite pattern. It shows that the cobalt
ferrite formed well defined spinel phase as shown in Fig. 6. The tensile strength at break for
ferrites composite with variation of ferrite contents are demonstrated in Fig. 7. It can be seen
from the graph that at 10% ferrite content the tensile strength shows remarkable increasing with
the highest value of 27 MPa. As the content of ferrite continually increased the tensile strength of
composite slightly increased. The lowest value of 14 MPa is for pure polymer.
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The incorporation of cobalt ferrite as filler loading actually is associated with the improvement
of tensile strength. The effect of good interface between cobalt ferrite particles and polyester
resin is very important to the composite to stand the strength. When load is applied the matrix
will distribute the forces to cobalt ferrite, which carry most of the applied load. The same
behavior was for the Young's modulus of the composite, the modulus increased slightly with the
ferrite content having the highest value at 10% with 2.93 GPa Young's modulus after that it
decreased as shown at Fig.8.

Fig.9 represents the effect of ferrite content on the shore D hardness of the composite which
again is increased as the ferrite content increased having a high value at 10% with value of 85.3
and then decreased while the hardness of pure polyester is 74. Most mechanical properties may
be due to the flaw acts as stress concentration and causes the bond between the filler content and
the matrix to break. The filler will act as physical and chemical cross-linking points and restricts
the movement of polymer chain. It is a sign of the materials flexibility, which shows that the
addition of cobalt ferrite creates a stronger but yet brittle composite Surata et al., 2014.

Fig. 10 reveals the thermal conductivity measured at different content of cobalt ferrite. It can be
observed that the thermal conductivity of the composite with 10% cobalt ferrite is larger than
pure polyester or other present thermal transport in the ferrite composite includes phonon
diffusion in the matrix and ballistic transportation in the filler. The improving of thermal
conductivity in this composite may stem from the improved percolation because of better
dispersion and formation of a network Jin et al., 2007. This indicates that the thermal properties
of the composite are mainly dominated by the interface thermal transport between cobalt ferrite
/matrix interface Kumar et al., 2007.

The thermal diffusivity is an important property in all problems involving a non-steady state heat
transfer. Fig. 11 represents the effect of ferrite content on thermal diffusivity of the composite
having the highest value at 15% cobalt ferrite which increased slightly with the increasing
content of ferrite. The thermal diffusivity of the composite cannot be explained solely by the
differences in the properties of the ferrite content. This indicates that the real quality determined
in this study was so-called apparent thermal diffusivity Sivakumar et al., 2007. The obtained
values of thermal diffusivity are affected by some factors e.g heat losses as a temperature
dependent thermo-physical property. It depends too much on density of the used materials while
the specific heat capacity has much effect on thermal diffusivity.

Fig. 12 represents of the heat capacity of the composite which is affected by cobalt ferrite
content, again the same behavior occurs having the specific heat capacity with high value at 10%
cobalt ferrite which increased as the content of ferrite increased but it decreased slightly after
10% cobalt ferrite.

Fig.13 demonstrates the dielectric strength of the composite against the ferrite content. As
shown in the figure the pure polymer has a good dielectric strength which is 8.29KV/mm, but
when adding the ceramic material (cobalt ferrite) which has a high strength because it is good
insulator. The dielectric strength increased with increasing ferrite content having the highest
value at 15% Hasselman and Donaldson, 1990.

4. CONCLUSIONS

From the work done on the synthesis of cobalt ferrite and the polymer/ ferrite composite the
following conclusions can be drawn

1- Solid state ceramic method is a good method for synthesis cobalt ferrite.
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2- All the mechanical properties increased with cobalt ferrite content at 10% and then decreased.

3- The thermal properties are affected by the incorporation of cobalt ferrite powder which
increased slightly with the ferrite content.

4- Dielectric strength of the composite was affected by the ferrite content.
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Table 1 Characteristics of unsaturated polyester used in the research

Density(gm/cm®) |l Tensile strength Percent elongation J| Thermal conductivity
(MPa) (EL%) wim.c°

Figurel. Tensile strength machine.
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Figure2. Standard and experimental specimens for tensile test.

Figure 3. Hardness device.

Figure 4 . Thermal properties device.

94



Number 4 Volume 23 April 2017 Journal of Engineering

Figure 5. shows thermal properties specimens.
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Figure 6. XRD pattern of cobalt ferrite.
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Figure 7. The effect of ferrite content on the tensile strength of composite.
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Figure 8. The effect of ferrite content on the youngs modulus of composite.
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Figure 9. The effect of ferrite content on the shore hardness D of composite.
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Figure 10 .The relation between cobalt ferrite content and thermal conductivity of composite.
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Figure 11. Thermal diffusivity vs cobalt ferrite content.
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Figure 12. The relation of specific heat capacity with ferrite content of the composite.
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Figure 13. Dielectric strength of composite vs cobalt ferrite content.
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ABSTRACT

In this investigation, Rayleigh—Ritz method is used to calculate the natural
frequencies of rectangular isotropic and laminated symmetric and anti-symmetric
cross and angle ply composite plate with general elastic supports along its edges. Each
of the admissible functions here is composed of a trigonometric function and an
arbitrary continuous function that is introduced to ensure the sufficient smoothness of
the so-called residual displacement function at the edges. Perhaps more importantly,
this study has developed a general approach for deriving a complete set of admissible
functions that can be applied to various boundary conditions. Several numerical
examples are studied to demonstrate the accuracy and convergence of the current
solution with considering some design parameters such as boundary conditions,
aspect ratio, lamination angle, thickness ratio, orthotropy ratio, also these results are
compared with other researchers and give a good agreement .

Key words: free vibration, Rayleigh-Ritz method, general boundary condition,
composite laminated plate
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1. INTRODUCTION:

Composite materials are so necessary in many engineering applications, as
vehicles parts industry, aero structures industry and medical devices industry. With
the wide use of composite plate in the modern industry, static and dynamic analysis of
plate structure under different types of loads and different boundary condition become
a main part in design procedure. In the past few years, many researchers resorted to
the development of many theories to clearly predict the response of laminated plate
composite material. It is necessary to know the theories of laminated composite
plates, because it is not possible to provide accurate analysis without knowledge of
theories. These theories can be classified in to three type's single layer theories, layer-
wise theories and continuum based 3D elasticity theories.

Many researchers had studied Vibration analysis of rectangular plates with general
elastic boundary supports by classical plate theory (CLPT), and other researchers have
studied the natural frequency of composite plates with all boundary conditions.
Pervez, Al-Zebdeh, and Farooq, 2010

W.L. Li ,2004. used Rayleigh—-Ritz method to determine the modal characteristics of
a rectangular isotropic plate with general elastic supports alone its edges. Each of the
admissible functions here is composed of a trigonometric function and an arbitrary
continuous function. He firstly investigated the convergence of his function then he
studied many different cases of isotropic plate such as different aspect ratio and
different values of elastic restraint constant (k,K). Y.F. Xing and B. Liu ,2009. solved
new exact solutions for free vibrations of thin orthotropic rectangular plates by using
a novel separation of variables. The exact normal eigenfunctions and eigenvalue
equations for the boundary condition combinations SSCC, SCCC and CCCC are
obtained through the mode formulation and boundary conditions. Henry Khov, Wen
L. Li and Ronald F. Gibson ,2009.presented an accurate solution method for the
static and dynamic deflections of orthotropic plates with general boundary conditions.
The displacement function is expressed as a 2-D Fourier cosine series supplemented
with several terms in the form of 1-D series. Thus, a classical solution can be derived
by letting the series exactly satisfy the governing differential equation at every field
point and all the boundary conditions at every boundary point, respectively. W.L. Lli,
X.Zhang, J.Du and Z.Liu ,2009. studied an exact series solution for the transverse
vibration of rectangular isotropic plates with general elastic boundary supports. An
analytical method is developed for the vibration analysis of rectangular plates with
elastically restrained edges. The displacement solution is expressed as a two-
dimensional Fourier series supplemented with several one-dimensional Fourier series.
Thus, an exact solution can be obtained by letting the series simultaneously satisfy the
governing differential equation and the boundary conditions on a point-wise basis.
H.DAL and O.K.MORGUL,2011. studied vibrations of elastically restrained
rectangular isotropic plates. Vibrations of plates with boundary conditions were
elastic along full edges. Deflections function was expressed as the combination of a
Fourier sine series and an auxiliary polynomial. Solution function as employed by Li
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2002. has been adopted for plates with fully elastic edges. Frequency parameters of
plate were calculated for different plate parameters. H.T.Thai , S.E.Kim ,2012.
obtained Levy-type solution for free vibration analysis of orthotropic plates based on
two variable refined plate theory. The theory, which has strong similarity with
classical plate theory in many aspects, accounts for a quadratic variation of the
transverse shear strains across the thickness, and satisfies the zero traction boundary
conditions on the top and bottom surfaces of the plate without using shear correction
factors. Kookhyun Kim, B. Kim, T.Choi and D.Cho ,2012. presented free vibration
analysis of rectangular isotropic plate with arbitrary edge constraints using
characteristic orthogonal polynomials in assumed mode method. Natural frequencies
and their mode shapes of the plate are calculated by solving an eigenvalue problem of
a multi-degree-of-freedom system matrix equation derived by using Lagrange's
equations of motion. Characteristic orthogonal polynomials having the property of
Timoshenko beam functions which satisfies edge constraints corresponding to those
of the objective plate are used. A. Pagani ,2014. extended free vibration analysis of
composite plates by higher-order 1D dynamic stiffness elements based on Carrera
Unified Formulation (CUF) and experiments. The principle of virtual displacements is
then used to derive the equations of motion and the natural boundary conditions,
which are subsequently expressed in the frequency domain by assuming a harmonic
solution. After the resulting system of ordinary differential equations of second order
with constant coefficients is solved, the frequency dependent DS matrix of the system
is derived. Finally the algorithm of Wittrick and Williams is applied to extrapolate
the free vibration characteristics of laminated composite plate. Wan-You Li, W.Li,
B. Lv, H. Ouyang, J. Du,H. Zhou, and D. Wang ,2014. presented a Hybrid Finite
Element-Fourier Spectral Method for Vibration Analysis of Structures with Elastic
Boundary Conditions. A novel hybrid method, which simultaneously possesses the
efficiency of Fourier spectral method (FSM) and the applicability of the finite element
method (FEM), is used for the vibration analysis of structures with elastic boundary
conditions. The computational domain of general shape is divided into several
subdomains firstly, some of which are represented by the FSM while the rest by the
FEM. Then, fictitious springs are introduced for connecting these subdomains.
Numerical examples of a one-dimensional Euler-Bernoulli beam and a two-
dimensional rectangular plate show that the present method has good accuracy and
efficiency. Further, one irregular-shaped plate which consists of one rectangular plate
and one semi-circular plate also demonstrates the capability of the present method
applied to irregular structures. Firas Hamzah Taya,2014. presented free vibration
and buckling behavior of laminated composite thin plates subjected to in-plane
uniform, parabolic, and linear distributed loads is studied using classical laminated
plate theory (CLPT). Different functions were used for different boundary conditions
applying Ritz method to get homogeneous set of equations and solved as Eigen value
problems of buckling load solution for laminated plate. The boundary conditions
considered in this study are (SSSS, CCCC, CSCS, SFSF, and CFCF). G. Jin, T. Ye,
and S. Shi ,2015. presented Three-Dimensional Vibration Analysis of Isotropic and
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Orthotropic Open Shells and Plates with Arbitrary Boundary Conditions. Vibration
characteristics of the shells and plates have been obtained via a unified three-
dimensional displacement-based energy formulation represented in the general shell
coordinates, in which the displacement in each direction is expanded as a triplicate
product of the cosine Fourier series with the addition of certain supplementary terms
were introduced to eliminate any possible jumps with the original displacement
function and its relevant derivatives at the boundaries. All the expansion coefficients
are then treated equally as independent generalized coordinates and determined by the
Rayleigh-Ritz procedure.

In present work the function proposed by W.L. Li ,2004. is used for laminated
symmetric and antisymmetric cross and angle ply composite plate with general elastic
supports along its edges.

2. THEORETICAL ANALYSIS:
2.1 Classical Laminated Plate Theory:
The equivalent single layer ESL laminated plate theories are those in which a

heterogeneous laminated plate is treated as a statically equivalent single layer having
a complex constitutive behavior, reducing the 3-D continuum problem to a 2-D
problem. The ESL theories are developed by assuming the form of the displacement
field or stress field as a linear combination of unknown functions and the thickness
coordinate: J.N. REDDY,2004.

N

PiCeyz =) (190 @1)

j=0

where y_i is the component of displacement or stress, (x,y) is the in-plane
coordinates, z is the thickness coordinate, t is the time, and 1/1{' are functions to be

determined. When _i displacements, then the equations governing are 1/){ are
determined by the principle of virtual displacements (or its dynamic version when
time dependency is to be included)

0= [ (811 +8W — 8E,) dt (2.2)

where o611, W, and JE. denote the virtual strain energy, virtual work done by external
applied forces, and the virtual kinetic energy, respectively. These quantities are
determined in terms of actual stresses and virtual strains, which depend on the
assumed displacement functions, and their variations.

The simplest laminated plate theory is the classical laminated plate theory (or
CLPT), which is an extension of the Kirchhoff (classical) plate theory to laminated
composite plates. It is based on the displacement field
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aw,
0x

(6,9,2,6) = v (3, £) — 7020
v(x,y,z,t) =v,(x,y, Zay

u(x,y, z,t) =uy(x,y,t)

w(x,y,z,t) = w,(x,y,t) (2.3)

where (U,, Vo, W) are the displacement components along the (X, y, z ) coordinate
directions, respectively, of a point on the midplane (i.e., z = 0).

The governing differential equation for the free vibration of laminated thin
plate is given by: Henry Khov,20009.

24w 24w

Dlla4+D2234+2(D12+2D66) 282+4D26663+4D16m_
phw?w(x,y) (2.4)

2.2 Total Mechanical Energy:

The first law of thermodynamics or the principle of conservation of energy
serves as the foundation for energy-based methods employed in the analysis of
structures, including plates. In the absence of energy dissipation and other non-
conservative forces, i.e. if the forces acting on the system are conservative, this
principle is reduced to the principle of stationery total energy, Victor Birman ,2011.

The total mechanical energy (defined as the sum of its potential and kinetic
energies) of a particle being acted on by only conservative forces is constant, Robert
G. Brown ,2007.

E = E. + I = Constant (2.5)
where  E: Total mechanical energy of a system
E.: Total kinetic energy of the system
IT: Total potential energy of the system
In static problems, the principle of stationary total energy reduces to the principle
of minimum total potential energy implying that the virtual work of forces acting on
the system in equilibrium is equal to zero Victor Birman,2011. so that:

AE=0 OR E= Constant (2.6)
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Where
Lb ’w 22w)? 9%w 9%w 02w
H=§f0 fo [Du( ) +Dzz(ﬁ) +4D66(a 3y ) +2D12555 2]dxdy+
b 2 2
1 fo [kxow2 + Ko (—Vzv) ] dy + f [k w2+ Ky (a 2) ] dy +
X

o (] _

and

2
dx + 2 [k w2+ K, (Z¥ ] dx 2.7
o I ot K () | @

Ec = w? [[ I,w2dx dy (2.8)

2.3 Boundary Conditions:

In terms of the flexural displacement, the bending and twisting moments and
transverse shearing forces can be expressed as, Henry Khov ,2009.

92w 0w
My = =Dy, ﬁ — Dy, a_yz (2.9)
0w 0w
M, = =D, a_yz — Dy, Ix? (2.10)
62
My, = — Dﬁ6ﬁ (2.11)
3w 3w
Qx =-Dny 93 (D12 + 4Dg) ay20x (2.12)
3w 3w
Qy = =Dy, i (D12 + 4Dse)m (2.13)
The boundary conditions for an elastically restrained rectangular plate are
kwoW = Qx  Kpooo=—My ... at x=0 (2.14-15)
aw
k.aw=-0, K. ol =M, ... at x=a (2.16-17)
]
kyow =Q,  Kyo % =M, s at y=0 (2.18-19)
ow
y]_W = Qy Kyl 5 == My ............. a.t y:b (220'21)

where k,, and k4 (k,0 and k,,;) are the linear spring constants, and K,oand K,; (Ky
and K,,) are the rotational spring constants at x =0 and a (y = 0 and b), respectively.
Egs. (14)—(21) represent a set of general boundary conditions from which, for
example, all the classical homogeneous boundary conditions can be directly obtained
by accordingly setting the spring constants equal to an extremely large or small
number Fig 2

From Egs. (9-21), the boundary conditions can be finally written as:
3 3

w a0°w
kxow = —Djq EEI (D12 + 4Dg)

W (2.22)

105



Number 4 Volume 23 April 2017 Journal of Engineering

3w 03
kxiw = D14 ErEl + (D12 + 4De6) 9xay? (2.23)
ko2 p 2 p, LY (2.24)
x0 ax 11 axz 12 ayz .
g, W __p v, Pw (2.25)
x1 ax - 11 axz 12 ayz .

2.4 Admissible functions

Admissible functions play a critical role in the Rayleigh—Ritz method. For plate
problems, the products of the beam functions are often chosen as the admissible
functions and the displacement function can be accordingly expressed as, W.L. Li
,2004.

WEY) = D Ay X (DY) (2.26)

mmn=1

where X,,,(x) and Y,,(y) are the characteristic functions for beams that have the same
boundary conditions in the x- and y-direction, respectively.

Although beam functions can be generally obtained as a linear combination of
trigonometric and hyperbolic functions, they include some unknown parameters that
have to be determined from the boundary conditions. Consequently, each boundary
condition basically leads to a different set of beam functions. In real applications, this
is clearly inconvenient, not to mention the tediousness of determining the
characteristic functions for a generally supported beam. In order to avoid this
difficulty, an improved Fourier series method have been proposed for beams with
arbitrary supports at both ends in which the characteristic functions are sought in the
form of, W.L. Li,2000.

W(X) = Ym0 am COSAgmx + p(x)  (Agm =mm/a), 0<x<a (2.27)

The function p(x) in Eqg. (27) represents an arbitrary continuous function that,
regardless of boundary conditions, is always chosen to satisfy the following
equations:

p (0=w (D=a , p (@=w (=0 (2.28-29)

p(O=w (=8 , p@=w(=4 (2.30-31)

As explained in Ref. W.L. Li ,2000. the function p(x) is here introduced to take care
of the potential discontinuities of the (original) displacement function and its
derivatives at the end points. Accordingly, the Fourier series now simply represents a
residual displacement function, W(x) = W(x) - p(x) ; that is periodic continuous and
has at least three continuous derivatives over the entire x-axis. Mathematically, it is
already known that the smoother a periodic function is, the faster its Fourier
expansion converges. Therefore, the addition of the function p(x) will have two

106



Number 4 Volume 23 April 2017 Journal of Engineering

immediate benefits: (1) the Fourier series expansion is now applicable to any
boundary conditions, and (2) the Fourier series solution can be drastically improved
regarding its accuracy convergence.

So far, p(x) has only been understood as a continuous function that satisfies Eqs.
(28)—(31), its form is not a concern with respect to the convergence of the series
solution. Thus, the function p(x) can be selected in any desired form. As a
demonstration, suppose that p(x) is a polynomial function

p(x) = z CnPn (g) (2.32)

n=0

where ¢, is the expansion coefficient and p,, (x) is the Legendre function of order n. It
is obvious that the function p(x) needs to be at least a fourth order polynomial to
simultaneously satisfy Egs. (28)-(31). Substituting Eq. (32) into Egs. (28)—(31)
results in

c3p3 (0) + ¢4py (0) = aaq (2.33)
csp3 (1) + capy (1) = @’ay (2.34)
c191(0) + ¢2p2(0) + ¢3p3(0) + c4ps(0) = afo (2.35)
c1p1(1) + P2 (1) + €3p3(1) + capa(1) = ap; (2.36)

From the above equations, the coefficients, ¢, (n =1, 2, 3, 4), are directly obtainable
in terms of the boundary constants, «,, @; , B, and S;. Since the constant c, does not
actually appear in Egs. (33)—(36), it can be an arbitrary number theoretically. For

instance, c, is here selected to satisfy
a

]p(x) dx =0 (2.37)
0
The final expression for the function p(x) can be written as
p(x) = {g(x)a (2.38)
(—(15x*—60x3+60a?x? — 8a*)/360a)
4 2.2 4
and (0T = J (15x*—=30a“x“ + 7a*) /360a L (2.40)

(6ax — 2a* — 3x?)/6a
(3x% —a?)/6a

The results in Egs. (38)—(40) were previously derived from a more straightforward but
less general approach, W.L. Li,2004 .

In order to determine the unknown boundary constants, a,, a;, 8, and f;, substitution
of Egs. (27) and (38) into the boundary conditions Egs. (22)—(25) results in
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o= Z Hngamam (2.41)
m=0
Where
1 8k, oa’ Tkyoa® —kyoa  —kxoa]
* 360D, 360D, 3D14 6D,
7k a3 8kyad “haa  —kna
H,=| 360D, * 360D, 6D 3Du (2.42)
a @ Ko 1 -l
3 6 Dy; a a
a a 1 Kal
6 3 a D;; al
and
_ kxO mkxl 2 m 2 r
Qam - (_1)_ (_1) N Aam (_1) /1am (2-43)
D11 D11

It should be mentioned that the matrix Ha will become singular for a completely free
beam. However, this problem can be overcome to a certain extent by artificially
attaching one or more springs with very small stiffness to the ends of a beam. It has
been shown in W.L. Li,2002. that although the matrix may be ill-conditioned in such
a treatment, the natural frequencies can still be accurately calculated for a completely
free beam.

Nevertheless, the characteristic functions are well known for this particular case and
can be readily used as the admissible functions in the Rayleigh—Ritz method.

Making use of Egs. (38) and (41), Eq. (27) can be rewritten as

W) = ) anph(o) (2.44)
m=0
Where 02 (x) = cosAgmx + {a(X)H1Qpm (2.45)
Mathematically, Eq. (44) indicates that each of the beam functions can be viewed as a

function in the functional space spanned by the basic functions {5 (x); m =0, 1,
2,.......}. Thus, Eq. (26) can be accordingly rewritten as

Wy = D Anph()eh () (246)
mn=0
Where PR (¥) = coslpny + {p(¥)Hp * Qun (2.47)

The expressions for {,(y), Hp, and Q,,, can be, respectively, obtained from Egs. (40),
(42) and (43) by simply replacing the x-related parameters by the y-related.
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2.5 Determination of Natural Frequency:

Consider an orthotropic laminated plate, the material directions of which
coincide with the plate directions. This plate is subjected to free vibration along the
edges x = 0-a and y = 0-b.

Where the transverse displacement (w) is substituted in the total mechanical
energy as mentioned in section 2.4. To calculate the natural frequency w. Performing
the required mathematical processes (differentiations and then integrations) of egs.
(2.7) and (2.8) and then putting the mechanical energy in the following equation:

O0E
A 0 (2.48)
eq. 2.48 will lead to a set of linear homogeneous algebraic equations as follow:
f(Apn, @) =0 for vibration (2.49)
Solving the last equation as an Eigen-value problem to get the following form:
a1 a1,(msn) Aqq
: - : { : } =0 (2.50)
Amsn)1 * A(men), (mn)] Amn

where a;; are the coefficients of the nonzero unknowns A4,,,,. Finding the determinant
of the first term of eq. (2.50) and equating it to zero will lead to get the natural
frequency w. When M and N are more than 1, the natural frequency w are determined
by solving Eigen value problem. For different arbitrary boundary conditions and M &
N are greater than 1, the solution becomes more difficult and needs computer
programming to determine the natural frequency w. In this work, Matlab R2013a is
used to solve the Eigen-value problem.

3-RESULT AND CONCLUSIONS
3-1-Results

The natural frequency of isotropic and composite laminated plate with elastic
boundary condition is analyzed and solved using MATLAP versionl13 programming.
To examine the validly of the derived equations and performance of computer
programming for vibration analysis of composite laminated plate, numerical results of
isotropic plate are compared with those obtained by W.L. Li ,2004. and Huseyin
DAL ,2011. as shown in Tables (1,2) which give very close results for different
boundary conditions. While present results for laminated composite plate with
different boundary conditions give good agreement when compared with Henry
(2009) and those obtained by numerical program ANSYS as shown in Table 3. and
figures (3) and (4), also present work results are compared with those obtained by
Reddy for ssss cross ply plate with different orthotropy ratio as shown in table(4).

Also cross ply scheme (symmetric and non-symmetric) with different layer
number was studied as shown in Table 5. where the frequency parameter for
symmetric ply is more than that for non-symmetric because the stiffness of the rare is
larger than symmetric ply as proved by many researchers, while the other presented
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scheme is angle ply scheme (symmetric and non-symmetric) with different layer
number as shown in Table6. where the frequency parameter for symmetric angle ply
have no great change than that for non-symmetric because the stiffness of the two
type are close to each other as proved by many researchers Also we study isotropic
scheme in Tables (7,8) which give very close results for different boundary
conditions and aspect ratio with Wen le 2004, it can be noted that when the aspect
ratio increases the frequency parameter increases for same boundary condition .

While the other presented scheme is laminated cross ply scheme (symmetric
and non-symmetric) with different boundary conditions and aspect ratio as shown in
Table 9. where the frequency parameter decreases when the aspect ratio increases,
and the largest frequency parameter for clamped boundary at all edges of the
symmetric cross-ply plate. The next presented scheme is laminated angle ply
[45 — 45], as shown in Tablel0. where the frequency parameter decreases when the
aspect ratio increases. Also the next presented scheme is laminated angle ply [30 —
30], as shown in Tablell. where the frequency parameter decreases when the aspect
ratio increases. It can be noted that in Tables (10,11) the largest frequency parameter
for SSCC boundary conditions for square plate .

The thickness ratio schemes of laminated plate with different boundary
conditions are changed, once symmetric cross ply and [45 — 45], schemes are
studied with different boundary conditions and thickness ratio as shown in Tablel2.
where the frequency parameter decreases when the thickness ratio increase (reduces
the thickness) for same boundary condition and the largest frequency parameter for
clamped boundary at all edges because it has largest stiffness. The next presented
scheme is angle ply [30 — 30]; as shown in Tables 13. Where the frequency
parameter decreases when the thickness ratio increase (reduces the thickness) for
same boundary condition and the largest frequency parameter for clamped boundary
at all edges because it has largest stiffness.

Rotational restraint along edges of laminated and isotropic plate with
different boundary conditions are changed, consider plates are elastically restrained
along edges. The first one involves a simply supported square isotropic plate with a
uniform elastic restraint against rotation along each edge, that is, K,,a/D=K,,a/D =
Kyoa/D = Ky,1a/D = Ka/D, in Table 14. the first six frequency parameters are
shown for a few different stiffness values. Because of the symmetries about the x- and
y-axis, the second and third frequency parameters are identical. The fifth and sixth
frequency parameters are also the same for Ka/D = 0. However, they become
slightly different for other stiffness values. The frequency parameter increases when
the stiffness values increases, when it zero the behavior of the frequency parameter
like a simply supported along all edge , but when the stiffness values equal to infinity
the behavior of the frequency parameter like a clamped along all edge. Table 15
shows the frequency parameter of a simply supported square laminated plate
[090] ,with a uniform elastic restraint against rotation along each edge, that is,
Kyoa/Dyy =Ky1a/D,5 = Kyga /D,y = Kyya/D,; = Ka/D,, , the first four frequency
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parameters are shown for a few different stiffness values. Because of the symmetries
about the x- and y-axis, the second and third frequency parameters are identical.

The frequency parameter increases when the stiffness values increases, when
it is zero the behavior of the frequency parameter is like a simply supported along all
edge, but when the stiffness values is equal to infinity the behavior of the frequency
parameter like a clamped along all edge.The orthotropy ratio schemes of laminated
plate with different boundary conditions are changed, Fig.5 shows the frequency
parameter of non-symmetric cross ply with different boundary conditions and
orthotropy ratio , where the frequency parameter increases when the orthotropy ratio
increases, the largest frequency parameter for CFCF boundary conditions and then
less in SSSS and smallest in SFSF boundary conditions. Fig6 shows the frequency
parameter of angle ply[60 — 60],, where the frequency parameter increases when
the orthotropy ratio increases, the largest frequency parameter for SSSS boundary
conditions and then less in CFCF and smallest in SFSF boundary conditions .

3.2. Conclusions

This study presented investigations for free vibration of a composite laminated plate.
Some assumptions are made to solve the vibration problems and determine the results
desired for this paper.

The results are determined mainly by analytic method and compared with
numerically found results, and with obtained by other researchers; the comparison
showed high agreement between them.

The vibration results lead to the following conclusions:
1- The number of half wavelengths affects the natural frequency, where the increasing
aspect ratio requires larger number (M & N) to get more accurate results where the
error is found 4.71% for cccc isotropic plate a/b=2.5 at (m = n = 3).
2- The boundary conditions affect the fundamental natural frequency. Clamped edges
conditions offer high stiffness, results in high natural frequency. Clamped boundaries
make the plate holds larger frequency than simply supported boundaries, where the
fundamental natural frequency for SSSS cross ply, is less by 47.3% than fundamental
natural frequency of CCCC cross ply, while for angle ply, is less by 58.21%,and the
fundamental natural frequency for SSSS isotropic plate, is less by 55.28% than of
CCCC plate.
3- The aspect ratio is inversely proportional to the frequency parameter Q= wb?/
%V(ph / D22) of the orthotropic plate and frequency parameter Q= wb? /% (ph /
D) of the isotropic plate.
4- Rotational restraint along edges of laminated and isotropic plate affects the natural
frequency, where the value of (Ka/D) and (Ka/D,,) is zero the behavior of the
natural frequency like a (SSSS) boundary conditions, but when the value is infinity
the behavior of the natural frequency like a (CCCC) boundary conditions.
5- The orthotropy ratio is directly proportional with the frequency parameters, Q=
wa?/h(p / E,) of the orthotropic plate.
6- The increasing of the lamination angle is inversely proportional with frequency
parameters, Q= wb?/m2V(ph / D22) of the orthotropic plate.
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7- The thickness ratio is inversely proportional with the natural frequency of the
orthotropic plate.

NOMENCLATURE
Symbol Discretion Units
a Length of a plate m
b width of a plate m
h Plate thickness m
A vector of the expansion or
Rayleigh—Ritz coefficients
Amn expansion or Rayleigh-Ritz
coefficients
A expansion or Rayleigh-Ritz
coefficient
D;; flexural rigidity -
E,, E, Es3 Elastic modulus components Gpa
G12,G23,G13 Shear modulus components Gpa
M,N numbers of expansion terms used
in X- and y-direction, respectively
My, My, , M,, Moment result per unit length N.m/m
Qx, Qy Transverse shear force result N
Kyo, Ker rotational stiffnesses at x = 0 and | Rad.N/m
a, respectively
Ky, Ky rotational stiffnesses at y =0 and | Rad.N/m.
b, respectively
kyo, kx1 translational stiffnesses at x = 0 N/m
and a, respectively
kyo, ky1 translational stiffnesses aty = 0 N/m
and b, respectively
P(x) a simple polynomial function
X,Y,Z Cartesian coordinate system m
E, Ec Total mechanical and kinetic N.m
energies of a system
IT Total potential energy of the N.m
system
U Strain energy of deformation N.m
/A the elastic potential energy N.m
€Ex) €y, €7 Strain components
Yxz» Vyz Transverse shear strain
Vi Poisson’s ratio components -
Oxx 1 Oyy » Oxy » Oyz Stress components Gpa
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=

O-XZ
u, v, w Displacements in x, y, z m
directions
Uo, Vo, Wo Displacements of the reference m
surface in the X, vy, z directions
W(X) flexural displacement of a beam m
w(x,y) flexural displacement of a plate m
Xm(x), beam characteristic function
Ya(y)
a; ,Qq =w (a),w (0)
B1, Bo =w (a),w (0)
Aam E -
a
Abn E -
b
P Density of material Kg/m®
P (x) admissible functions in x- -
direction
oL (y) admissible functions in y-
direction
® Natural frequency Cycle/sec
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Table 1. Frequency parameters, Q= wa?V(ph / D) , for all clamped boundary

M=N mod 1 mod?2 mod 3 mod 4 mod 5
1 147.43 172.60 395.47 41939 | -
2 147.87 172.54 220.33 394.94 419.39
146.87 172.52 220.33 293.49 387.85
3 (147.8)* | (173.8)* | (221.4)¢ | (291.7)* | (384.4)¢
0.62% 0.73% 0.48% -0.61% -0.89%
a:Wen le 2004 .
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conditions (cccc) plate with (% =2.5).Form=n=123.

Tabel 2. Frequency parameters, Q= wa?V(ph / D) , for squar plates of different
boundary conditions

BCS mod 1 mod2 mod 3 mod 4 mod 5 mod 6
SSSS present 19.67 49.14 49.14 78.04 98.37 08.38
H. DAL 19.72 49.32 49.32 78.88 98.56 98.56
Diff % 0.25 0.36 0.36 1.06 0.19 0.19
Wen le 19.74 49.35 49.35 78.96 98.70 98.70
2004
Diff % 0.35 0.42 0.42 1.16 0.33 0.33
H.DAL 28.91 54.64 69.37 93.91 102.04 | 128.58
Diff % 0.69 0.84 0.92 1.82 0.66 0.02
Wen le 28.95 54.74 69.32 94.61 102.23 | 129.09
2002
Diff % 0.82 1.02 0.85 2.54 0.85 0.41
Ssfs present 11.82 27.92 41.55 59.22 63.28 91.09
H. DAL 11.58 27.68 41.11 59.20 62.93 90.42
Diff % -2.07 -0.86 -1.07 -0.03 -0.55 -0.74
Wen le 11.68 27.79 41.23 59.24 62.37 90.51
2002
Diff % -1.19 -0.46 -0.77 0.03 -1.45 -0.64
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Table 3. Natural frequencies (Hz) of graphite—epoxy plates consisting of 12 plies
oriented at 0 under different boundary conditions (E1=127.9Gpa , E2 =10.27Gpa ,
G12=7.312Gpa , v12=0.22)

Mod SSSS ccfc
Ansys Henry | Present | Diff | Ansys | Henry | Present | Diff
2009 % 2009 %

1 108.10 | 108.7 | 108.82 | -0.11 |} 70.63 | 70.96 | 71.01 | -0.07

2 170.09 1714 | 17191 | -0.29 | 166.96 | 167.5 | 169.35 | -1.10

3 292.84 | 2948 | 297.55 | -0.93 | 215.69 | 219.7 | 219.88 | -0.08

4 38497 | 388.4 | 390.52 | -0.54 | 294.77 | 298.1 | 298.8 | -0.23

5 429.83 | 435.0 | 437.27 | -0.52 | 314.51 | 314.8 | 323.27 | -2.69

1 ANSYS
NODAL SOLUTION R1AS
JUL 21 2016

0=70.9244
(AVG)

1.80009 3.60019 5.40028 7.20037

.900046 2.70014 4.50023 6.30032 8.10042

Figure 3 . First Mode shape for free vibration of a CCFC orthotropic square plate.
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8.527
(AVG)

1.14141°
.570703 1.71211

Figure 4 . First Mode shape for free vibration of a SSSS orthotropic square plate.

Table 4.Frequency parameters, Q= oa?/hV(p / E,) , for s-s-s-s  squar plates and
(a/h=10, G12=0.6E2, v12=0.25).

E, IE, [09090 0]
Present | Reddy | Diff %
3 7.53 7.47 -0.80
10 10.65 10.56 -0.85
20 13.95 13.83 -0.86
30 16.61 16.47 -0.85
40 18.90 18.73 -0.90
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Table 5. Frequency parameters, Q= ob? /n2V(ph / D22) , of a square plate of
various laminations and boundary conditions. (E1/E2=10, G12=0.6E2, v12=0.25)

Angle Ply Orientations SSSS ccee CsCs cfcf
[0 90]s present 2.56 5.37 4.93 4.65
Firas 2.55 5.35 491 4.63

Diff % -0.39 -0.37 -0.40 -0.43

Ansys 2.55 531 491 4.63

[0 90 0 90] present 1.58 3.33 2.606 2.27
Firas 1.58 3.33 2.606 2.26

Diff % 0 0 0 -0.44

Ansys 1.60 3.39 2.58 2.31

[0 90 Q]s present 2.04 4.28 3.73 3.45
Ansys 2.03 4.31 3.72 3.43

[090]; present 1.59 3.33 2.61 2.27
Ansys 1.58 3.24 2.55 2.19

Table 6. frequency parameters, Q= wb? /n%V(ph / D22) , of a square plate of
various laminations and boundary conditions. (E1/E2=10, G12=0.6E2, v12=0.25).

Angle Ply Orientations SSSS ccee CSCS cfcf
[45 -45]s present 2.52 4.09 3.38 2.27
Firas 2.51 4.12 3.39 2.26
Diff % -0.39 0.78 0.29 -0.44
Ansys 2.72 4.49 3.15 1.98
[45 -45 45 -45] present 2.52 4.09 3.38 2.27
Firas 2.51 4.12 3.39 2.26
Diff % -0.39 0.78 0.29 -0.44
Ansys 2.31 4.01 3.24 2.25
present 3.40 5.84 5.30 4.32
[30-30]s

Ansys 3.17 5.76 5.14 4.12
present 3.40 5.84 5.30 4.32

[30-30 30 -30]
Ansys 3.30 5.62 5.04 4.09
[45 -45 45]s present 2.52 4.09 3.38 2.27
Ansys 2.43 4.08 331 2.16
[45 —45]; present 2.52 4.09 3.38 2.27
Ansys 2.48 3.98 3.30 2.14
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[30-30 30]s present 3.40 5.84 5.30 4.32
Ansys 3.31 5.84 5.23 4.19
[30 —30]; present 3.40 5.84 5.30 4.32
Ansys 3.36 5.79 5.18 4.13

Tabel 7. Frequency parameters, Q= wa?V(ph / D) , for all clamped boundary
conditions(cccc) plates with different aspect ratios.

alb mod 1 mod?2 mod 3 mod 4 mod 5 mod 6
1 present 35.58 72.44 72.44 104.48 | 130.18 | 131.44
Wen.le 35.99 73.4 73.4 108.2 131.6 132.2

Diff % 1.13 1.30 1.30 3.43 1.07 0.57
1.5 present 60.31 93.05 148.28 | 149.88 | 176.38 | 225.82
Wen.le 60.76 93.84 148.8 149.7 179.6 226.8

Diff % 0.74 0.84 0.34 -0.12 1.79 0.43
2 present 97.67 126.24 | 178.75 | 251.68 | 256.46 | 278.91
Wen.le 98.31 127.3 179.1 253.3 255.9 284.3

Diff % 0.65 0.83 0.19 0.63 -0.21 1.89
2.5 present | 146.87 | 172.52 | 220.33 | 293.49 | 387.85 | 413.81
Wen.le 147.8 173.8 221.4 291.7 384.4 394.3

Diff % 0.62 0.73 0.48 -0.61 -0.89 -4.94

Table 8. Frequency parameters, Q= wa?V(ph / D) , for CSSF plates with different
aspect ratios .

alb Reference mod 1| mod2 mod 3 mod 4 mod 5 mod 6
1 present work 16.88 31.18 51.67 65.19 67.27 100.31
Wen.le 16.87 31.14 51.64 64.03 67.64 101.2
Diff % -0.05 -1.27 -0.05 -1.81 0.54 0.87
1.5 | present work 18.68 50.62 54.14 89.09 110.64 | 130.16
Wen.le 18.54 50.43 53.72 88.78 108.2 126.10
Diff % -0.75 -0.37 -0.78 -0.34 -2.25 -3.21
2 present work 20.89 56.83 77.54 113.13 | 117.81 | 176.94
Wen.le 20.65 56.54 77.33 111.3 117.3 176.0
Diff % -1.16 -0.51 -0.27 -1.64 -0.43 -0.53
2.5 present work 23.41 60.46 112.14 | 117.19 | 153.89 | 196.47
Wen.le 23.07 59.97 111.9 115.1 153.1 189.6
Diff % -1.47 -0.81 -0.21 -1.18 -0.51 -3.62
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Table 9. show Frequency parameters, Q= wb? /% (ph / D22) , of effect of aspect
ratio and boundary conditions. (E1/E2=10, G12=0.6E2, v12=0.25).

a/b [090090] [0 90]s
SSSS ccee cffc SSSS ccee cffc

1 present 1.58 3.33 0.583 2.56 5.37 0.94
Firas 1.58 3.33 0.592 2.55 5.35 0.95
Diff % 0 0 1.52 -0.39 -0.37 1.05
1.5 present 1.19 2.55 0.435 1.57 3.24 0.579
2 present 1.09 2.38 0.393 1.27 2.67 0.467
2.5 present 1.052 2.32 0.377 1.16 2.48 0.421

Table 10. Frequency parameters, Q= ob?/m2V(ph / D22), for (45/-45/45/-45) plates
of different aspect ratios and boundary conditions ,(E1/E2=10, G12=0.6E2,
v12=0.25).

Type of boundary conditions

alb SSSS ssce ssff ccff ccfc
1 2.52 3.239 0.496 0.854 2.581
1.5 1.77 2.326 0.329 0.596 2.405
2 1.467 1.998 0.246 0.494 2.347
2.5 1.313 1.844 0.196 0.444 2.321

Table 11. Frequency parameters, Q= wb? /m2V(ph / D22), for (30/-30/30/-30) plates
of different aspect ratios and boundary conditions,(E1/E2=10, G12=0.6E2, v12=0.25).

Type of boundary conditions

alb SSSS ssce ssff ccff ccfc
1 3.404 4.502 0.633 1.166 2.818
1.5 2.194 2.862 0.422 0.754 2.499
2 1.723 2.291 0.316 0.589 2.396
2.5 1.486 2.027 0.252 0.507 2.351
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Table 12.Natural Frequency w(rad/sec) , of effect of thickness ratio for squar plate
(E1/E2=10, G12=0.6E2, v12=0.25) .

[09090 0] [45 -45 -45 45]
alt CCccC SSSS CSCS Ccccc SSSS CSCS
20 1.11 0.532 1.025 1.09 0.67 0.90
40 0.55 0.266 0.513 0.545 0.335 0.45
100 0.223 0.106 0.205 0.218 0.134 0.18
Table 13. Natural Frequency w(rad/sec), effect of thickness ratio for square plate

(EL/E2=10, G12=0.6E2, v12=0.25) (30/-30/-30/30).

alt Type of boundary conditions

ccee SSSS CsCs cfcf sfsf
20 1.097 0.638 0.995 0.811 0.356
40 0.548 0.319 0.497 0.405 0.178
100 0.219 0.127 0.199 0.162 0.071

Table 14. Frequency parameters, Q= wa?V(ph / D) , for SSSS square plate with
different uniform rotational restraint along edges.

Ka/D Reference mod 1 mod2 mod 3 | mod4 mod 5 mod 6
0 present work 19.67 49.14 49.14 78.04 98.38 98.38
Wen.le 2004 19.74 49.35 49.35 78.96 98.70 98.70

Diff % 0.35 0.42 0.42 1.16 0.32 0.32
10 present work 28.50 60.52 60.52 90.97 112.82 | 113.07
Wen.le 2004 28.50 60.22 60.22 90.81 111.20 | 111.40

Diff % 0 -0.49 -0.49 -0.17 -1.45 -1.49
20 present work 31.08 64.68 64.68 95.97 118.83 | 119.25
Wen.le 2004 31.08 64.31 64.31 95.82 116.80 | 117.20

Diff % 0 -0.57 -0.57 -0.15 -1.73 -1.74
100 present work 34.67 71.27 71.27 | 104.61 | 129.69 | 130.36
Wen.le 2004 34.67 70.78 70.78 | 104.50 127 127.60

Diff % 0 -0.69 -0.69 -0.10 -2.11 -2.16
o0 present work 35.58 72.44 7244 | 104.48 | 130.18 | 131.44
Wen.le 2004 35.99 73.40 73.40 | 108.20 | 131.60 | 132.20

Diff % 1.13 1.30 1.30 3.431 1.07 0.57
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Table 15. Frequency parameters, Q= ob?/m?V(ph / D22) for SSSS square plate [0
90 0 90] with uniform rotational restraint along edges.

Ka/ D22 | mod1 mod2 mod 3 mod 4
0 1.59 4.39 4.39 6.39
10 2.60 5.61 5.61 7.80
20 2.86 6.04 6.04 8.34
100 3.21 6.69 6.69 9.19
00 3.33 6.95 6.95 9.54
40
35 -
> /
S 30
3
2 /
% 25 /
5
e 20 / SSss
é 15 / / e cfCf
'g / sfsf
c
g 10
B
5
0
0 10 20 30 40 50 60 70
E1/E2

Figure 5. Frequency parameters, Q= wa?/hV(p / E,) , for square plates with
different orthotropic ratio, (a/h=20, G12=0.6E2, v12=0.25) (0/90/0/90).
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Figure 6. Frequency parameters, Q= wa?/hV(p / E,) , for square plates with
different orthotropic ratio, (a/h=20, G12=0.6E2, v12=0.25) (60/-60/60/-60).
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Aerodynamic Characteristics of a Rectangular Wing Using Non-Linear
Vortex Ring Method
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ABSTRACT

The aerodynamic characteristics of general three-dimensional rectangular wings are
considered using non-linear interaction between two-dimensional viscous-inviscid panel method
and vortex ring method. The potential flow of a two-dimensional airfoil by the pioneering Hess
& Smith method was used with viscous laminar, transition and turbulent boundary layer to solve
flow about complex configuration of airfoils including stalling effect. Viterna method was used
to extend the aerodynamic characteristics of the specified airfoil to high angles of attacks. A
modified vortex ring method was used to find the circulation values along span wise direction of
the wing and then interacted with sectional circulation obtained by Kutta-Joukowsky theorem
of the airfoil. The method is simple and based mainly on iterative procedure to find the wings
post stall aerodynamic results. Parametric investigation was considered to give the best
performance and results for the rectangular wings. Wing of NACA 0012 cross sectional airfoil
was studied and compared with published experimental data for different speeds and angle of
attacks. Pressure, skin friction, lift, drag, and pitching moment coefficients are presented and
compared good with experimental data. The present method shows simple, quick and accurate
results for rectangular wings of different cross-section airfoils.

Key words: lifting line method, Viterna method, potential flow, viscous-inviscid panel method
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1. INTRODUCTION

The conceptual design of aircraft requires numerous representative calculations to a large
number of aircraft configurations. Fast methods to find the aerodynamic characteristics have
been of great interest. The Navier-Stockes equations results are too complex calculations during
aircraft design phase, in other hand Lifting line, vortex lattice and panel methods are still used
today as a tool to find the aerodynamic characteristics of aircrafts. The potential methods have
the same assumptions irrotational, incompressible and discretization at the wing and body of the
aircraft. These methods are simple, fast, and need small computer memory to solve them.

In lifting line and vortex methods, the airfoil shape is not a part of solution and this may
cause errors when calculating the configurations have un-conventional airfoils. These errors
could be obtained due to the assumption of no stalling characteristics, and then no profile drag
could be estimated (only induced drag). Moderate to high angle of attacks during take-off,
landing and military aircraft manoeuvring have inclusion of non-linear aerodynamic
characteristics. Accurate predictions of the flow in those conditions are needed during design
phases especially in structure modelling.

Two—dimensional airfoil data lift, drag and pitching moment are available from the
experimental, Navier-Stockes solutions and even by panel method interacted with boundary
layer solution as in Eppler, and Somers, 1980, Drela, 1989, and Ali, 2014. Various methods
were available to solve two-dimensional airfoil sectional characteristics (lift, drag and pitching
moment) which used as input data to calculate three-dimensional aerodynamic characteristics of
wings. The solution is simple, fast and less hardware demanding as compared with CFD
computations.

An early method was presented in Sivells, and Neely, 1947; the local lift coefficient for
NACA 4-series airfoil was interacted with lifting-line method. The vortex strengths along the
span of a wing were solved using iteration method. The induced drag with final span wise
circulation distribution were presented and discussed with previous experimental works. The
drawback of the method is the limitation of lifting line method for large aspect ratio and small
swept wings. A two-dimensional steady incompressible flow was calculated for NASA GA(W)-
1 airfoil characteristics using linear vortex panel method interacted with boundary layer laminar,
transition and turbulent regions for attached and separated flow had been presented in Piszkin
and Levinsky, 1976. Lifting line method was used to calculate flow in three-dimensional wing
using the characteristics of two-dimensional airfoil lift curve. Only distributed load and wake
shape of the rectangular wing were showed.

Dropped and un-dropped leading edge wing in post stalling region were studied by
Anderson, et al.,, 1980, to find non-linear post stall behaviour of a rectangular wing.
Experimental airfoil characteristics of dropped and un-dropped shape were incorporated with
prandtle lifting line method to solve the problem. The accuracy of the results was 20% as
compared with the experimental works. No pressure or shear stresses distribution presented in
the work.

The quick aerodynamic characteristics predictions for high lift module during conceptual
design stages of an aircraft was made by coupling a non-linear lifting surface method (modified
Weissinger method) with two-dimensional viscous characteristics of aircraft to calculate three-
dimensional wing of the designed aircraft was presented in Van Dam, et al., 2001. Semi-
empirical equations for two-dimensional high lift airfoils were utilized based on the
computational fluid dynamic (CFD) and experimental data for different configurations. The
method provided necessary accuracy and fast enough for the design stage.
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Multiple wings aerodynamic characteristics prediction method for post stall flight
condition was shown in Mukherjee, and Gopalarathnam, 2003. De-cambering approach was
developed in each section of wing to consider viscous effect at high angle of attack. The results
were presented to lift coefficient as a function of angle of attack and load distribution along span
wise direction of the aircraft.

Different approaches were used to find the interaction between potential solution and two-
dimensional viscous effects at high angle of attack. Most of the models were developed based on
the two-dimensional lift-angle of attack curve at moderate to high ranges experimentally as
shown in de Vargas, and de Oliveira, 2006, Pakalnis, Lasauskas, and Stankunas, 2005, and
Spalart, 2014.

The most important notes about all the previous considerations are that, the presented
results were restricted to lift, drag coefficients and load distribution along span wise direction of
the wing of the aircraft only. This may be attributed to the information used as input (two-
dimensional airfoil lift and drag curves) to solve the characteristics of the wing. The pressure and
boundary layer characteristics distributions along upper and lower surfaces were not consisted in
the results. So that, in the present work the aerodynamic characteristics with pressure and
boundary layer parameters will be studied and demonstrated using vortex ring method which was
discussed in  Ali, 2010 to solve the potential linear behaviour of a rectangular wing and then
coupled with the two-dimensional viscous-inviscied interaction method of multi-element airfoil
in ground effects illustrated by Ali, 2014. Viterna method Tangler, and Kocurek, 2005 was
used to extrapolation the lift and drag forces of the wing sectional airfoil without need for extra
solution of a large angle of attacks. Iteration method will be used to find the circulations along
the span wise direction of rectangular wings.

The presentation of a non-linear vortex ring method will be discussed in theory of the
method section, which illustrates the iterative procedure used to include airfoil distribution
characteristics data to the wing calculation of circulation distribution along span wise direction
and the results are discussed. Parametric investigation and results verification are done by
comparing with the experimental published data. Last conclusions and future work are stated.

2. THEORY OF THE METHOD

For small to moderate angles of attack, linear aerodynamic characteristics can be modelled
for most aircrafts wings, but at high angles of attack a non-linear behaviour of forces and
moment are produced. Panel methods are linear solution, so it cannot take into account the non-
linearity of the stall effects. In the present method the non-linearity effects of un-swept to
moderate swept wings the vortex ring method of Ali, 2010 is modified to account the stalling
effects.

2.1 Two Dimensional Airfoil Characteristics

A general method for inviscid-viscous boundary layer interaction method is used to
calculate flow about multi-element airfoil in ground effect which was described in details by Ali,
2014. Two-dimensional Hess, and Smith, 1967 panel method with constant source and vortex
distribution is used to find the potential flow around complex configurations of multi-elements
airfoils like slats and flaps high lift elements. Each elements of the configuration are discretized
using flat panels on the upper and lower side of the airfoil. Constant source strength is assumed
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at control point of the panel with constant vortex strength for the whole airfoil. Boundary
condition of zero normal velocity is applied at the control points with kutta condition at the
trailing edge of the airfoil. The linear equations which are obtained from influence each panel by
the other are solved to determine the unknown strengths of the main airfoil and its elements. The
boundary layer growths along the upper and lower sides of multi-element airfoils are calculated
by using the pressure and velocity of the potential flow which were solved previously. The
boundary layer regions are solved by using the method of Thewait's for laminar flow, n°- or
Micheal's methods for transition point and Head's method for turbulent flow along upper and
lower surfaces of the airfoil. Iterative scheme with transpiration method is used for each control
point to investigate the viscous effect in the boundary condition of panel method of the airfoil.
Ground effect is considered by imaging the configuration around ground x-axis. Wake shape is
relaxed optionally to give more realism to the calculations.

Direct and inverse methods are used to calculate linear and non-linear (separating flow)
behaviour of the aerodynamic characteristics around MEA in ground effects. The program is
presented and discussed for different cases and tested in Ali, 2014. Comparisons were showed
good agreement between the theoretical and experimental results for low to moderate angles of
attack.

Non-linear behaviour characteristics of an airfoil can be obtained for small to moderate
angles of attack by using previous method, but at higher angles or even in negative angles of
attack the convergence is not reached. Viterna method Tangler, and Kocurek, 2005, was
developed to extrapolate lift and drag coefficients to extreme angles using flat plate theory and
empirical assumptions obtained from experimental data for losses in BEM. In present method,
the forces and moments are evaluated through Viterna method for post stall angles, but pressure
and boundary layer properties are restricted to the method of interaction presented previously.
Single element airfoil is considered in the present analysis.

2.2 Three Dimensional Wing Characteristics

In a vortex ring method, a non-planar finite wing is descretized into number of sections
where for each section only one quadrilateral panel in chord wise directions is represented. A
vortex ring shape placed at quarter chord line for each panel to satisfy the boundary condition of
zero normal velocity of the wing using Biot-Savart law of vorticity. The wake behind the wing is
descretized using single long element (about 2-3 times span length Katz, and Plotkin, 1991) or
multiple elements along wake length (optionally to calculate wake shape effects) for each section
as shown in Fig. 1. The two-dimensional discretization of the cross-sectional airfoil geometry
into finite number of element in a clockwise direction beginning from the trailing edge lower
surface to the upper surface trailing edge and in span wise direction to form the surface elements
are shown in Fig. 2. Kutta condition at the trailing edge is used to calculate the strengths of the
wake elements. The flow tangency boundary condition is satisfied at three-quarter chord point
for each panel (centre point of the vortex ring). Linear sets of influence coefficients equations are
solved using Gauss's elimination method to find the strengths of vortices of the panels.
Optionally the wake may be relaxed to be a stream line starting from the trailing edge. Different
test cases are presented and discussed in Ali, 2014. The wing discretization in the present study
is limited to one element in the chord wise direction because the final circulation distribution of
the wing will be related to the sectional two-dimensional airfoil characteristics calculated
previously. The potential solution of rectangular wing using vortex ring method for different
angle of attack and aspect ratio will be showed and discussed in the results section.
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2.3 Method of interaction

The extension of the linear potential vortex ring method to the non-linear viscous post
stalling characteristics at high angle of attack is presented in this section. Kutta-Joukowsky
theorem of lift is the main idea of this method. The sectional circulation of the wing (vortex
strength at each section of wing by using vortex ring method) is related to the circulation
obtained from two-dimensional airfoil data which was investigated and stored for each section.
The induced angle of attack is calculated at each section from vortex ring method at load points
(centre point of bound vortex segment). The induced angle simply represents the angle between
the down wash velocities divided by free stream velocity. The effective angle of attack is then
evaluated by subtracting induced angle from geometrical angle of attack at each section. Two-
dimensional airfoil lift coefficient is evaluated at the effective angle of attack of each section.
The circulations for three- and two-dimensional analysis are compared and damped by using
iterative procedure to find new value. The following steps are used to calculate the non-linear
vortex ring method,

1- Geometric and operational conditions parameters are defined starting from root to tip which
consists of (airfoil geometric coordinates, tip coordinates of the wing, chord length,
geometric angle of attack, number of span wise sections, wake options for root and tip
sections).

2- Two-dimensional airfoil aerodynamic characteristics are calculated for the root and tip
airfoils by using viscous-inviscid interaction method of the multi-element airfoil in ground
effects for angle of attack range (-10 to 20°) as discussed in the section 2.1.

3- Viterna method is used to extrapolate the airfoil characteristics (lift and drag coefficient) to
extreme ranges of angles of attack as discussed in the section 2.1.

4- The airfoil results (pressure, forces, moment, boundary layer characteristics, etc) are stored.

5- The wing and wake are discretized into number of sections. Cosine low is used to distribute
the sections along the span of the wing.

6- Linear interpolation of the airfoils characteristics between the root and tip sections
(intermediate sections), is applied.

7- Initial bound vortex distribution along the span of the wing is calculated from linear solution
of the vortex ring method as discussed in the section 2.2. The linear solution consists of
computing the influence coefficients of the bound and trailing vortices at each control point
as illustrated in Fig. 1. Tangency boundary condition is applied at the three-quarter chord
point of the wing element to solve the linear equations.

8- Induced angle of attack at each span wise station is then calculated from the down wash
velocity at the load centre,

() ~ -2 1)

where w is the down wash velocity.

9- Effective angle of attack o is calculated by subtracting induced angle from geometric angle
of attack.

Aerr () = ag — ai(y) )

129



Number 4 Volume 23 April 2017 Journal of Engineering

10- Sectional lift coefficient can be determined from known airfoil data at effective angle of
attack.
11- The new circulation distribution can be calculated by using ,Kutta-Joukowski theorem as;

l 0
[(y)zp = S2c ®)

12- The new circulation distribution is determined by the following equation;
Thew = Tola + D(F(Y)ZD — To1a) (4)

where D is the damping factor.

13- Step (2-11) is repeated until the difference between the old and new circulation distribution
are within the given accuracy (1.0 ).

14- The aerodynamic characteristics and boundary layer properties are calculated based on the
final characteristics data obtained from 2-D airfoil characteristics at effective angle of attack
and from 3-D vortex ring forces and moments.

3. RESULTS AND DISCUSSION

The results of the potential solution of the rectangular using are presented and discussed in
the following sub sections.

3.1 Validation Results

In order to verify the results with other conventional methods like vortex lattice method
and experimental data obtained from published works, three test cases for accuracy are
considered in the present work,

1- Accuracy of two-dimensional airfoil results as compared with experimental data.

2- Parametric considerations of the present method which includes (no. of span wise elements,
damping factor, convergence tolerance).

3- Accuracy of nonlinear vortex ring method as compared with the published theoretical and
experimental data.

The results presented in this work were programmed and executed using Matlab 7.6 on a
personal computer Dell Core i3 of (2.4) GHz. All the accuracy test cases are restricted to the
rectangular or straight geometrical wing of cross-sectional airfoil NACA 0012, aspect ratio (6)
and taper ratio (1).

Fig. 3 and 4 show the aerodynamic characteristics of two-dimensional NACA 0012 airfoil
at Reynolds number 3x10°. The Viscous-Inviscid panel method (VIP) shows good accuracy as
compared with Abbot, and Von Doenhoff, 1949 experimental data except at the stalling region.
The discrepancy with them may be attributed to the multiple parameters of boundary layer
separation like wall roughness, pressure variation along normal direction in the separation
region, position of the transition point, etc. Fig. 3 shows a delay separation angle. Fig. 4 shows
good drag coefficient prediction because it depends on the semi-empirical equation at the tailing
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edge as illustrated in Ali, 2014. The number of panels to represent the airfoil surface is 160
which are sufficient to give good accuracy as discussed in Ali, 2014 with many accuracy
considerations about VIP method. The pressure and shear stress distribution along the airfoil
upper and lower surfaces are stored in files for next wing calculations. Fig. 5 and 6 show Viterna
results of lift and drag coefficients which extended the airfoil characteristics to high angle of
attacks. Positive and negative angle of attacks are extended to 180° and plotted in the figures to
show the behaviour of the aerodynamic characteristics at these angles. For lift coefficient in
positive angles is not symmetric with negative angles due to range of exactly lift coefficient
calculations (-10° to 20°), other this range represents the prediction results which are not bad at
all. The lift coefficient at angle 90° is approximately zero and the drag coefficient shows the
maximum value at a right angle to flow direction. These characteristics are also stored in the
programs for next calculation.

Three important accuracy parameters are considered in the present method number of span
wise elements, damping parameter and convergence parameter. These parameters are discussed
separately to evaluate the quick and efficient solution. For the basic calculation the previous
parameters are setting to the following values (20, 0.8, 1e-4) respectively.

Fig. 7 and 8 show the effect of span wise number of elements on the lift and drag
coefficients respectively for the wing geometry discussed previously at Reynolds number 3x10°.
The number of elements is selected 10, 20 and 40. The differences between lift coefficients for
different number of elements are very small as shown in Fig. 7. Same results are found for total
drag coefficient of the wing as illustrated in Fig. 8. It is clear that, when increasing the number
elements of the wing, the execution time will be increased. So that, choosing 20 elements can
give reasonable results and fast execution time.

The damping factor is considered in Table 1 where the aerodynamic coefficients are
investigated for the wing at 10° angle of attack. The damping factor is listed in table as 0.1, 0.5
and 0.8. The table shows that 0.8 damping factor is good choice for solution because it decreases
the number of iteration and the execution time of the problem. No effects are noticed on the
aerodynamic coefficients (lift and total drag) due to damping factor and stable solution is
indicated for these ranges.

Table 2 lists four different factors of convergence at angle of attack 10°. The iteration
number and execution time are affected by the convergence tolerance. The iteration and time are
increased as the tolerance decreased (accuracy increased). It is clear that the 1x10™ represents a
good choice to solve the problem.

The parametric consideration discussed previously shows the optimum solver conditions for
rectangular wing at high angle of attack. Other consideration is required for different wing
configuration. Generally, the non-linear results can be divided in to two branches. The first is the
distributed coefficients (pressure, shear stress, span wise lift, transition line, etc) of the wing and
the second is the aerodynamic characteristics (lift, total drag, pitching moment, centre of
pressure, and aerodynamic centre) of the wing. The airfoil NACA 0012 is considered in the
present analysis, which is symmetric airfoil. The results are compared with available published
experimental data obtained in Long, and Gury, 1976 for pressure distribution and lift
coefficient. The wing geometric and flow characteristics are illustrated in Table 3.

The pressure coefficient distribution on the upper and lower surfaces at different wing
sections are shown in Fig. 9 for dynamic pressure 2.87 kPa and 6.75° angle of attack. As shown,
the comparisons with experimental data are good for different sections of the wing. There are
some discrepancy for the tip section y/c=0.99 due to highly viscous tip vortex especially near
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trailing edge of the wing section. Linear interpolation is used to find the pressure coefficient for
the in between sections. Frictional shear stress coefficients for sections are also presented in Fig.
10. The frictional shear stress coefficient shows no separation along the span of the wing at this
angle which indicated by a negative value of the skin friction coefficient.

Fig. 11 shows the surface pressure distribution for different angle of attack at q..=2.87 kPa.
The angle of attacks are started from 6° to 25°, separation is noticed as expected at high angle of
attacks 25°. Also, the trailing edge is the first separated region on the wing a shown in the figure
with red colour. The peak negative values of pressure coefficient are noticed at the leading edge
of the wing. Fig. 12 shows the skin friction drag coefficient distributed on the wing for different
angle of attacks at q..=2.87 kPa. The flow separation is cleared at wing tips due to trailing vortex
and at the trailing edge due to high angle of attack.

The present method lift coefficient for the wing is in good accuracy as compared with
experimental data at q,,=2.87 kPa obtained in Long, and Gury, 1976 as shown in Fig. 13. The
drag polar and pitching moment coefficients are shown in Fig. 14 and 15 respectively. Also, the
span wise load distribution is shown in Fig. 16 and compared with experimental data. The results
show high accuracy of about 5% error by the present method as compared with the experimental
data.

4. CONCLUSIONS AND RECOMMENDATIONS

The aerodynamic characteristics of rectangular wing either distributed (pressure and
frictional stress coefficients) or total coefficients (lift, drag and pitching moments) are considered
in the present work using a coupled method between two-dimensional characteristics of the
airfoil at high angle of attack with help of Viterna method which extended the aerodynamic
characteristics to high angles and that modified vortex ring method to find span wise circulation
strength of the wing. Iterative method with specified accuracy is used to find the final circulation
distribution along span wise direction of the wing. Two-dimensional airfoil results show good
agreement with experimental data for intermediate angle of attack. To include high angles,
Viterna method was used to find the aerodynamic coefficients at these angles. Parametric
investigations were considered to have effective performance for the present method. The
number of sections, convergence accuracy and damping factor were limited for rectangular
wings. The wing of NACA 0012 airfoil section were solved and compared with published
experimental data. The comparison shows excellent agreement and the accuracy reached to 5%
with experiments.

The present method shows to be fast and simple to solve non-highly swept wings with
different cross sectional airfoil configuration. More tests cases are required to investigate this
method and more accurate solver for the two-dimensional airfoil are required like CFD to give
more accurate results in 3-dimensional wing.
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NOMENCLATURE
c chord length m
cl lift coefficient
D damping factor
Qoo dynamic pressure 0.5p.,V.2 Pa
Vo free stream velocity m/s
w down wash velocity m/s
y y-axis (span wise) m
Oleff effective angle of attack Deg
O geometric angle of attack Deg
a induced angle of attack Deg
op 2-dimensional circulation  m®/s

value

Cnew newer circulation value me/s
Told previous circulation value me/s

2017

Journal of Engineering

Table 1. Effect of damping factor on the numerical stability at o= 10°.

Damping | Number of | Execution Lift Drag
Factor Iteration time, Sec. | Coefficient | Coefficient
0.1 550 3.86 0.8027 0.0448
0.5 115 0.714 0.8026 0.0447
0.8 53 0.363 0.8026 0.0447
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Table 2. Effect of convergence tolerance on the numerical stability at a= 10°.

Convergence | Number of Execution Lift Drag
Tolerance Iteration time, Sec. Coefficient Coefficient
1x10° 44 0.394 0.8027 0.0447
1x10™ 53 0.363 0.8026 0.0447
1x10° 66 0.461 0.8026 0.0447
1x10°® 88 0.579 0.8026 0.0447

Table 3. Geometric and flow field characteristics of the wing.

Wing Aspect Ratio 59
Sweep Angle 0
Root Airfoil Section NACA
0012
Tip Airfoil Section NACA
0012
Span 59m
Ooo 2.87 kpa
a,p 2.75°, 0°
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Figure 1. Discretization of the vortex ring method for rectangular wing (top view)
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Figure 2. Two and three-dimensional descretization conjunction for a rectangular wing.
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ABSTRACT

Experimental measurements of viscosity and thermal conductivity of single layer of graphene

based DI-water nanofluid are performed as a function of concentrations (0.1-1wt%) and
temperatures between (5 to 35°C). The result reveals that the thermal conductivity of GNPs
nanofluids was increased with increasing the nanoparticle weight fraction concentration and
temperature, while the maximum enhancement was about 22% for concentration of 1 wt.% at
35°C. These experimental results were compared with some theoretical models and a good
agreement between Nan’s model and the experimental results was observed. The viscosity of the
graphene nanofluid displays Newtonian and Non-Newtonian behaviors with respect to
nanoparticles concentration and temperature, and about 111% enhancement was obtained
compared to the base fluid with GNPs weight fraction concentration of 1wt.% at 35°C. Based on
the experimental data, correlations were developed for predicting thermophysical properties of
the GNPs based DI-water nanofluid.

Key words: Graphene, Nanofluid, Thermal conductivity, Viscosity, Experimental measurements
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1. INTRODUCTION

Most heat transfer applications use conventional fluids like ethylene glycol (EG), DI-water
and engine oil as heat transfer working fluids. The efficiency of these fluids is often limited by
their low heat transfer capacities so the efficiency of the conventional fluids can be enhanced by
improving the heat transfer properties and thermal conductivity. These heat transfer fluids have
low thermal conductivity with respect to solid materials. Therefore, solid particles with high
thermal conductivity are generally added to traditional heat transfer fluids to increase their
thermal conductivity. However, the addition of micrometer or millimeter particles sized can
cause problems as sedimentation and agglomeration. Choi, 1995, avoided these problems by
introducing a new kind of heat transfer medium referred to nanofluid where the nanoparticles
size less than (100 nm) are dispersed in base fluids like EG, water and oil.

The benefits of nanofluids technologies are expected to be large due to the heat transfer
characteristic of cooling devices or heat exchangers in many applications. For example, the
thermal transport industry requires minimizing the weight and size of thermal systems of
vehicles and nanofluids can enhance thermal transport of lubricants and coolants. The
nanoparticles when properly dispersed in base fluid, nanofluids can show many advantages
besides the abnormal high effective thermal conductivity. These advantages involve, reduction in
pumping power, improving heat transfer and stability, miniaturizing systems, micro channel

cooling without clogging and savings cost and energy Murshed, 2008.

Many different nanoparticale materials are used for preparation nanofluids, such as metals (Cu,
Al, Au, Fe and Ag), metal oxide (CuO, Al,O3;, MgO), carbide ceramics (SiC, TiC),
Semiconductors (SiO,, TiO;) and Carbon nanostructures as (graphite, diamond, carbon nanotube,
graphene, graphene oxide). Carbon nanostructures materials are utilized due to their extremely
high thermal conductivity (k) in the axial directions, low density and large surface area compared
with metals or metal oxides materials.

Base fluids mostly used in the producing of nanofluid are the conventional fluid such as ethylene

glycol, water and oil.
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Recently, several investigations were devoted to study the thermal properties such as viscosity
and thermal conductivity of the nanoparticles based nanofluid prepared from different carbonic
structures, like single-wall, multiwall carbon nanotubes, graphite nanoparticles, and diamond
nanoparticles, graphene oxide, graphene. Among all of these structural forms, single layer
graphene is a 2-D material with one carbon atom thickness layer was discovered by Novoselov
in 2004. It has unique thermal characteristics due to large specific surface area and high thermal
conductivity compared with other carbonic forms. However, according to literature,
experimental and theoretical studies on the heat transfer thermal properties like viscosity and
thermal conductivity of graphene based nanofluids are scarce.

Ramaprabhu, 2010, carried out experimental study on thermal, electrical conductivities and
heat transfer characteristics for hydrogen exfoliated graphene nanosheets dispersed in DI-water
and EG-based nanofluids for different temperatures and volume fractions. The results of 0.05%
volume concentration of hydrogen exfoliated graphene dispersed in DI-water based nanofluid
was shown an improvement in thermal conductivity of around, 75%, 16% at 50°C and 25°C
respectively.

Xie, 2011, investigated experimentally the thermal conductivity of graphene EG-based
nanofluid. The result of 5.0% volume fraction of graphene dispersion showed significant
improvement in the thermal conductivity of nanofluid up to 86%. The stiffness and 2D structure
of graphene oxide and graphene helped to enhance the thermal conductivity of the nanofluids.
The results of thermal conductivities of graphene oxide and graphene EG-based nanofluid were
around ~4.9 and 6.8 W/m K, respectively.

Rashidi, 2013, studied the thermal conductivity and stability behavior of graphene based water
nanofluid. The Thermal conductivity of graphene versus temperature and time for various weight
concentrations were determined. Alkaline method was utilized to functionalize without any
additives or surfactant. This method was successfully dispersed of graphene in water. Results
suggested that there was an augmentation in thermal conductivity by increasing temperature and
graphene weight fraction concentration. The best result showed augmentation of thermal
conductivity about 14.1% with 0.05 wt.% of alkaline functionalized Graphene (AFG) with
respect to water at 25 °C and 17% at 50 °C.

Dey, 2013, prepared a well dispersed and stable fictionalized graphene (f-HEG) base (distilled
water and ethylene glycol) nanofluids with volume concentration between 0.041 to 0.395%.
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Measurements of viscosity and thermal conductivity were performed at different volume
concentrations and temperature between 10 to 70 °C. The results showed thermal conductivity
enhancement about ~15% for a volume fraction of 0.395 vol.%. Viscosity of the nanofluids and
base fluid showed non Newtonian behavior with the appearance of shear thinning and about
100% increment compared to the base fluid (ethylene glycol distilled water) with volume
fraction of 0.395.%.

Rashidi, 2014, investigated the effects of graphene oxide (GO/water) nanofluid concentration
and temperature on the thermal conductivity. Result indicated thermal conductivity of
(GOl/water) nanofluid higher than thermal conductivity of base fluid. Thermal conductivity
depended strongly on the graphene oxide concentration and enhanced with increasing it. When
the nanosheet weight fraction was 0.25wt.%, the enhancement ratio was 33.9% at 20°C and
when the temperature increased up to 40°C the enhancement ratio up to 47.5%.

The aim of the present work is to measure experimentally viscosity and thermal
conductivity of GNPs based DI-water nanofluid for various weight fraction concentrations and
temperatures.

2. EXPERIMENTAL SET-UP

2.1 Viscosity Measurements

The viscosity of the GNPs based DIl-water nanofluids at a different weight frictions
concentrations (1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2 and 0.1wt%) were measured by using a
rotational kind low viscosity DV-1 prime digital model viscometer from (Laboratories of
Brookfield Engineering Inc.) at convective heat transfer laboratory of Texas A&M University. The
maximum torque rating for this model is 0.06737 m.N and a accuracy is £1%.The viscometer
was calibrated by using a Brookfield’s viscosity standard test fluid. Fig. 1 shows the DV-I prime

viscometer.

A combination of cylindrical spindle and sample container referred as UL adapter was utilized
for taking measurements at low viscosity. This type of spindle can be used to measure viscosities
of both non Newtonian and Newtonian fluids. The viscous drag experienced by the spindle in UL
adapter was manufactory calibrated to offer percentage of maximum torque and dynamic
viscosity by using Egs. (1) and (2). on a digital output screen. Operating Instructions Manual,
2014.
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2R?

Y= (RZRY) Y (1)
M
= 27cR§pL (2)
n=s ©)
27N
w = a0 (4)

where R, Rsp, ®, M, L, p, and N are radius of the sample container, radius of the spindle, angular
speed of the spindle, torque input by the viscometer, effective length of the spindle, dynamic

viscosity and rotational speed of the spindle, respectively as shown in Fig. 2.

Measurements are taken at different shear rates and temperatures range from (5, 10, 15, 20, 25,

30 and 35°C) and were repeated four times for each experiment to obtain accurate results.

The DV-I prime viscometer has been calibrated by using standard test fluid viscosity of (9.6cP)
at temperature 25°C which provided by the Laboratories of Brookfield Engineering Inc. Its

precision was found to be +/- 0.6%.

2.2 Thermal Conductivity Measurements

Thermal conductivity is one of the most effective parameters which has important effect on
augmentation of heat transfer coefficient. Thermal conductivity of GNPs based DI-water
nanofluids with six various weight fraction concentrations (1, 0.8, 0.6, 0.4, 0.2, 0.1 wt%) at
temperatures range from ( 5-35°C) is measured by using a KD2 Pro instrument from (Decagon
devices, Inc. USA). The measurements were taken under different temperature conditions by
using a temperature-controlled container connected with chiller to maintain constant temperature
of sample as shown in Figs. 3 and 4. These figures illustrate the experimental setup to measure
thermal conductivity by using KD2 Pro instrument. The experimental set-up consists of: 1) KD2

Pro microcontroller 2) chiller 3) probe needles 4) temperature-controlled path.

The instrument working is based on the fundament of a transient hot wire method and has
accuracy of about 5%. A KD2 Pro consists of a sensor probe needles and handheld
microcontroller. The sensor probe needle is of stainless steel 60mm length and 1.3mm diameter
and includes both a thermistor and a heating element. The controller module includes a
microcontroller of 16-bit /AD converter, a power control circuitry, and battery.
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The measurements of thermal conductivities are based on the following assumptions: (i) the
medium is both isotropic and homogeneous (ii) the long source of heat can be considered as an
infinitely long heat source. Though these hypotheses are not correct in the strict sense, they are
sufficient for precise measurements of thermal properties. This method is achieved by measuring
the response of temperature/time of the probe to a sudden electrical pulse. Thermometer and
heater are both used by probe at the same time. A derivation of temperature data and Fourier’s

law are used to estimate the thermal conductivity.

Thermal conductivity is estimated by controller at the end of the reading by change the
temperature (AT) with the time as

_q"(Inty-Inty)
 4n(AT,-AT) (®)

whereAT; and AT, are the changes in the temperature at t; and t, times respectively, q" is the

applied constant heat rate to a small and an infinitely long (line) source.
2.2.1 Working of KD2 Pro

A 30 second equilibration time for each measurement cycle, 30 second for cool and a 30 second
for heat time were used. Measurements of temperature are made during 1 second intervals for
cooling and heating. These measurements are then fit with functions of exponential integral
utilized a nonlinear least squares procedure. During the measurement, the temperature of the
sample changes to correct a linear drift term, to optimize the precision of the readings. A
microprocessor and a thermo-resistor are used to measure and control the conduction in the
probe. Before measurement, for ensuring the thermal equilibrium between nanofluid sample and
sensor needle, the temperature of the samples was kept fixed for 30 min by using the
temperature-controlled container. Five separate measurements were repeated and the average
value of thermal conductivity was taken. The experiments were considered only when a mean
value of data has square correlation coefficient (R?) value more than 0.9995 KD2 pro user
guide, 2014.

Different techniques were tried to improve the KD2 Pro instrument accuracy during the

measurements of thermal conductivity of nanofluid and are as follows:
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1) The needle probe is taken out and cleaned after each measurement to avoid the agglomeration

and sedimentation of nanoparticles of graphene upon it.

2) The sensor needle probe was immersed fully into the nanofluid, oriented vertically by fixing it
through thick plastic cover for the container and centrally inside the container to avoid touching
with walls side of the container. This vertical orientation of the needle probe insertion through
the nanofluid will reduce the errors from free convection. Because a slight inclination of the

needle from its vertical position will produce a large error.

3) Several other precautions were taken such as avoiding vibrations during measurement by
placing the instrument on an optical table and switching off the chiller during the measurement.
The KD2 pro instrument has been calibrated by measuring thermal conductivity of glycerol and
Dl-water at 20°C. The values of measuring glycerol and DI-water were 0.282 and 0.607 W/mK,
which are in good agreement with the values from (NIST, webbook) of 0.285 and 0.598 W/mK,

respectively, within + 5% accuracy.

3. RESULTS AND DISCUSSION

3.1 Results of Viscosity

Viscosity of fluids is one of the most significant parameters, which estimates the heat transfer
fluid quality. In the absence of any prior data on the viscosity of GNPs based DI-water
nanofluids in the literature, it is most significant to confirm whether they show Newtonian or
non-Newtonian behavior as a function of both weight fraction concentrations and temperature of

nanofluid.
3.1.1 Effect of Shear Strain on Viscosity

The viscosity of DI- water and GNPs based DI-water has been examined with various weight
fractions (0.1-1wt %) and temperatures range of (5-35)°C. Figs. 5 and 6 show the relationship
between the viscosity and shear strain rate at temperature 5°C and 35°C, respectively. These
figures show that the viscosity of the DI-water remains constant when the shear rate is increased.
It is obviously that the DI-water displays a Newtonian behavior. Otherwise, the GNPs nanofluid

displays Newtonian and Non-Newtonian behavior depends on the weight fraction concentration
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and temperature. From figures the viscosity of the GNPs based DI-water nanofluid for a
concentration (0.1wt%) decreases with increasing the shear strain rate and this refers to the
GNPs nanofluid behave as non-Newtonian fluid until reaches specific value of shear strain (80 s’
1). After this value the viscosity remains constant when the shear strain increases. That indicates
the nanofluid works as Newtonian fluids. However, it is clear that the shear thinning (non-
Newtonian) behavior become more prominent with increasing the GNPs weight fraction
concentration and decreasing the temperature of nanofluid.

The reason of this shear thinning (non-Newtonian) behavior of GNPs based DI-water nanofluid
can be clarified commonly as follows. When the spindle rotates in the fluid, at low shear rates,
the structure of molecules fluid changes gradually and temporarily align themselves with the
increasing of shear rates direction. It generates less resistance and that causes a lowering in
viscosity of nanofluid. The amount of shear ordering attained maximum, when the shear strain is
high, and that causes to break down the aggregates to small sizes, hence the viscosity of
nanofluid is decreasing Alvardo, 2009. If the shear rate increases more, it will not make
unchanged on the viscosity. Because of large surface area and small size of the nanoparticles and
there is a possibility for structuring at low shear strain rates and a restriction and deformation at
high value of shear strain rates.

3.1.2 Effect of the Temperature on the Viscosity

Fig.7, shows reduction in the viscosity of the DI-water and GNPs nanofluid when the
temperature is increasing. This due to that, when the temperature is rising, that causes the
weakening of the adhesion forces for inter-particles intermolecular and that reduces the average
forces of intermolecular. Subsequently, the viscosity reduces when the temperature increases.
This is noticed for the most kinds of nanofluids Elias, 2014. Figs. 8 and 9 show the maximum
increment in viscosity of GNPs based DI-water is 111% at 1 wt% weight concentration and
temperature 35 °C compared with base fluid.

The correlation is developed to calculate the viscosity of GNPs nanofluid depending on the
experimental results with the limit of the temperature (5-35°C) and weight fraction (0.1-1%) as

shown in Fig. 10. It can be expressed as:

tnf = (@T>+bT+c) (6)
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where a, b, and c are the fitting parameter as shown in Table 1.

Unfortunately, theoretical formulations to predict the temperature dependence of viscosity of

GNPs nanofluids are practically absent Ijam, 2015.

3.1.3 Effect of Concentration on Nanofluid Viscosity

The viscosity of the GNPs based DI-water nanofluid is examined with various weight fraction
concentrations, as shown in Fig. 11. It shows the viscosity of GNPs increment with increasing
the weight fraction concentration. This is because the large surface area of the GNPs
nanoparticles in contact and increasing the base fluid molecules resistance with increasing the
weight fraction of GNPs nanoparticles.

The experimental data were compared with theoretical models that are proposed by other authors
at 25°C temperature as shown in Fig. 11.

It can be seen from this figure that these theoretical models failed to calculate the viscosity of
GNPs based water nanofluids. This may be due to variation in surface chemistry, morphology,

shear rate and measurement technique, etc.
3.2 Results of Thermal Conductivity

Thermal conductivity of the GNPs nanofluids with various weight fraction concentrations and
temperature ranging from (5 to 35°C) are shown in Fig. 12. It is clear from this figure that the
thermal conductivity enhancement was obtained with increasing weight concentrations and

temperature. Fig. 13 shows the thermal conductivity enhancement ratio.
((knf - kbf) /kbf )><100 (7)
where kys and kns were the thermal conductivities of base fluid and nanofluid, respectively.

The maximum enhancement ratio in thermal conductivity for 1 wt% of GNPs was 22% at 35 °C
and 10% for 0. 1 wt % concentration compared with base fluid.

The conventional theoretical models that have been developed to calculate nanofluids thermal
conductivity, such as the Hamilton-Crosser model and the Maxwell model, considered only
nanoparticles volume fraction and base fluid thermal conductivities, while particle shape, size,
and motion and dispersed particles distribution do not show considerable effect on thermal
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conductivity improvement. Hence, the results of the experiments cannot be compared with the
values correlated by these traditional theoretical models. These models showed weakness in
estimating the thermal conductivities of nanofluids which drove to suggest different new
mechanisms. Many researchers Choi, 2003, Kole, 2013, and Mehrali, 2014 indicated the
Brownian motion of nanoparticles as an important factor for figure out the improvement.
Recently, widely accepted idea leads the presence of nanolayer at liquid—solid interface and
nanoparticles aggregation of may frame the prime contributing mechanisms for improvement of
thermal conductivities in nanofluid. The liquid molecules close to nanoparticles surfaces forms

layered structures and conduct as a solid.

GNPs have the largest surface area compared with spherical and nanotube shape of nanoparticles
based nanofluids because it has two-dimensional structures. This mean that the GNPs will have
considerable larger contact area/interface with the molecules of base fluid. Hence the resistance
of contact (Kapitza resistance) will be reduced for the GNPs nanofluid interface considerably
and that will assist to enhance the effective thermal conductivity of the GNPs nanofluid. This

illustrates why the thermal conductivity of GNPs nanofluid is high.

Researchers from various organizations completed a benchmark research on the thermal
conductivity of GNP nanofluids, and the data referred that the results of experiments were in
better agreement with Nan's model. Accordingly to Nan's model,1997, the GNPs nanofluid

thermal conductivity can be estimated as below:

3+¢v[2B;;(1-L11)+B35(1-L33)]

k. =k
b 3 )y (2B, L11 +Basla3)

(8)

where @v and L;; are the volume fraction and the geometrical factor of nanoparticles,
respectively. Bii is defined as

B = kp—kpf

i kyp—Lij(kp—kpy)
where Kyf, Ky are the thermal conductivities of base fluid and nanoparticles respectively. The
aspect ratio of GNPs is very high, therefore L;; = 0 and Ls3= 1. Thermal conductivity estimated

by Nan's model took into account the matrix additive interface contact resistance. The predicted

thermal conductivity of composite in Egs. (8), is very sensitive to the change in the nanoparticles
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thermal conductivity of. Furthermore, the theoretical estimation confirmed that the graphene
thermal conductivity of can be affected by the dimensions of nanoparticles, defect density and
edge roughness. Fig. 14 displays the thermal conductivity of GNPs nanofluid improvement at
temperature of 30°C and as a function of weight fraction concentration. The results indicate that,

data can be obtained by using Nan's model to predict thermal conductivity with a good accuracy.

The correlation is developed to estimate the GNPs based DlI-water nanofluid thermal
conductivity based on the experimental result with the limitation of the weight concentrations
range of (0.1-1)% and temperature range of (5-35)°C as shown in Fig. 15. It can be expressed as

the following equation:

k= (a T2+ bT +¢) 9)
where a, b, and c are the fitting parameter as given in Table 2.
4. COMPARISON WITH PUBLISHED WORK

The comparison of the present experimental results of GNPs based DI-water nanofluid with the
published work, of Mehrali, 2014 and Mehrali, 2015, are shown in Fig. 16 for thermal
conductivity and Fig. 17 for viscosity. These comparisons show a reasonable agreement with an

error not exceeding 11%, 13% and respectively.
5. CONCLUSIONS

The thermophysical properties like thermal conductivity and viscosity of the suspensions of
GNPs based DI-water nanofluid were examined for different weight fraction concentrations and
temperatures. From this study it can be concluded that:

1. The thermal conductivity is increased with increasing the temperature of the GNPs nanofluid
and nanoparticles weight concentrations, and maximum enhancement in thermal conductivity
was around 11.9% to 22.2% with concentration of (pm=1wt%) and temperature range from 5 to
35°C.

2. The GNPs based DI-water nanofluid displayed a Newtonian and non- Newtonian behavior
with respect to nanoparticles concentration and temperature. The viscosity of the nanofluid
decreased with increasing the temperatures, and their increment was 80—111% compared with
Dl-water when the temperature increased from 5 to 35 °C.
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3. The traditional models were not able to predict the viscosity and thermal conductivity of the
GNPs based DI-water nanofluid. Therefore, correlations were suggested to evaluate the

thermophysical properties based on the experimental results.
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NOMENCLATURE

AFG alkaline functionalized Graphene

EG ethylene glycol

f-HEG  fictionalized graphene

GO graphene oxide

GNPs  single layer Graphene

NIST National Institute of Standards and Technology

y=shear strain, N/m?. W =dynamic viscosity of base fluid, kg/m.s.
1=shear stress, N/m?. w=angular speed of the spindle
M=torque input by the viscometer, N/m?. Rc.=radius of the sample container, m
u=dynamic viscosity, kg/m.s. Rsp=radius of the spindle,m
unr=dynamic viscosity of nanofluid, kg/m.s. N=rotational speed of the spindle
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L=effective length of the spindle,m

23 April

k=Thermal conductivity, W/m.K
ko=Thermal conductivity of particle, W/m.K

kpi=Thermal conductivity of base fluid,
W/m.K

kns =Thermal conductivity of nanofluid,
W/m.K

q"= heat flux,W/m?

T=temperature, °C.

t =time, second.

Lii=geometrical factor, dimensionless
pv=particle volume faction, dimensionless

pm=mass fraction of the particles,
dimensionless

pp=density of the nanoparticle, kg/m®.
pp=density of base fluid, kg/m®.
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Table 1. Values of factors for viscosity of GNPs

nanofluid.

Om a b c R
Owt% | 0.00052 | -0.04695 | 1.73063 | 0.9993
1wt% | 0.00047 | -0.05921 | 3.01429 | 0.9977

0.9 wt% | 0.00052 | -0.05995 | 2.88714 | 0.9988
0.8 wt% | 0.00059 | -0.06348 | 2.79571 | 0.9993
0.7 wt% | 0.00066 | -0.0654 | 2.70429 | 0.9989
0.6 wt% | 0.00086 | -0.07298 | 2.65571 | 0.9978
0.5 wt% | 0.00083 | -0.06683 | 2.41857 | 0.9982
0.4 wit% | 0.00045 | -0.0479 | 2.14429 | 0.9989
0.3wt% | 0.0005 | -0.04795 | 2.02857 | 0.9992
0.2 wt% | 0.00047 | -0.0462 | 1.93071 | 0.9989
0.1wt% | 0.0062 | -0.05048 | 1.87143 | 0.9973

Table 2. Values of factors for thermal conductivity of
GNPs nanofluid.

Om a b c R?
0wt% | 0.00001 | 0.001757 | 0.5628 | 0.9985
1wt% | 0.00006 | 0.00173 | 0.6294 | 0.9983

0.8 wt% | 0.00005 | 0.00177 | 0.6198 | 0.9964
0.6 wt% | 0.00005 | 0.00145 | 0.6168 | 0.9901
0.4 wt% | 0.00005 | 0.00106 | 0.6151 | 0.9812
0.2 wt% | 0.00007 | 0.00022 | 0.614 | 0.995
0.1 wt% | 0.00005 | 0.000829 | 0.592 | 0.9939
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Figure 1. Brookfield DV-I Prime Viscometer.
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Figure 4. Set-up of experiment to measure thermal
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Figure 9. Effect temperature on increment of viscosity of GNPs nanofluid at different concentrations.

Figure 10. Correlation of experimental results of viscosity for GNPs nanofluid at different temperatures and
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Openness and the Degree of Impact on Engagement Learner
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ABSTRACT

This paper concerns with openness concept in contemporary learning environment, which
ranges from physical characters to its relation with learning efficiency and its output. Previous
literatures differ to clear the effect of openness on the engagement between learner within
themselves, and with this kind of spaces. Engagement means: active participation, the ability of
making dialogue, self-reflection and the ability to explore and communicate with them and
within learning space. Research roblem was: The lack of knowledge about the effect of Openness
on learner engagement with learning spaces. The two concepts were applied on three types of
learning spaces in the Department of the Architecture in the University of Technology, according
to their measurements. The research found that there are two types of engagment, positive and
negative, that effect of openness in learning space, as increasing of the openness in learning
space as more of the positive engagement of the learner, offset by a decrease in the negative
engagement which cause conditions of the boredom and loss of concentration and scattering the
learner mind - within this kind of space.

Key words: Openness, engagement, learning space, learning environment.
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