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ABSTRACT

A\ new concrete rheometer is introduced including its innovation, actual design, working rules,
calibration, and reliability. A modified design of Tattersall two-point device is created. Some of
components are purchased from local and foreign markets, while other components and the
manufacturing process are locally fabricated. The matching viscosity method of determining the mixer
viscometer constants is demonstrated and followed to relate torque and rotational speed to yield stress
and viscosity (Bingham parameters). The calibration procedures and its calculation are explained.
Water is used as a Newtonian fluid, while; cement paste (cement + water) with w/c ratio equal to
(0.442) is used as a non-Newtonian fluid. The cement paste is tested in “Petroleum Research and
Development Center” by “OFITE Model 800 Viscometer”. In order to verify the reliability of the new
rheometer, an Artificial Neural Network (ANN) model with a well selected bank of data is constructed;
and (16) Mixes of Self Compacting Concrete (SCC) are constructed, mixed and tested by the new
Rheometer. The results from model (predicted) and those from the experimental work (measured) were
found to have very good degrees of correlation and matching, which indicates that the new rheometer
can be reliable.

Key Words: rheology, rheometer, SCC, yield stress, viscosity, ANN.
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1. INTRODUCTION

Rheology is the science of the deformation and flow of matter, and the emphasis on flow means that it
is concerned with the relationships between stress, strain, rate of strain, and time. Fluid rheology is well
established, widely used science that is directly applicable to workability of fresh concrete. The
characterization of rheology of fresh concrete is complicated by the fact that concrete is a complex
material with time-dependent properties and includes wide range of particle sizes. In measuring
rheological parameters of concrete, it is essential to know the flow properties over a wide range of
shear stresses and shear strain rates. Various constitutive equations have been developed, the listing of
such equations are given by Whorlow, 1992. Ferraris, 1999. and Hackley, and Ferraris, 2001.
However, the most commonly used equation that is applied to fresh concrete is the Bingham Equation,
where flow is described by the Eq. (1).

T =T, +Huy Eqg. (1)

where :

T = shear stress;

W = plastic viscosity;

To = Yield stress; and

y" = shear strain or shear rate = dv / dy

2.RHEOLOGY OF SCC

SCC is a highly flowable concrete that is able to flow into places without vibration. Because SCC is
essentially defined in terms of its workability, the characterization and control of rheology is crucial for
the successful production of SCC. In terms of rheology, SCC exhibits a yield stress near zero and a
moderate plastic viscosity. Ferraris at al., 2000. and Koehler and Fowler, 2007. stated that if the
rheological properties that characterize SCC are examined, the yield stress must be zero or very low
and the viscosity must be controlled. Empirical tests simulate a field condition and measure a quantity,
such as a distance or time that is related to an aspect of workability. Empirical tests measure values that
are related to fundamental rheological properties only indirectly, Koehler and Fowler, 2007. In
empirical tests, the geometry of the concrete and the stresses acting on it at any given time are changing
and not fully known, making it difficult to isolate the effects of fundamental flow properties. Therefore,
rheological parameters can be preferable to empirical parameters, provided they can be measured in a
practical manner and related to field placement requirements. Fig.1 shows how two concretes could
have one identical parameter and a very different second parameter. Therefore, it is important to use a
test that will describe the concrete flow, by measuring (at least) both factors, Ferraris, 1999.

3.RHEOMETRIC APPARATUS

In order to determine real values of stress and rate (at the same point) an absolute instrument is needed,
where the determination is made on the basis of a known mathematical description of flow occurring in
the instrument and on the basis of its geometry. The measuring techniques can be divided into four
principal ones, as shown in Fig. 2 ,Oskar, 2007.

The instrument used these techniques is called ,Rheometer. Leslie and Ji ,2001. defined rheometer as
the instruments for measuring flow behavior, which usually operate in rotation and measure torque and
rotational speed and the rheological parameters of stress and strain rate are computed from these
measurements.
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According to Hackley and Ferraris,2001. rotational methods are generally better for concentrated
suspensions, gels, and pastes despite the fact that capillary tube methods tend to be more precise in
measuring viscosity.

“Impeller rheometers”, can be defined as rotational rheometers which consist of an impeller that is
rotated in a concrete specimen. Impeller rheometers can be simple to use; however, the shear rate and
shear stress in the material around the impeller is unknown and the direct analytical calculation of
fundamental rheological parameters is not possible. Although calibration procedures have been
suggested to relate the intercept and slope of the torque versus rotation speed plot to yield stress and
plastic viscosity, the accuracy of such procedures is debatable. Instead, results are often presented in
terms of the slope (‘h-value') and intercept (‘g-value') of the torque versus rotation speed plot
Tattersall and Banfill,1983. Whorlow,1992. Ferraris ,1999. and Koehler and Fowler, 2006.

3.1 Tattersall Two-Point Rheometer

The Tattersall two-point device was reportedly the first rheometer to measure concrete as a Bingham
fluid. The device has been refined over the years by Tattersall and other researchers and continues to be
widely used in research, Tattersall and Bloomer,1979; Cabrera and Hopkins, 1984; Tattersall
1990; Bartos, Sonebi, and Tamimi, 2002; Ferraris and Brower,2004; Koehler and Fowler, 2006
and Josef , 2006.

The original version of the two-point device, the MK | apparatus, was first presented in 1971 and
consisted of a Hobart food mixer with a hook-shaped impeller moving in a planetary motion. The
device, however, could not be used for high workability mixes.

Based on additional research, the MK | apparatus was later replaced by the MK 1l apparatus Fig.3 for
high workability mixes and the MK 111 for low to medium workability mixes.

MK 11 measures the pressure in a variable hydraulic transmission when turning an impeller in concrete
at different speeds. Torque/Pressure calibration constant should be determined, Tattersall and Banfill
1983.

3.2 Laskar and Talukdar Rheometer

The rheometer which is designed by Laskar and Talukdar , 2007. .Fig. 4 has the same concept of
Tattersall two-point device. However, they used flat circular vane plate impeller, and the circuit for the
purpose of calibration consists of a wattmeter, voltmeter, ammeter, and a 10 A variac. A spring balance
anchored to a fixed object is fitted to the pulley of the spindle. When the motor is switched on, the
spring balance blocks its rotor and the spring balance reading is noted. This arrangement gives the
braking torques at different voltages. Thus for a set of voltages, braking forces or torques can be
obtained.

4. ARTIFICIAL NEURAL NETWORKS

A neural network consists of a number of interconnected processing elements, commonly referred to as
neurons. The neurons are logically arranged into two or more layers and interact with each other via
weighted connections. These scalar weights determine the nature and strength of the influence between
the interconnected neurons. Each neuron is connected to all the neurons in the next layer. There is an
input layer where data are presented to the neural network and an output layer that holds the response
of the network to the input. It is the intermediate layers, also known as hidden layers, which enable
these networks to represent and compute complicated associations between patterns. Each hidden and
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output neuron processes its inputs by multiplying each input by its weight, summing the product, and
then passing the sum through a nonlinear transfer function to produce a result, Goh ,1995.

The neural network “learns” by modifying the weights of the neurons in response to the errors between
the actual output values and the target output values. At the end of the training phase, the neural
network should correctly reproduce the target output values for the training data, provided the errors
are minimal, i.e., convergence occurs, Kwan , 2000.

5.NEW RHEOMETER DESIGN

Through searching in local engineering colleges, no available concrete rheometer exists in Irag.
Therefore, it is decided to adopt one of the available rheometer designs and fabricates a concrete
rheometer. The modified design of Tattersall two-point device MK Il is chosen for this purpose. The
simple design and its continuously development through researches are the main are the main reasons
for this choice.

5.1 First Adopted Design

The design of the Tattersall two-point device MK 1l that was donated for research purpose of Josef,

2006. work’s Fig. 5 is the first adopted design for current research purpose. This design consists of:

1. Electrical Motor which is used to generate the required rotation.

2. Variable Hydraulic Transmission Unit which is used to generate a pressure when turning the
impeller in concrete.

3. Speed Control which is used to control and measure the speed of rotation.

4. Reduction Gear Box which is used to reduce the speed of motor rotation and increase the generated
torque.

5. Pressure Gauge which is used to measure the generated pressure in the variable hydraulic
transmission unit.

6. Interrupted Helical Impeller which is used to rotate the concrete sample.

Sample Holder which is used to hold the concrete sample.

8. Torque Calibration System Fig. 6 which is used to determine the torque/pressure calibration
constant. This system consists of an adjustable metal clamp with a copper sleeve, fixed so that the
impeller drive shaft passes through it, and is used.

~

5.2 Modified Adopted Design

The first design and all of its components are studied carefully. The next step is going to be search for

the availability of those components and the possibilities of fabrication. Through this search two

important notes are recorded:

1. Instead of using an electrical motor and a reducing gear box as a separator device, a one unit that
consists of both devices can be used. This has a big benefit of reducing the problems of coupling
between the electrical motor and the reducing gear box.

2. Instead of using the variable hydraulic transmission unit, pressure gauge, and the torque calibration
system which are used to measure and calibrate the generated torque, a Rotary Torque Transducer that
measures the speed and torque strain in a rotating shaft can be used.

Taking previous two notes in consideration, the design is modified. The sketch of the modified
adopted design is shown in Fig.7. The completed fabricated rheometer is shown in Fig.8. This design
consists of below parts.
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5.3 Electrical Motor and the Redaction Gearbox Vertical Unit (Figure 9):
This unit is chosen from Web-Drive which is a European company. The specifications of this unit are
listed in Table 1.

5.4 Rotary Torque Transducer

This component is chosen from a British company, and it consists of three units; M420 Rotary Torque
Transducer, Transducer Interface, and software package “TorqueLog”. The specifications of these units
are:

A - M420 Rotary Torque Transducer:

The Series M420 Rotary Torque Transducer Fig.10. measures the speed and torque strain in a rotating
shaft. Signal output is transmitted directly from the shaft as serial data and providing clean and
definitive data transmission. M420 rotary torque transducer is connected with the gearbox by a locally
made stainless steel connector see Fig. 11. The specifications of M420 rotary torque transducer and its
dimensions according to Fig.12 are listed in Table 2. The purchased M420 rotary torque transducer is
calibrated by Datum Electronics Ltd, and a Torque Calibration Certificate Fig.13 is supplied with the
device.

B - Transducer Interface:

This unit Fig.14 receives the signal output from the transducer and converts it digitally through a USB
converter to PC. The Transducer interface requires 15-24Volts dc supply power. The M420 connects
directly to this interface.

C - Software Package “TorqueLog”:

Datum Electronics TorqueLog software is an easy and convenient way of collecting data. This software
provides a direct readout of Torque, Speed and Power on a PC with additional facilities to read peak
torque and log data to other applications including Microsoft Excel. The features of this software
include:

* Calibrated Display of Torque in Nm or 1b/ft
* Display of Speed (rpm)
* Display of Power in kW or HP
* Peak Torque, Speed and Power Capture Facility
* Data logging of Torque (or Torque, Speed and Power)
Fig. 15. shows the interface window for this software.
D - AC Frequency Conversion Speed Regulator:

AdvanCon-SID32-G-S2 series Fig.16 high functional conversion regulator is chosen to be the speed
controller.
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E - Interrupted Helical Impeller:

An axial stainless steel impeller with four angled blades set in a helical pattern around a central shaft
which imparts a stirring and mixing action to the concrete is designed, fabricated and used for the
purposes of this study. This type of impeller is chosen because it is suitable for slumps in excess of
about 100 mm as referred to by Ferraris and Brower , 2001. The impeller is made in two parts. The
first upper part is fixed to the body by a stainless steel ring that contains a bearing fixture in the middle
and through this bearing it connects with the torque transducer Fig.7. This arrangement provides good
support and free movement to the impeller and assures no direct load on the transducer. The other
(lower) end of this part is externally threaded See Fig.18. The second lower part of this impeller is a
free part that can be screwed to the upper part during running the rheometer or it can be removed out
for cleaning. The lower end of this part contains four trapezoidal blades, right angled in its position, set
and welded in a helical pattern around the central shaft. Total length of the shaft is (850 mm) and its
diameter is (50 mm). Larger base of the blade is (65 mm), while smaller base is (35 mm), and the
height of the base is (55 mm).

F - Sample Holder Fig. 9.

This is a metal cylindrical container with (254 mm) diameter and (305 mm) height. It is provided with
vertical metal ribs at a pitch of 60 mm along the circumference. Ribs are welded at the wall of the
cylinder. The effective gap between the bottom and the shearing surface is 60 mm. The effective
concrete height above the vane plate is 75 mm. The no-slip condition at top of the cylinder is achieved
by providing the mesh of blades.

5.5 Calibration of the Rheometer
Since it is shown through the literature that the flow properties of concrete conform to the Bingham
model, the flow curves are taken as linear, the intercept on the torque axis and the reciprocal slope can
also be calculated using the least squares method. The flow curve is represented by:

T=g+hN Eq. (2)

Where (T) is the torque at speed (N), (g) is a measure of the yield value and (h) is a measure of plastic
Viscosity.

The values of (g) and (h) are calculated mixer viscometry method. Extensive work has been conducted
on mixer viscometry Castell and Steffe 1992. This technique has been used mostly for non-reacting
biological materials. But also it is applied in evaluating the workability of fresh concrete Tattersall
and Banfill , 1983, and to chemo-rheological studies involving starch gelatinization Dolan and Steffe
1990 and Steffe et al., 19809.

The specific technique used in the current study for applying the matching viscosity method was
developed by Mackey et al 1987and later described as the torque curve method by Castell-Perez and
Steffe 1990. The following analysis is based on the work of those researchers.

5-6 Power Number (Np,) & Reynolds Number (Nge)

Those dimensionless numbers are defined to the impeller, which takes the power “P”” whose diameter
IS “d” whose rotational speed is “N” in fluid, and whose density and viscosity are “p” and “n”, by
following equations:
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p NdZp (4)

Npo = Ny (3) and Nge = -

The power is equal to the product of torque and angular velocity: = T =« N, where T is the torque. Thus,
the Eq. (3) can be written with respect to the torque, rotational speed, effective diameter, density, and
viscosity as:

T

Npo, = deE_ﬂ (5)

With a single phase fluid operating at low speed, or in a baffled system, the power number can be
expressed with the impeller Reynolds number alone:

NPn- = f(NRe}
NPn = Ax (NRE}B (6)

Where “4” and “B” are constants depending on the geometry of the system and the flow regime
present during mixing. “B= -1"when “Nge < 10”, and “B= 0" when “Nge > 10 000”. The values of
“4” and “B” in the intermediate region will depend on the particular mixing system under
consideration.

5.7 Apparent Viscosity
Apparent viscosity has a precise definition. It is shear stress divided by shear rate:
= =
n=Ffy)= 3 7)

With Newtonian fluids, the apparent viscosity and the Newtonian viscosity () are identical but for a
power law fluid is:

T K@)
= 1 = T = N = K 1 “_1 8
n = f(i) 7= () (8)
Apparent viscosity for Bingham plastic fluids is determined in a like manner:

(9)

. T f-'[;plm(]."'} + 1, Ty

= = - = = at —

1 = f(i) 7 7 Kyl ¥

5.8 Average Shear Rate
Newtonian fluid viscosity (u) is replaced by an apparent viscosity (n) evaluated at an average shear rate
(7a) defined as:

Vav = k'« N (10)
where (k') is the mixer viscometer constant having units of 1/rad or 1/rev. (k) is unique for any
particular physical system and must be determined from experimental data.

In mixer viscometry, there are two primary techniques for determining (k') the "Slope Method" and the
"Viscosity Matching Method." Viscosity Matching Method is a technique that involves the comparison
of power curves for Newtonian and non-Newtonian fluids using the idea of matching viscosities. The

7
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phrase "matching viscosities" refers to the assumption that the average shear rate for a non-Newtonian
fluid is equal to the average shear rate for a Newtonian fluid when the Newtonian viscosity equals the
apparent viscosity of the non-Newtonian fluid. The technique is excellent for determining the average
shear rate in a mixer and is also useful to rheological process engineers in evaluating the performance
of commercial equipment (Rheometers) having poorly defined shear fields.

5.9 Derivation of Mixer Viscometry Relations

1- Power Flow Fluids: Working equations are developed starting with the assumption that surface
tension, elastic, and vortexing effects are insignificant, the physical variables involved in mixing
Newtonian and Non- Newtonian fluids in the laminar flow regime where (Nge < 10), then:

A
Npo = Ngo (11)
Substituting with Egs. (4) and (5), gets
nAd
.I'\ITPn,= m (12)
using the definition of apparent viscosity for a power flow fluid
Eq. (8)
AK(j)" 1
Npo = “NaZp (13)
using the definition of average shear rate
AK (ap)™ ™t
Neo= —Nazp (14
and solve for the average shear rate:
1
Nd2pNp,\ ‘™1
o= ——r 15
oo = (22| (15)

2- Bingham Plastic Fluids: Using the same assumption in above paragraph and the Eq. (11) and (12)
and the definition of apparent viscosity for a Bingham plastic fluid (Eq.(9)):
T _ A(J'-Ipim_i' Tn-r'f?}

desﬂ'_ Ndzp (16)
using the definition of average shear rate and Eq. (10)
T Ay +T,/k'N) an

NZdsp Nd2p

then simplifying the resulting equation gives an expression relating torque and speed in a
mixer viscometer:
Ad? R
T= 77+ Ad*p, N (18)
Collecting mixer rheometer data of torque versus anqular velocity for a Bingham plastic and plotting
the result will provide a slope (Ad3m,;,) and an intercept (Ad3z./k") that reflect the rheological
properties of the fluid. If (A) and (k') are known, plastic viscosity and the vield stress can be calculated.
Comparing between Equation (1) and Equation (18):
8
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Ad3
9= 1% (19)
_ gk
then o= g3 (20)
h= Ad*py, (21)
h
then Hpla = ﬁ (22)

5.10 Determination of Parameters
1- Using Water as a Newtonian fluid in the mixer rheometer, the constant (A) is determined from the
experimental data.
a. Involving Eq.(4) to determine (Nge), Where, “p” for water is (1000 kg/m3), “n” for water is
(0.001 kg/m.s), “N” the rotational speed in (rad/sec.), and the effective diameter for the impeller
(d) is (0.16 m). Table 3 shows that the average value of (Nge) is about (120637).
b. Involving Eq.(5) to determine (Npo), where, “T” units is (Nm), “p” for water is (1000 kg/m3),
“N” is the rotational speed in (rad/sec.), and the effective diameter for the impeller (d) is (0.16
m). Table 3 also, shows that the average value of (Np,) is (0.095).
c. Since “Nge > 10000, then “B= 0. Substituting this value in Eq. (6) yields (A) equal to (Npo).
Then (A = 0.09499).
2- Determination value of (k'), a non-Newtonian power flow fluid (or pseudo-plastic fluid) should
be tested in a routine viscometer (like a concentric cylinder or cone and plate system). Through the
traditional rheological techniques, the properties (K) and (n) of a power law fluid can be determined.
This reference power law material is then tested by the rheometer (under study), and mixed at a several
speeds. Next, the matching viscosity assumption is applied and an average shear rate (y-a) and (k')
values are calculated. (k') is calculated {as it is equal to (Yaw/N)} at numerous impeller speeds to

determine how (k') may vary with (N). An average value of (k') may be taken to represent the constant
required in Egs. (19) and (20).
a. Cement slurry (cement + water) with wi/c ratio equal to (0.442) is used as a power flow fluid.
This slurry is tested in “Petroleum Research and Development Center”. Their “OFITE Model 800
Viscometer” which is a Coaxial Cylinder Viscometer. The cement slurry is tested at seven speeds (6,
30, 60, 100, 200, 300, and 600 rpm). Obtained shear stress and shear rate values are plotted in Figure
(20). This power flow curve show that (K) is equal to (10.63) and (n) is equal to (0.305). The shape of
the curve and (n) value which is less than (1) indicates that the tested cement slurry is a “Shear
Thinning” fluid.
b. The cement slurry with same materials and proportions that used in the previous paragraph is
tested by this study’s rheometer. The specimen is sheared at seventeen speeds Table 4. Values of (y-ay)
and (k') at those seventeen speeds and their averages are determined by using Eq.s (10) and (15) and
listed in Table 4, also.
3- As (A= 0.09499) and (k' = 0.0958) values are calculated, and as (d = 0.16 m), then (Ad3 =
0.000389), by using Equations (20) and (22):

T,%246g (23) and Hpla™ Z570h (24)
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6.EXPERIMENTAL PROGRAM

In order to evaluate and verify the rheological properties of SCC mixtures by the new Rheometer,
(16) mixes of SCC are designed, mixed and tested. A detailed description of the experimental work
carried out in the present study is demonstrated below.

6.1 Materials

1- Iraqi ordinary Portland cement (Taslogah) type (1). This cement is tested and checked according to
IOS 5:1984. Table 5 shows the chemical and physical properties of this cement and the criteria of
IOS 5:1984 for each one.

2- Natural sand is used in this work. Table 6 shows the grading of the fine aggregate and the limits of
the Iraqi specification N0.45/1984; and the physical properties of the fine aggregate.

3- Rounded gravel of nominal size (5-14) mm is used. Table 7 shows the grading of this aggregate
which conforms to the Iraqi specification N0.45/1984, the specific gravity, sulfate content and
absorption of coarse aggregate.

4- Tap water is used for both mixing and curing of concrete.

5- A third generation admixture for concrete and mortar named Sika ViscoCrete Hi-Tech 32 is used.

6.2 Concrete Mix Design

Initially EFNARC (2005) first approach for mix design method is used, and then the proportions of
materials modified after the evaluation by fresh tests is done. The modifications are made according to
EFNARC (2005) also.

6.3 Mix Proportions

In order to achieve the scopes of this study, the mixes are categorized into five groups. Each group
represents one of the factors that affects rheology and strength of SCC. These groups are listed in
Table 8. Tables 9 and 10 show mix proportions. All proportions are based on volumetric mix design
procedure.

6.4 Mixing Procedure

The mixing procedure that used in this study is briefly stated in the following:
1.  The fine aggregates are added to the mixer with 1/3 quantity of water and mixed for 1 minute.
2. The cement and mineral admixtures are added with another 1/3 quantity of water. Then the
mixture is mixed for 1 minute.
3. After that, the coarse aggregate is added with the last 1/3 quantity of water and 1/3 dosage of
superplasticizer, and the mixing lasts for 1 ¥ minute then the mixture is left for %2 minute for rest.
4.  Then, the 2/3 leftover of the dosage of superplasticizer is added and mixed for 1 ¥2 minute.
5. The mixture is then discharged, tested and cast.

6.5 Workability (Empirical) Measurements

These tests include slump-flow (SFD), L-box, U-box and V-funnel (TV) tests. All of these tests are
used to verify the filling ability, passing ability, and segregation resistance of all mixes of this study.
The apparatus and the tests procedure are made according to the specifications and requirements
mentioned in Efnaec, 2005. These apparatus are made from steel plate in the local market.

10
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6.6 Procedure of Rheological Tests
Before testing can be done, the hardware (the torque transducer and its interface) should be
connected and installed on the PC. Also, the TorqueLog software should be installed on the PC. The
apparatus must be set up to be leveled. The procedure for testing is as follows:
1. Turn on the power source and let the impeller to rotate at speed of 15 rpm.
2. Fill the sample holder gradually with concrete to about 75 mm from the rim while the impeller
rotates.
3. Increase the speed each 1 minute by steps 25, 35, 45, 55, 65, and 75 rpm.
4. The results are automatically fed to the PC in Microsoft Excel spreadsheet.

6.7 Verifying Reliability of Rheometer
In order to verify the reliability of the new rheometer, the following steps are followed:
1- Construct an ANN model with a well selected bank of data. This bank of data should have a
suitable volume (number of mixes) that the better performance of the model can be achieved.
Experimental data from (35) different sources is used to check the reliability of the model. In all
about (700) SCC samples are evaluated. The evaluation processes are done in two stages. The first
stage is involved with the input parameters, while the second stage is involved with the input and
output parameters. After these two stages of evaluation, only (541) sets are adopted to be the model
data base. (22) Variables (masses of constituents) are chosen to be as the input variables. While (8)
variables represent the rheology, fresh and hardened properties of SCC are considered as the output
variables.
2- These (16) sets of mixes are used as a validation set in the ANN model. This validation set does
not have any effect on the training of the model. The predicated results of the validation set are
compared with the experimentally measured results of the rheological tests.

6.8 Results of ANN Model

ANN model is fed forward neural network, which are trained by the (BFGS) optimization algorithm.
The topography and training parameters obtained through trial and error for the ANN model thus
developed are done with the aid of a commercial analytic software package called “StatSoft Statistica
version 8” which is used to analyze, design and execute these models.

ANN model is constructed to predict yield stress and viscosity. The best performance is found to be the
architecture of Multi Layers Perceptron (MLP) 22-35-8 (one input layer that contains 22 elements; one
hidden layer that contains 35 elements; and one output layer that contains 8 elements).

Results of this model are listed in Table 11, and Figs. 21 and 22 show correlation diagrams between
train and test values for this model. The results show, very good percentages of correlation between
target and output values with very low values of errors, and high percentage of matching between
targets and outputs, and no clear trend to overestimation or underestimation. The results proved that
these models are able to predicate SCC rheological parameters effectively, and the ANN model can be
a good tool to verify the performance of the new rheometer.

6.9 Results of Experimental Rheological Tests

According to the procedure of testing with rheometer, every specimen is sheared under (7) speeds.
However, the first and lowest speed is not adopted as a factor. The rest six speeds are (25, 35, 45, 55,
65, and 75 rpm). The specimen is sheared for (1) minute at each interval of speed. The output file of
“TorqueLog” software provides about (5400) readings of (T) and (N) for each minute. Average
readings for (T) and (N) at each speed are adopted and plotted as scatter-plots. Square of correlation
coefficient “R*’ values and equation of linear regression fit are listed in Table (12). The intercept and
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slope values of each linear regression equation are respectively used as (g) and (h) values in Equations
(23) and (24). The calculated values of Yield Stress (o) and Viscosity (u) are listed in Tables 13 and
14, respectively, which also showed the predicted values of those two properties.

Figs. 23 and 24 show the correlation diagrams between predicted and measured results. The correlation
coefficient between results of yield stress and viscosity are (R* = 0.91) for both of them. These figures
demonstrate that the values of parameters of Bingham model (yield stress and viscosity) can be
determined with high accuracy with correlation coefficients. The arrangements of points of results and
the nature of predicted and measured results are displayed in Figs. 25 and 26. These figures show a
very high percentage of matching between predicted and measured results.

7.CONCLUSIONS

The conceptual and new design of Tattersall two-point rheometer suitable for concrete has been
outlined. The rheometer has been built up and used to obtain Bingham parameters related to SCC.
The proposed rheometer considers frictional resistance between concrete and vertical wall of
cylindrical container. An expression for shear stress has been derived in terms of torque and average
shear strain rate in terms of rotational speed have been obtained for given geometrical parameters of the
rheometer. Torque and rotational speed have been measured using a Rotary Torque Transducer. The
rheometer has been validated by testing (16) mixes of SCC and compared their measured results with
the predicted measures that obtained by ANN predicting model. Very good percentages of correlation
coefficient (0.91for both) are shown between measured and predicted results of yield stress and
viscosity. All of the results indicate that the new rheometer able to be relied on.
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Datum Electronics Ltd
Torque Calibration Certificate

The ltem detaled belcw has been calibrated in accordance with the relevant Instruction as takd
Gown by Datum Electronics Lid

Using the following equipment: Torque Beam Rig Type 101-AD-346
Serial No BHC 1921 Calibration Arm Rig
tem Tested / Calibrated: 100NM M420 Torque Transducer
400150 Universal Interface Module
Owned By: Laith Al Jabri
Serial No..
Equipment Type: M420-S1-100Nm Torque Transducer 83516
400150 Universal VF Module (+/-10V TRQ, 0-10V SPD) 83525
Date of Test / Calibration: 13/01/2011
Calibration Record
Torque Torque Ccw cCcw
Ibft Nm mV, mVv/V
o 0.0 0.000 0.000
10 3.6 0.200 -0.19
20 27. 0.400 -0.39
30 40.7 0.600 -0.59
40 54.C 0.801 -0.800
S0 67. 1.002 -1.001
60 81. 1.201 -1.202
70 94.906 1.402 -1.402
Calibeation Value for T00NM = 1.477 -1.477 mV/vV

The above results were achieved with the test equipment shown and conform to the relevant
standards for that equipment.

Calibration is normally recommended on an annual basis depending on the application
in order for sustained and accurate measurement. All calibrations undertaken by Datum
Electronics fully adhere to the industry Standard BS7882. Your Calibration Cerntificate
includes a recommended re-calibration date. There are a number of ways toc contact us
about booking your Calibration:

Telephone (01983) 282834

Fax (01983) 282835

Email web @ datum-electronics.co.uk

Web datum-electronics.co.uk
Datform 43 Issue 1

Figure 13. Torque calibration certificate.
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Figure 14. Transducers interface. Figure 15. Torque log interface window.

Figure 16.Advanon AC frequency conversion . .
speed regulator, Figure 18. Lower part of impeller.
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Figure 19. Sample holder.

Figure 20.Shear stress vs. shear rate of cement slurry: OFITE model 800 viscometer.
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Table 1.Specifications of Electrical Motor &

Gearbox.

a- Electrical Motor:
Power 0.75 kw
Amp. 36-21

Voltage 220 — 380
Frequency 50 Htz
Speed 1645 RPM
b- Gearbox:
Power 0.75 kw
Speed 126 RPM
Reduction Ratio 1:14

Table 2. Specifications and dimensions of M420

2014

Journal of Engineering

rotary torque transducer (Sizel).

Specifications
Torque Ratings 0-100Nm
Max Rotation 0-10,000 rpm
Speed
Accuracy 0.1%
Operating Temp 0-70°C
Supply Voltage 15-24VDC
Cable Length 4 metre to
interface
(Standard)
Dimensions
A: Overall Length 184 mm
B: Shaft Diam 15 mm
C: Body Length 129 mm
D: Body Diam 60 mm
E: Exposed Shaft 27.5 mm
Length
F: Keyway 22.5mm
Length
G: Keyway Width 5 mm
H: Keyway Depth 4.3 mm
off centre

Table 3. Experimental data for water test: (Ngre) & (Npo) values.

N(rad/s) d (meter) (kg'/)m3) n (kg/m.s) | T (Nm) NRe Npo
1.570796327 0.070581 | 40212.39 | 0.272803
2.617993878 0.084697 | 67020.64 | 0.117851
3.665191429 0.105872 | 93828.9 | 0.07516

4.71238898 0.16 1000 0.001 0.155278 | 120637.2 | 0.066685
5.759586532 0.176453 | 1474454 | 0.0 0728
6.806784083 0.211743 | 174253.7 | 0.043584
7.853981634 0.247034 | 201061.9 | 0.038192

Average | 120637.2 | 0.09499
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N (rpm) N (rps) va (1/s) K' (1/rev)
25 0.416667 0.34229433 0.821506393
35 0.583333 | 0.210670077 0.361148704
45 0.75 0.146701589 0.195602119
55 0.916667 | 0.109885039 0.119874588
65 1.083333 | 0.086390424 0.079745007
75 1.25 0.070302799 0.05624224
85 1.416667 0.05870804 0.04144097
95 1.583333 |  0.050019442 0.031591227

105 1.75 0.043306018 0.024746296
115 1.916667 | 0.037988833 0.01982026
125 2.083333 0.03369073 0.01617155
135 2.25 0.03015645 0.013402867
145 2.416667 | 0.027207643 0.011258335
155 2.583333 | 0.024716285 0.009567594
195 3.25 0.017758693 0.005464213
225 3.75 0.014451669 0.003853778
235 3.916667 | 0.013574477 0.003465824
250 4.166667 | 0.012417301 0.002980152
275 4583333 | 0.010824847 0.002361785

Average 0.095802311

Table 5. Chemical and physical composition of cement.

Chemical Composition

Oxides | Test Results 10S 5:1984 Oxides Test Results 10S 5:1984 criteria
criteria
SiO; 19.22 - SO; 2.03 <28
Fe,O; 3.34 - L.S.F 1.01 0.66 - 1.02
AlL,O; 451 - L.O.l 3.72 <4
CaO 63.26 - I.R 0.84 <15
MgO 2.62 <5 C:A 6.59 -
Physical Properties
Properties Test Results 10S 5:1984
Specific surface area (Blaine Method), m2/kg 352 > 230
. 3 days 20.8 > 15
Mortar Compressive strength (MPa) at 7 days 26.00 >3
. . . Initial 141 min. > 45 min.
Setting Time(min) Final 320 min. <10 hours
Soundness: autoclave % 0.03 <0.8
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Table 6. Grading and physical properties of fine aggregate.

Sieve size % Passing by Limits of the Iraqi specification N0.45/1984
(mm) weight (zone 3)
10 100 100
4.75 97 90-100
2.36 91 85-100
1.18 84 75-100
0.60 71 60-79
0.30 18 12-40
0.15 7 0-10
Physical Properties Test Results Limits of the Iragi specification N0.45/1984
Specific gravity 2.60 -
Sulfate content 0.17 % <0.50 %
Absorption 0.75 % -
Table 7. Grading and physical properties of coarse aggregate.
Sleve size % Passing by Limits of the Iragi specification No.45/1984
(mm) weight
20 100 100
14 98 90-100
10 84.6 85-100
5 10.0 0-10
2.36 0 0-5
Physical Properties Test Results Limits of the Iragi specification N0.45/1984
Specific gravity 2.63 -
Sulfate content 0.06 % <0.1 %
Absorption 0.63 % -
Table 8. Categories and description of variables in mixes.
Group No. Mix Symbol Description of Variables in Mixes
1 C Reference Mix
SP1 0.8 % SP (by cement weight)
2 SP2 1.2 % SP (by cement weight)
SP3 1.4 % SP (by cement weight)
W/P1 w/p = 1 by volume
3 WI/P 2 wi/p = 1.05 by volume
WI/P 3 w/p = 1.15 by volume
WI/P 4 w/p = 1.20 by volume
CC1 Decrease Cement Content by (4.58%); [w/p constant]
4 CcC2 Decrease Cement Content by (1.56%); [w/p constant]
CC3 Increase Cement Content by (2.6%); [w/p constant]
CC4 Increase Cement Content by (5%); [w/p constant]
S/IAl S/A =0.425 by volume
5 SIA2 S/A =0.450 by volume
SIA3 S/A = 0.500 by volume
SIA 4 S/A = 0.525 by volume
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Table 9. Details of C, SP1, SP2, SP3, W/P1, W/P 2, W/P 3 & W/P 4 mixes (Category 2).

C SP1 SP2 SP3 WI/P 1 WIP 2 WI/P 3 WIP 4
Materials Unit | Quantity | Quantity | Quantity | Quantity | Quantity | Quantity | Quantity | Quantity
Water Liter/m’ 168 168 168 168 168 168 168 168
Cement Kg/m® 480 480 480 480 529 504 460 441
Sand Kg/m® 814 814 814 814 795 805 822 830
Gravel Kg/m® 910 910 910 910 889 900 919 928
Super- % of
Plasticizer | cement 1 0.80 1.20 1.40 1 1 1 1
mass

Table 10. Details of CC1, CC 2, CC 3,CC4,S/A1,SIA 2, SIA3 & S/IA 4 mixes (Category 4).

CC1 CC2 CC3 CC4 S/IA1 SIA2 SIA3 SIA4

Materials Unit | Quantity | Quantity | Quantity | Quantity | Quantity | Quantity | Quantity | Quantity
Water Liter/m’ 160 165 172 176 168 168 168 168
Cement Kg/m® 458 472.5 492.5 504 480 480 480 480
Sand Kg/m® 833 821 805 795 728 771 857 900
Gravel Kg/m® 931 918 900 889 997 954 867 824
Super- % of
Plasticizer | cement 1 1 1 1 1 1 1 1
mass

Table 11.Results of RP-CS model.

Item Value
Training Performance 0.950237
Test Performance 0.921961
Validation Performance 0.900702
Training Error 0.025069
Test Error 0.035493
Validation Error 0.051216
BFGS Algorithem Cycles | BFGS 106
Hidden Activation Tanh
Output Activation Logistic
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Table 12. R® & Regression equations for (T) and (N) relations.

Mix R’ Regression Equation
Mix C 0.9570 T =0.5285+0.024*N

Mix SP1 | 0.9554 | T =0.5391+0.0239*N
Mix SP2 | 0.9831 | T =0.5233+0.0241*N
Mix SP3 | 0.9578 | T =0.5128+0.0242*N
Mix WP1 | 0.9692 | T =0.5595+0.0262*N
Mix WP2 | 0.9787 | T =0.5454+0.025*N
Mix WP3 | 0.9877 | T =0.5167+0.0227*N
Mix WP4 | 0.9924 | T =0.4836+0.0211*N
Mix CC1 | 0.9778 | T =0.5559+0.0256*N
Mix CC2 | 0.9610 | T =0.5401+0.0241*N
Mix CC3 | 0.9560 | T =0.5182+0.0233*N
Mix CC4 | 0.9611 | T =0.5064+0.0225*N
Mix SA1 | 0.9943 | T =0.4651+0.0236*N
Mix SA2 | 0.9751 | T =0.4968+0.024*N
Mix SA3 | 0.9312 | T =0.5594+0.0251*N
Mix SA4 | 0.9690 | T =0.5885+0.0252*N

Table 13. Measured and predicted yield stress (7).

Mix Yield Stress (1,) (Pa)
Measured | Predicted

C 129.558 130
SP1 132.594 133
SP2 126.082 129
SP3 122.233 126
W/P1 146.262 138
WI/P 2 140.704 134
W/P 3 121.914 127
WI/P 4 113.223 119
cc1 136.745 138
CC2 129.893 133
CC3 121.401 127
Cc4 116.649 125
S/IAL 106.440 114
SIA 2 116.584 122
S/IA3 138.880 138
SIA 4 146.041 145
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Table 14. Measured and predicted viscosity (L).

Mix Viscosity (L) (Pas)
Measured | Predicted

C 59.005 61.75
SP1 57.553 61.25
SP2 60.579 62.00
SP3 62.282 62.25
W/P1 69.436 67.25
W/P 2 65.919 64.25
WIP 3 56.296 58.25
WI/P 4 51.245 54.25
Ccc1 64.653 65.50
CC2 63.258 62.00
CC3 57.628 59.75
Ccc4 55.996 57.75
S/IAL 54.206 60.75
SIA 2 57.375 61.5
S/IA 3 63.808 64.50
SIA 4 67.087 64.75
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ABSTRACT

The study presents the test results of stabilizing gypseous soil embankment obtained from
Al- Faluja university Campus at Al-Ramady province. The laboratory investigation was divided
into three phases, The physical and chemical properties, the optimum liquid asphalt (emulsion)
requirements (which are manufactured in Iraq) were determined by using one dimensional
unconfined compression strength test.in the first phase , The optimum fluid content was 11%
(6% of emulsion with 5% water content).. At phase two, the effect of Aeration technique was
investigated using both direct shear and permeability test. At phase three for the case of static
load , the pure soil embankment model under dry test condition was investigated, The testing
program included the determination of the unconfined compressive strength, direct shear
strength, constant head permeability test, and one dimensional consolidation test for pure and
asphalt stabilized gypseous soil. Testing was carried out in dry and absorbed conditions, the
maximum pressure that can be supported before failure (ultimate sustained pressure) is 0.76
MPa with vertical settlement (0.21 mm) . However, For the pure soil embankment model under
absorbed condition it was found that the maximum pressure before failure (ultimate sustained
pressure) is 0.3 MPa with vertical settlement (12 mm), Which reflects the reduction in bearing
capacity by (61%). Compression was made for absorbed stabilized soil and un-absorbed soil
tested under hydraulic conductivity test for seven days, the results showed that a very low
margin deffeneces in maximum pressure resistance and settlement were obtained (4.38 MPa |,
0.11mm ) and (4.11MPa, 0.12mm).

Key words: gypseous soil, Emulsion, hydraulic conductivity , soil stabilization.
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1. INTRODUCTION

The sandy soil with high gypsum content usually referred to as gypseous soil covers vast area
in south, east, middle and west regions of Iraq, such soil possesses a type of cohesive forces
when mixed with optimum amount of water and then compacted, but losses its strength when
flooded with water again. Covering the soil particles with thin asphalt layer in a stabilization
process will increase the cohesion, will limit the negative effect of water by blocking the voids,
and will reduce the ability of water to traverse the soil layer through capillary action process.

The economic backfill material suitable for such embankments and roads could be the
available local soil. When the soil is gypseous, it will be suitable for compaction use in the dry
condition. There will always be a possibility for water to penetrate through the pavement cracks
to the soil beneath. It may exhibit hazardous situation ,Then to prevent the soil from collapsing,
the asphalt stabilization could provide a good remedy. for such case, theoretically, each particle
of the gypseous soil will be surrounded by a thin film of asphalt which will act as a binding and
a damp proofing agent. Stabilization of such soil with liquid asphalt will furnish waterproof
layers with extra particles bond to serve for embankment construction. Two loading type
subjected on embankment during the service life are the repeated load by vehicles and static
loading due to its self weight.

2. BAGROUND

For the construction of any type of structure resting on problematic soils such as gypseous
soils, there are many available methods to improve the behavior of soil. One of these methods is
stabilization with asphalt which is used as addition to prevent water penetration that cause
collapsibility potential and to improve the characteristics of the soil.
2.1 Gypseous Soils

In gypseous soils, collapse or compression occurs very quickly when the site is flooded with
water during heavy rainfall, irrigation or breaking of sewerage and water pipes which may
damage the engineering structures because the element of structure can not follow the sudden
deformation occures by rearrangement of the inside forces or stresses , Al-Mohammadi, 1987.
high strength of dry gypseous soil can be obtained, but great losses in strength and sudden
increase in compressibility occur when these soils are fully or partially saturated. The
dissolution of the cementing gypsum causes high softening of the soil. The problem becomes
more complicated when the ground water flows through the gypseous soil causing leaching and
movement of gypsum. In addition to softening, a loss in soil solids takes place. This causes a
continuous collapse in the gypseous soil, AL-Mufty, 1997.
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2.2 Asphalt Emulsion

It is simply a suspension of small asphalt globules in water assisted by an emulsifying agent
such as soap. The emulsifying agent assists by imparting an electrical charge to the surface of
the asphalt cement globules. Emulisified asphalts are divided into three major groups, namely,
anionic, cationic and nonionic, on the basis of the electrical charges of the asphalt particle in the
emulsion. Emulisified asphalts are further classified into three main groups namely, rapid-setting
(RS), medium-setting (MS) and slow-setting (SS), on the basis of how quickly the suspended
asphalt particles revert back to the asphalt cement, a form in which it is actually nedded as a
binder Olutaiwo, et al., 2008, so Table 2 shown the property of emulsion.

3. CHEMICAL TEST

The following chemical tests are conducted:
1- Total soluble salts (T.S.S.) (%).

2- Total (CO3) (%).

3- Total (SO3) (%).

4- Gypsum content (%).

5- pH value.

4. PHYSICAL TEST

Classification tests performed on the soil include particle sizedistribution, specific gravity,
Atterberg limits, relative density, and compaction characteristics. Physical tests were conducted
as described in Table 1.

5. MATERIAL TEST
Asphalt Emulsion used in the testing program was locally manufactured by Al- Zahf Al- Kabeer
company with low cost, The specifications as supplied by the manufactured are as given in Table 2.

5.1 Design of Gypseous Soil-Asphalt Mixture

To prepare the specimen, the pulverized and homogenous gypseous soil passing sieve No.4
was oven dried at a temperature of (45°). The optimum moisture content and the maximum dry
density of the soil that were found through modified compaction test was 17.7 kN/m*(95% of
modified compaction test) and was selected as a field target in compaction process. Such an
issue is mostly considered as an acceptable relative compaction in most engineering
requirements, It agrees well with procedure of Hamdy, 2010, Al-Mohammadi, 1987, Al-
Mufty, 1997, Al-Safarani, 2007, so, Fig 1 shown the Stress-Strain relationship for the
unconfined compression test for soil with 11% fluid content.

The test was conducted on soil samples mixed by splitting the optimum moisture content into
water and emulsion content which will be referred as to optimum fluid content obtained from
modified compaction which was (11%), .The water contents were in a range from 4% to 8%
with (1%) increment, while the emulsion was in different percentages of 3% to 7% with (1%)
increment. Specimens were allowed to cure for seven days at room temperature of (27+ 3)°C and
the average value of the unconfined compressive strength for each duplicate specimens were
calculated, and Fig. 2 shown the Unconfined compression strength — emulsion content (%)
relationship.

5.2 Absorption technique
Unconfined compression test specimens were prepared using the same method, size and
density as was described in the unconfined compression test. Duplicate specimens having the
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same fluid content were prepared. Specimens were subjected to seven days curing at air dried
condition. After an absorbed period of 7 days, The unconfined compressive strength of
specimens was tested, same the results that obtained by Ingles and Metcalf, 1972. It is clear
from Table 4 that the effect of hydraulic conductivity on the unconfined compressive strength.

5.3 Direct shear test

Direct shear test was carried out on eleven groups of different specimens to determine the
shear strength parameters, cohesion and angle of internal friction. The dry density was found to
be 17.7 kN/m® as described in section(3.4, modified compaction). The optimum fluid content
was determined from the unconfined compression strength test as (5% water + 6% emulsion)
same the percentage that carried out by Sarsam, 1979 and Sarsam, 2008. It is clear from Fig. 3
to Fig. 10.

5.4 Aeration of asphalt soil

The Aeration technique was adopted before compaction by allowing the loose mix to be
subjected to atmosphere condition at laboratory temperature of (30 + 3)°C for different times .
The aeration periods were (30 ,60 , 90, 120, 240) minutes respectively with emulsion for
direction shear test.

Eleven group of specimens were tested. The 1% and 2™ groups of specimens are not stabilized,
It was pure soil. The specimens were tested in direct shear which was conducted in soaked and
unsoaked conditions. The 3™ and 4™ group of specimens are stabilized with optimum emulsion
content and constructed without Aeration then the specimens were left for 7 days for curing. The
period of soaking was (3-4)hrs. The 5" 6™ ;7" 8™ and 9™ group of specimens were stabilized
with optimum Emulsion content and subjected to Aeration for different time (30 ,60 , 90, 120,
240 ) minutes respectively and then the specimens were left for 7 days for curing. The 10" and
11™ groups of specimens were stabilized with emulsion and subjected to Aeration condition as
(120,140) minutes respectively and then tested under soaked condition. The effect of aeration on
shear strength variable were examined. It is clear from Fig. 9 and Fig. 10.

5.5 Static loading test

Four laboratory static loading tests were carried out on gypseous soil samples; the same
procedure was applied for the four cyclic loads in the previous tests, but the new box was
manufactured with dimension of ( 30cm x 30cm x 40cm) and had inlets in the bottom of box to
allow the water touch the soil that put in the outer box under absorb condition. Same results are
agreeing with Al-Basri, 2012.

The first test was on a non-stabilized gypseous soil embankment model cured for (24) hours
in air.

The second test was carried out on a non-stabilized gypseous soil embankment model cured
for (24) hours in air, then subjected to capillary rise with water through addition of water around
the box that had inlets to allow the water touch the gyseous soil and then left for three days
before applying the test.

The third test was carried out on stabilized gyseous soil with emulsion in dry condition; the
mix was left for 2 hrs for aeration before the compact and then the model cured for (7) days
before test. It is clear from plate 5 and plate 6 are showing the set up of model.

The fourth test was for stabilized soil with under absorbed condition; the same procedure was
applied for the third test by Aeration and curing, but the model was left with absorbed for 7
days. The model of dry pure soil of embankment model was considered as a reference to
absorbed pure soil of embankment model as an improvement percentage, while the model of
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absorbed stabilized soil was considered as a reference for the pure stabilized embankment model
with emulsion as an improvement percentage.

5.5.1 Static loading test for the pure gypseous soil embankment model with dry condition

The pure gypseous soil was selected for this test; it was compacted in the model box and cured
for 24 hours and then tested. Measurements of vertical settlements versus the applied vertical
pressure were carried out. It is clear from Fig. 11 that the load-vertical deflection characteristics
of the pure gypseous soil sample, It is clear from plate 6 that shows the test.

5.5.2 Static loading test for the pure gypseous soil embankment model under absorbed
condition

The 2" static loading test was for the pure gypseous soil embankment mode with observed
condition. Hence, the model was allowed to face capillary rise of water for (3) days. It is clear
from Fig. 12 that the load-vertical deflection characteristics of the pure gypseous soil sample,
and It is clear from plate 7 that shows the test.

5.5.3 Static loading test for the dry stabilized gypseous soil embankment model

The third test was carried out on a stabilized soil embankment model using emulsion asphalt
for stabilization (based on 11 % of stabilizing material by weight, which is 6% Emulsion and 5%
water. the mix was left for 2 hrs for aeration before the compact of 5 layers and then the model
was cured for (7) days before test. The stabilized soil embankment model resists the pressure
and less vertical displacement , Applied pressure - vertical settlement for stabilized gypseous
soil with dry condition the vertical displacement at (0.77 Mpa ) was (0.0037 mm), So the rate
of decreased in vertical displacement was (- 69%) with compared to pure gypseous soil. This
result is shows the strength and cementation added by emulsion to the soil. It is clear from Fig.
13 that the load-vertical deflection characteristics of the pure gypseous soil sample, And it is
clear from plate 8 that shows the test.
5.5.4 Static loading test for the stabilized gypseous soil embankment model under absorbed
condition

The fourth test was carried out for stabilized soil. In this test the same procedure was applied for the
third test but after curing for 7 days. The model was absorbed for 7 days. The box was put in a container
and the water was poured and left for 7 days to absorb condition from the inlet in the side bottom around
the box. The applied pressure - vertical settlement for pure gypseous soil with absorbed condition the
vertical displacement was (0.3 Mpa ) with (12 mm), so when compared with absorbed stabilized
gypseous soil, the vertical displacement was (0.0021 mm). Stabilization with emulsion was successfully
as used to prevent the hydraulic conductivity and make blocking between the voids and add more
strength and cementation for the soil particles especially for gypseous soil with a percent of gypsum that
causes a collapse when touched by water or in wet state under road, embankment or another construction.
It is clear from Fig. 14 that the load-vertical deflection characteristics of the pure gypseous soil sample.
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6. CONCLUSION

1. The unconfined compressive strength of the soil-emulsion mixture under dry and
absorption test conditions increases with increasing emulsion asphalt content up to the
optimum emulsion asphalt content of 6% and then decreases.

2. For pure gypseous soil tested at dry condition, the cohesion (c) was found to be 41 kPa,
when the soil was stabilized by emulsified asphalt without Aeration condition; the
cohesion was increased to 140 kPa which means an improvement by 250 %.

3. When the soil was stabilized by emulsified asphalt and aerated for two hours and tested
under dry condition, the cohesion (c) was found to be 168 kPa , so the cohesion was
improved by 21.5% improving on stabilized soil without Aeration.

4. When gypseous soil was tested at absorption condition, the cohesion (c) was found to be
29 kPa, But when the soil was stabilized with emulsified asphalt without aeration and
tested at absorbed condition, the cohesion was 53 kPa which means an improvement by
83 %.

5. When the soil was stabilized by emulsified asphalt and aerated for two hours at absorbed
condition , the cohesion (c) was found 64 kPa , so the cohesion was improved by 21 % ,
with respect to non aerated condition.

6. For the case of static load of the pure soil embankment model under dry test condition,
the maximum pressure that can be supported before failure (ultimate sustained pressure)
wass 0.76 MPa with vertical settlement (0.21 mm) . However, For the pure soil
embankment model under absorbed condition, it was found that the maximum pressure
before failure (ultimate sustained pressure) was 0.3 MPa with vertical settlement (12
mm).which means an decrease in bearing capacity (61%).

7. The hydraulic conductivity of gypseous soil was changed by asphalt stabilization. When
tested under dry condition, a maximum pressure resistance of 4.38 MPa with vertical
settlement (0.11 mm) was shown. But when stabilized soil was subjected to absorption
for seven days, a maximum pressure resistance of 4.11 MPa with vertical settlement
(0.12 mm) was shown;i.e. there was no difference in claim.
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Table 1 Properties of gypseous soil.

Test result Physical property
Gs=2.48 Specific gravity according [B.S-13377:1976, test No.
)]
Atterberg Limits:
24 Liquid limit (%) according
Non plastic Plastic limit (%) according
Non plastic Plasticity Index (%)
17.17 kN/m® Standard compaction properties according Max.
standard dry density
14% Optimum moisture content (%)
18.67 kN/m® Modified compaction properties
Max. modified dry density
11% Optimum moisture content (%)
15.5 KN/m® Maximum dry density according to
11.7 kN/m® Minimum dry density according to
ASTM
1.5 Coefficient of curvature
6.2 Coefficient of uniformity
SP-SM Unified Classification System
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Table 2 Properties of asphalt emulsion.

Test result Property
+ve Particles charge
45 Viscosity CSt
1.2 Cement mixing
19 Settling time (hr)
Good Coating ability and water resistance
Fair Coating dry & wet aggregate

Al-zahf Al-Kabeer Co./Baghdad

Table 3. Chemical composition of the natural soil.

Percentage %

Chemical Composition

49 Gypsum content (CaS04) (%)
46 Carbonate content (CaCo3) (%)
38 Total soluble salts (T.S.S.) (%)
22 Total (SO3) (%)
7.77 pH value

Table 4 Effect of hydraulic conductivity on the unconfined compressive strength.

Percent Unconfined Unconfined Emulsion
changing compressive compressive content (%)
unconfined strength (kPa) strength (kPa)
compressive (under absorbed with dry condition
strength (%) condition)

-85.31 73 497 4
-87.59 80 645 5
-87.68 85 690 6
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Figure 1. Stress-strain relationship for the unconfined compression test for soil with 11% fluid
content.
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Figure 2. Unconfined compression strength — emulsion content (%) relationship.
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Plate 2. absorption technique for unconfined compression test.
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Plate 3. Aeration technique in process.

Plate 4. Curing for specimens of soil stabilized.

41



Number 5 Volume 20 May - 2014 Journal of Engineering

Proving
ring

Digital dial
gauge

Outer
container
for water

Plate 6. Set up of embankment model.

Plate 7. Punching failure after static loading test for the pure gypseous soil under absorbed
condition.
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Plate 8. Vertical deformation of tire print for stabilized embankment model.

Plate 9. Effect of hydraulic conductivity of asphalt stabilized soil on capillary rise of water after
static loading application.
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A Comparative Study of Various Intelligent Algorithms Based Nonlinear PID
Neural Trajectory Tracking Controller for the Differential Wheeled Mobile
Robot Model
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ABSTRACT

This paper presents a comparative study of two learning algorithms for the nonlinear PID
neural trajectory tracking controller for mobile robot in order to follow a pre-defined path. As
simple and fast tuning technique, genetic and particle swarm optimization algorithms are used to
tune the nonlinear PID neural controller's parameters to find the best velocities control actions of
the right wheel and left wheel for the real mobile robot. Polywog wavelet activation function is
used in the structure of the nonlinear PID neural controller. Simulation results (Matlab) and
experimental work (LabVIEW) show that the proposed nonlinear PID controller with PSO
learning algorithm is more effective and robust than genetic learning algorithm; this is
demonstrated by the minimized tracking error and obtained smoothness of the velocity control
signal, especially when external disturbances are applied.

Key words: genetic algorithm, particle swarm optimization, nonlinear PID controller, NI mobile
robots, trajectory tracking.
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1. INTRODUCTION

In the last decade, there has been an increasing amount of research on the subject of wheel-based
mobile robots which have attracted considerable attention in various industrial and service
applications. For example, room cleaning, lawn mowers, factory automation, transportation,
nuclear-waste cleaning, Wai, and Liu, 20009.

These applications require mobile robots to have the ability to track specified path stably;
therefore, several studies have been published for solving the mobile robot path tracking control
problems which can be classified into three categories: The first category is the position
estimation control approach for navigation problems of the mobile robot on interactive motion
planning in dynamics environments and obstacle motion estimation, Chang, et al., 2009. The
second category for navigation problems of the mobile robot is path planning and execution. The
path planning is generated based on a prior map of the environment while the executed path is
planned using certain optimization algorithms based on a minimal time, minimal distance or
minimal energy performance index. Many methods have been developed for avoiding both static
and moving obstacles as presented in, Sahin, and Zergeroglu, 2007. The third category for the
navigation problems of mobile robot is the design and implementation of the driving control that
the mobile robot must track to follow a desired path accurately and minimize the tracking error.
Tracking errors of mobile robot causes collisions with obstacles due to deviations from the
planned path and also causes the robot to fail in accomplishing the mission successfully. It also
causes an increase of the traveling time, as well as the travel distance, due to the additional
adjustments needed to satisfy the driving sates. The major reasons for tracking error for mobile
robot are the small rotation radius or not constant on the path such as the complex curvature or
randomly curvature, Takanori, et al., 2000.

In, Mnif, and Touati, 2005. artificial intelligent controllers were carried out using neural
networks or fuzzy inference in order to control the trajectory tracking for the mobile robot while
the traditional control methods for path tracking have been used linear or non-linear feedback
controller. There are other techniques for trajectory tracking controllers such as predictive
control technique. Predictive approaches to path tracking seem to be very promising because the
reference trajectory is known beforehand. Model predictive trajectory tracking control was
applied to a mobile robot where linearized tracking error dynamics was used to predict future
system behaviour and a control law was derived from a quadratic cost function penalizing the
system tracking error and the control effort, Klancar, and Skrjanc, 2007.

In addition, an adaptive trajectory-tracking controller based on the robot dynamics was proposed
in, Park, et al. 2010. Intelligent control architecture for two autonomously driven wheeled robot
was developed in, Su, et al. 2010, that consists of the fuzzy inference as main controller and the
neural network is an auxiliary part.

The fundamental essence of the contribution of this work can be understood considering the
following points.

e The analytically derived control law which has significantly high computational accuracy
to obtain the best control action and lead to minimum tracking error of the mobile robot
based on genetic algorithm and particle swarm optimization.

¢ Investigation of the controller robustness and adaptation performance through adding
boundary unknown disturbances.

e Verification of the proposed controller capability of tracking continuous trajectory is
done by an experimental work using NI mobile robot model.

Simulation results and experimental work show that the proposed controller with PSO learning
algorithm is more robust and effective than controller with genetic learning algorithm in terms of
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minimum tracking error and in generating best velocity control action despite of the presence of
bounded external disturbances.

The remainder of the paper is organized as follows: Section two is a description of the
kinematics model of the differential wheeled mobile robot model and check controllability for
the mobile robot. In section three, the proposed nonlinear PID neural controller is derived based
on genetic algorithm and particle swarm optimization. The simulation results and experimental
work of the proposed controller are presented in section four and the conclusions are drawn in
section five.

2. DIFFERENTIAL WHEELED MOBILE ROBOT PLATFORM

The schematic of the differential drive mobile robot, shown in Fig. 1, consists of a cart with two
driving wheels mounted on the same axis and one castor wheel as an omni-directional in the
front of cart in order to carry the mechanical structure and keep the platform of the mobile robot
more stable, Al-Araji, et al, 2013. Two independent analogous DC motors are the actuators of
left and right wheels for motion and orientation. The two wheels have the same radius denoted
byr, and L is the distance between the two wheels. The center of mass of the mobile robot is
located at pointc, center of axis of wheels.

The pose of mobile robot in the global coordinate frame [o,x,v] and the pose vector in the surface

is defined as:
q=(xy,0) (1)

where g(t) e %%,

x and y are coordinates of point cand @ is the robotic orientation angle measured with respect to
the X-axis. These three generalized coordinates can describe the configuration of the mobile
robot.

It is assumed that the mobile robot wheels are ideally installed in such a way that they have ideal
rolling without skidding, Yang, et al. 2004, as shown in Eqg. (2):

—x(t)sinO(t) + y(t)cos A(t) = 0 (2)

Therefore, the kinematics equations in the world frame can be represented as follows Han, et al.
2008:

%(t) =V, (t) cos A(t) 3)
y(t) =V, ©)sin O(t) 4)
) =V,,(®) )

where V), and V,,, are the linear and angular velocities respectively.
In the computer simulation, the currently form of the pose equations are as follows:

x(k) = 0.5V, (k) +V, (k)]cos (K)At + x(k —1) (6)

y(k) = 0.5[V, (k) +V, (K)]sin O(K)AL + y(k ~1) (7)
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000 =TV, () -V, (KIAL+ 0k -1 (8)

where ),y o) are the components of the pose at the k step of the movement and Atis the
sampling period between two sampling times.

Using Jacobi-Lie-Bracket to check controllability of the nonlinear MIMO kinematic mobile
robot system in Egs. (3, 4, 5), the accessibility rank condition is globally satisfied controllability.
The mobile robot kinematics can be described by the left and right velocities as follows:

. . ot [ ©)
y(t) |=| 0.5sin8(t) 0.5sino(t)

X(t)| [o0.5cosO(t) 0.5cosa(t)
6(t) { /L -1/L ]{VLG)

[a] = [f Ve (0 + [0V, () (10)

and f and g can be defined as two vectors with components:

0.5c0s6(t) | and {0.50059(0] (11)
f =] 0.5sin6(t) g =| 0.5sin A(t)
{ 1L ~1/L
-1.
{[f,gll L (12)
[f.gl=|[f.0]" |= ECOS9('[)
[f.9]° 0

0.5cosA(t) 0.5cos O(t) _Tlsine(t) (13)

rank{f,g,[f,g]}=rank| 0.5sin&(t) 0.5sinH(t) %cos o(t)
1/L -1/L 0

The determent of the matrix in Eq. (13) is equal to(1/L?) =0, then the full rank of matrix is equal
to 3, therefore, the system in Egs. (3, 4 and 5) is controllable.

3. CONTROL METHODOLOGY

The proposed structure of the nonlinear PID neural controller can be given in the form of block
diagram, as shown in Fig. 2. The approach to control the wheeled mobile robot depends on the
available information of the unknown nonlinear system and can be known by the input-output
data and the control objectives. The genetic algorithm and particle swarm optimization will
generate the optimal parameters for the nonlinear PID neural controller in order to obtain best
velocity control signal that will minimize the tracking error of the mobile robot in the presence
of external disturbance.

The feedback PID neural controller is very important because it is necessary to stabilize the
tracking error of the system when the output of the mobile robot is drifted from the desired point.
The nonlinear PID neural controller for MIMO mobile robot system is shown in Fig. 3. The
proposed nonlinear PID neural controller has the characteristics of control agility, strong
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adaptability, good dynamic characteristic and robustness because it is based on a conventional
PID controller that consists of three terms: proportional, integral and derivative where the
standard form of a PID controller is given in the s-domain as Eq. (14), Zhong, 2006 and Omatu,
1995.

Gc(s):P+I+D:Kp+%+de (14)

where K,, Ki and Kq are called proportional gain, integral gain and derivative gain, respectively.
The proposed nonlinear PID neural controller scheme is based on the discrete-time PID as Eq.
(15).

U, (K) =y, (k—1)+Kp, [e, (k) —e, (k—]+Ki e (k) + Kd e, (k) - 2e,(k =1) +e, (k - 2)] (15)

Wherey:x, y, 6.
Therefore, the tuning PID input vector consists of e (k), e (k-1),e (k-2) and y,(k-1), where

e, (k) and u,,(k) denote the input error signals and the PID output signal respectively.

The proposed control law of the feedback right and left velocity (U, and U, ) respectively can be
proposed as follows:

u, (k) = u,(k =) +0, +0, (16)

U, (K) =U, (k—1) +0, +0, (17)

0,,0,and O,are the outputs of the neural networks that can be obtained from non-linear

Polywog wavelet activation functions, Righeto, 2004, as shown in Fig. 4 and has nonlinear
relationship as presented in the following function:

0, = (3(net,)? — (net,)*)e **"’ (18)
net, is calculated from this equation:

net, (k) = Kp, e, (k) —e, (k-D]+Ki e (k) + Kd [e (k)—2e (k-1)+e,(k—2)] (19)

The control parameters Kp ,Ki and Kd, of the nonlinear PID neural controller are adjusted using
genetic algorithm and particle swarm optimization.

3.1 Learning Genetic Algorithm (GA)

Genetic algorithm is an intelligent optimization technique that relies on the parallelism found in
nature; in particular its searching procedures are based on the mechanics of natural selection and
genetics, Ali, et al, 2011.

GAs includes three major operators: selection, crossover, and mutation, in addition to four
control parameters: population size, selection pressure, mutation rate and crossover. Genetic
algorithms start parallel searching from independent points of searching space in which the
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solution knowledge is poor or not available. The solution depends on interaction of the
surroundings and genetic operators. For that reason, obtaining the suboptimal solutions of
genetic algorithm is a small probability, Muhammet, 2010.
In this paper, the first learning algorithm for determining the nonlinear PID neural controller
parameters is genetic algorithm and the steps of the tuning these parameters can be described as
follows:
e Stepl GA makes the problem parameters into chromosomes then simulates evolutionary
operation.
e Step2 To determine the size of the population and to initialize. Set the population size
30, the evolution generation 100.
e Step3 Decode the individual of the population into optimal parameters for calculating the
value of fitness function.
e Step4 Do population selection, crossover and mutation operations to produce the next
generation population. The crossover probability is 0.75, mutation probability is 0.01.
e Step5 Repeat steps 3 and 4 until the fitness function condition is achieved or the
maximum number of generations is reached.
Mean square error (MSE) function for multi-input multi-output (MIMO) mobile robot system is
chosen as a criterion for estimating the model performance and an objective function to be
minimized with the GA as Eq. (20):

MSE :ﬁf((&(kﬂ)i —x(k+ D)2+ (y, (k+1) - y(k+1)))2 + (6, (k +1) -0k +1)1)?) (20)

Since the GA maximizes its fitness function, it is necessary therefore to map the objective
function (MSE) to a fitness function. It is used objective —to- fitness transformation is of the
form, Al-Araji, 2005.

fitness = ——— ! - (21)
objectivefunction + u

where w4 is a constant chosen to avoid division by zero.

3-2 Learning Particle Swarm Optimization Algorithm

Particle Swarm optimization (PSO) is a kind of algorithm to search for the best solution by
simulating the movement and flocking of birds. PSO algorithms use a population of individual
(called particles) “flies” over the solution space in search for the optimal solution.

Each particle has its own position and velocity to move around the search space. The particles
are evaluated using a fitness function to see how close they are to the optimal solution, Derrac,
et al, 2005. The previous best value is called as pbest. Thus, pbest is related only to a particular
particle. It also has another value called gbest, which is the best value of all the particles pbest in
the swarm.

The nonlinear PID neural controller with nine weights parameters and the matrix is rewritten as
an array to form a particle. Particles are then initialized randomly and updated afterwards
according to Egs. (22, 23, 24, 25, 26 and 27) in order to tune the PID parameters:

AKpE™ = Q(AKp* ) +C,1; (pbest’ , —Kp* ) +C,r, (gbest* —Kp* ) (22)
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Kp)m = K, + AKpy (23)
AKi*E = Q(AKI¥ )+ .1y (pbest! , —Ki* ) +¢,r, (gbest* —Ki¥ ,) (24)
Kik = Ki¥ , +AKi 2 (25)
AKd! = Q(AKd! ) +c.r, (pbest! | —Kd¥ ) +c,r, (gbest* —Kd ) (26)
Kd* = Kd¥,, +AKd " (27)
m=123,.....pop

where

pop is number of particles,
KX ,is the weight of particle m at k iteration,

¢y and c; are the acceleration constants with positive values equal to 1.47,
r, and r, are random numbers between 0 and 1,
pbest, IS best previous weight of m™ particle.

gbest IS best particle among all the particle in the population.
o is the inertia weight factor and it is equal to 0.75,

The number of dimension in particle swarm optimization is equal to nine because the proposed
nonlinear PID controller has nine parameters. The mean square error function is chosen as a
criterion for estimating the model performance as given in Eq. (20).

In this paper, the second learning algorithm for determining the nonlinear PID neural controller
parameters is PSO algorithm and the steps of the tuning these parameters can be described as
follows:

e Stepl Initial searching points Kp’, Ki’,Kd’, AKp), AKi’and AKd of each particle are

usually generated randomly within the allowable range. Note that the dimension of search
space consists of all the parameters used in the nonlinear PID neural controller as shown
in Fig. 2. The current searching point is set to pbest for each particle. The best-evaluated
value of pbest is set to gbest and the particle number with the best value is stored.

e Step2 The objective function value is calculated for each particle by using Eq. (20). If the
value is better than the current pbest of the particle, the pbest value is replaced by the
current value. If the best value of pbest is better than the current gbest, gbest is replaced
by the best value and the particle number with the best value is stored.

e Step3 The current searching point of each particle is update by using Egs. (22, 23, 24, 25,
26 and 27).

e Step4 If the current iteration number reaches the predetermined maximum iteration
number, then exit. Otherwise, return to step 2.

The fundamental essences for applying the proposed control algorithms are minimizing tracking
error and obtaining smoothness of the velocity control signal through speed up the process of
getting the optimal parameters of the nonlinear PID controller.
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4. SIMULATION RESULTS

The kinematic model of the differential wheeled mobile robot described in section 2 is used and
the proposed controller is verified by means of computer simulation using MATLAB package.
The simulation is carried out by tracking a desired position (X, y) and orientation angle (¢) with
continuous trajectory in the tracking control of the NI mobile robot. The parameter values of the
NI robot model are taken from, Al-Shibaany, 2012: L=0.36 m, r=0.05 m and sampling time is
equal to 0.5 second.

The proposed nonlinear PID neural controller scheme as in Fig. 2 is applied to the mobile robot
model and it uses the proposed learning algorithms steps of genetic algorithm and particle swarm
optimization for tuning the nonlinear PID controller's parameters. The fist stage of operation is to
set the following parameters of the GA and PSO:

Population size is equal to 30 and number of iteration is equal to 100 for GA.

Population of particle is equal to 30 and number of iteration is equal to 100 for PSO.

Number of weight in each chromosome and particle is 9 because there are nine parameters of the
nonlinear PID controller.

The desired path which has explicitly continuous gradient with rotation radius changes can be
described by the following equations:

X, (t) = ~0.5x sin(%) (28)

Y, () =05 xsin(20) (29)

0,.(t) = 2tan"( Ay () (30)

)
V(A (0)° = (Ay, (1) +Ax, (1)

For simulation purposes, the desired path is chosen as described in Eq. (28) and Eqg. (29) while
the desired orientation angle is taken as expressed in Eq. (30).
The mobile robot model starts from the initial posture q(0)=[-0.1,0,0] as its initial conditions. A

disturbance term zd =[0.01sin(2t) 0.01sin(2t)] Al-Araji, et al, 2013, is added to the mobile robot

system as unmodelled kinematics disturbances in order to prove the adaptation and robustness
ability of the proposed controller. The mobile robot trajectory tracking obtained by the proposed
nonlinear PID neural controller is shown in Fig. 5.

The adaptive learning and robustness of nonlinear PID neural controller based on PSO show
excellent position and orientation tracking performance and small effect of the disturbances than
learning GA because the PSO algorithm has capability to obtain smooth values of the nonlinear
PID controller’s parameters with smoothness convergence behaviour in the parameters values
that depend on previous values without using mutation and crossover processes for GA
technique.

Table 1. shows the tuning values of the nonlinear PID neural controller parameters (k,,k,,k,)

which are based on genetic and particle swarm optimization learning algorithms.

The effectiveness and robustness of the proposed nonlinear PID neural control algorithm based
on PSO is clear by showing the convergence of the pose trajectory and orientation errors for the
robot model motion, as shown in Fig. 6.

MSE of the pose trajectory and orientation errors for the robot model motion at 100 iterations is
shown in Fig. 7.

51



Number 5 Volume 20 May - 2014 Journal of Engineering

The simulation results demonstrated the effectiveness of the proposed controller based on PSO
technique by showing its ability to generate small smooth values of the control input velocities
for right and left wheels without sharp spikes.

The actions described in Fig. 8 show that smaller power is required to drive the DC motors of the
mobile robot model.

The mean linear velocity of the NI mobile robot is equal to 0.0897 m/sec, and the maximum
peak of the angular velocity is equal to + 0.42 rad/sec. Both are shown in Fig. 9.

In order to validate the applicability of the proposed nonlinear neural PID control methodology,
experiments have executed by using mobile robot from National Instrument Company type
differential wheeled mobile robot shown in Fig. 10. The wheeled mobile robot is equipped with
Lab VIEW package guided.

In the experiments, PSO technique control methodology of the simulation has been applied on
real NI mobile robot because the controller was robust and effective in terms of minimum
tracking error and in generating best velocity control action despite of the presence of bounded
external disturbances in comparison with the GA simulation results. Therefore, these control data
has transmitted to the NI mobile robot model, which admits right wheel velocity and left wheel
velocity as input reference signals by using wireless communication after has been converted the
data format from MATLAB file of simulations to LabVIEW package version 2010 format as a
lookup table in the NI mobile robot.

Velocities commands sent by the computer are coded messages which are recognized by
microcontroller. Based on received characters, the microcontroller creates control actions for
servo motors. The output voltages of the two encoder sensors are converted to coded messages
by microcontroller and sent to the personal computer in order to calculate the tracking error of
the mobile robot during motion. Wireless communication technique has been used for
transmitting the data between the NI mobile robot and main computer.

The velocities of the simulation results for right and left wheels have been downloaded to the
memory of the NI mobile robot as commands which have smooth values without sharp spikes, as
shown in Fig. 8.

The initial pose for the NI mobile robot starts at position (-0.1 and 0) meter and orientation 0
radian and should follow desired continuous trajectory, as show in Fig. 11. The desired trajectory
starts at position (0, 0, 0).

After 61 seconds, the real mobile robot has followed and finished the tracking of the desired
path, as shown in Fig. 12a with small drifted from the desired trajectory and the distance of the
trajectory did not exceed 5.47m. Fig. 12b shows the actual orientation of the mobile robot with
small error. As shown in Fig. 12c the tracking error in x-coordinate and y-coordinate were
reasonably accurate because the mobile robot was trying to correct the pose and orientation
errors.

The mean-square error for each component of the state error vector [ex,ey,egjfor simulation

results and experimental work for two control algorithms are calculated, as shown in Table 2.
Table 2. shows the effectiveness and robustness of proposed controller based on PSO in terms of
minimum tracking error and excellent position and orientation tracking performance than genetic
learning algorithm because the PSO learning algorithm has capability to obtain best values of the
parameters of the proposed controller with smoothness convergence behaviour in these
parameters that depend on previous values without using mutation and crossover processes for
GA technique.

The percentage of the mean square error between simulation results and experimental work can
be shown in Table 3.
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Table 3. shows the difference between simulation results and experimental work which caused
by the residual errors in the experimental results due to the inherent friction present in the real
system, especially during tracking the continuous gradient path and modelling errors, due to the
difficulty of estimating or measuring the geometric, kinematics or inertial parameters, or from
incomplete knowledge of the system components.

5. CONCLUSIONS

The nonlinear PID neural trajectory tracking control methodology with two learning algorithms
for the differential drive mobile robot model have been presented in this paper. It has been
designed and tested using Matlab package and carried out on real NI mobile robot using
LabVIEW package.

The simulation results and experimental work show evidently the capability of adaptation and
robustness of the proposed nonlinear PID neural controller that based on PSO learning algorithm
which has excellent position tracking performance and it has the capability of generating smooth
and suitable velocity commands than the controller based on genetic learning algorithm because
the PSO algorithm has capability to obtain best values of the nonlinear PID controller’s
parameters as well as smooth parameters convergences behaviour which depends on previous
values and this with few parameters adjustment unlike GA which depends on more evolutionary
operators such as mutation and crossover.
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Figure 11. Real set-up experiment of NI mobile
robot for continuous
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Table 1. The nonlinear PID neural controller parameters.

Tec

h kpx ki, kdx kpy kly de kp, k|9 kd,

PS 0.75 0.7 | 0.13 1.03

O 2 1 0'30 036 9 |0.08 218

GA 0.00 | 0.4 |0.46 | 0.31 | 0.40 | 0.55| 0.24 | 0.45 | 0.52
7 2 0 6 Il 4 2 4 61

0.01

Table 2. The MSE for simulation results and experimental work.

PID Control

Algorithm GA PSO
MSE (ex) | (ey) | (€6)| (ex) | (ey) | (ed)
Simulation

0.0021 | 0.0059 | 1.46 | 0.0013 | 0.0038 | 1.18
Results

Exp\e/vr(')r:‘lf”ta' 0.0032 | 0.0074 | 1.77 | 0.0019 | 0.0047 | 1.23

Table 3. The percentage of MSE between simulation results and
experimental work.

PID
Control
Methodolog GA PSO

y
(MSE of X-
coordinate) 34.3% 31.5%

100%
(MSE of Y-
coordinate) 20.3% 19.1%

100%

(MSE of

Orientation) 17.5% 4%
100%
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ABSTRACT

The expansion in water projects implementations in Turkey and Syria becomes of great
concern to the workers in the field of water resources management in Irag. Such expansion with the
absence of bi-lateral agreement between the three riparian countries of Tigris and Euphrates Rivers;
Turkey, Syria and lraq, is expected to lead to a substantially reduction of water inflow to the
territories of Iraq. Accordingly, this study consists of two parts: first part is aiming to study the
changes of the water inflow to the territory of Iraq, at Turkey and Syria borders, from 1953 to 2009;
the results indicated that the annual mean inflow in Tigris River was decreased from 677 m*/sec to
526 m°/sec, after operating Turkey reservoirs, while in the Euphrates River the annual mean inflow
was decreased from 1006 m*/sec to 627m?®/sec after operating Syria and Turkey reservoirs. Second
part is forecasting the monthly inflow and the water demand under the reduced inflow data. The
results show that the future inflow of the Tigris River is expected to decrease to 57%, and reaches
301m?*/sec. The Mosul reservoir will be able to supply 64% only of the water requirements to the
downstream. The share of Iraq from the inflow of the Euphrates River is expected to be 58%,
therefore the future inflow will reach 290 m®/sec. The Haditha reservoir will be able to supply 46%
only of the water requirements to the downstream, due to reduced inflow at Iragi border in the
future.

Keywords: Time series; Reservoir operation; Tigris —Euphrates River; Dam; and Forecasting.
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1. INTRODUCTION

The Tigris River is the second longest river in southwest Asia (1,840 km). The Tigris River
rises in eastern Turkey near Lake Hazar and flows southeast to Iragi borders at PaishKabur city,
some of 400km from its source in Turkey Kolars and Mitchell, 1991. Through Irag, humerous
tributaries enter the lift bank of The Tigris River from the Zagros Mountains. Among these
tributaries are the Greater Zab, the Lesser Zab, the Adhaim, and Diyala Rivers. While, the
Euphrates River is one of the largest rivers of the Middle East; it originates in the mountainous
areas of Turkey where up to 80% of the entire run off volume is formed, thenit crosses the
territories of Turkey, Syria, and Iraq. The Euphrates River enters Iraq border at Hussaiba town.
Many researchers have studied the Euphrates River and Tigris River basins and the Turkish
Great Atatourk Project (GAP). Kolars and Mitchell ,1991 introduced a chart for projected
sequential depletion of the Euphrates River for the period 1990-2040. Ishaq ,1998 studied the
monthly optimal operation for the Iragi water resources system for the periods (1962-1996)by a
adopting an objective function to minimize the release and storage penalty. The result of
optimization and simulation model indicated a deficiency in water supply for the periods (1974-
1976) and (1989-1992).
El-obaidy ,2006 studied the effect of Turkish future projects implementation on Tigris River,
this study consist of three parts; the first is to find synthetic time series. The second covers
operating the existing and proposed reservoirs on Tigris River in Turkey. The third is to find the
future expected water quality in accordance with the operation of the reservoirs. The optimum
operational policies, from the Turkish point of view, show that the minimum flow irrigation
requirements equal to 200 cumecs at the borders with Irag.
Al-Bedyry ,2009 considered the Ilisu-Cizre reservoirs system as the case study, aiming at predict
the effect of its optimal operation (from a Turkish point of view) on the flow of the Tigris River
at the Turkish-Iragi boarders, based on 51 years of real inflow data of the Tigris River recorded
at Ilisu. The objectives were to test and remove a non- homogeneity from a historical monthly
inflow data for Mosul, Dokan, and Haditha reservoir from 1952 to 2009, to analyze and forecast
flow data of Tigris and Euphrates Rivers and to correct the monthly inflow coming to Iraqi
borders, and the water demand according to reduced inflow data. The result of the study show
that the annual flow at Iraqi borders will be equal to 9498MCM after operating llisu-Cizre
reservoir.

2. THE STUDY AREA

The control system was divided into two sub systems. The first sub system consists of Mosul
reservoir on Tigris River. The second sub system consists of Haditha reservoir on Euphrates
River.

A- Mosul Dam is an embankment dam, it is the largest dam in Irag. It is located on the
Tigris River at the west of Ninawa governorate, approximately 50 km northwest of the town of
Mosul, Irag. The project is located approximately 65 km south from Irag- Turkish border. The
reservoir of the dam has been operated since 1986. it’s a multi- purposes reservoir used mainly
for flood control, supply water to Jazira irrigation projects and downstream river and generating
hydro- power with a maximum capacity of 750MW ,Swiss Consultants, 1979.

B- Haditha reservoir is located in the western part of Iraq about 140 Km from the Iraqgi —
Syrian border. The location of the reservoir is characterized by a dry and hot summer and a mild
winter with low precipitation. It is an embankment reservoir, with a multi-purpose project
intended for the control of the Euphrates River run off in order to meet the demands of irrigation,
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electrical power generation and flood control to a certain extent. The reservoir has been operated
since 1986.

3. HYDROLOGICAL TIME SERIES

Hydrologic time series is defined as continuous sequential observations which is usually
expressed as an average value over specific intervals of time such as mean daily, mean monthly,
or mean annual flows. Hydrologic time series may consist of four components depending on the
type of variable and the average time interval Yevjevich ,1972. In seasonal stream flow series
four components exist as shown in Eq. (1):

Qi=J+ T+ P+ E¢ 1)

where:

Q: s the time series value (actual data) at period t,

Ji is the jJump component at period t,

T: is the trend-cycle component at period t,

Py is the periodic component at period t, and

E: is the irregular (or remainder) component at period t.

For the test and removal of non-homogeneity, the suitability of the historical data must be
checked. The homogeneity definition requires at least two conditions: -

1. The hydrological data series must not contain any systematic error.

2. All the hydrological conditions should be constant.

If these conditions are satisfied then the series may be considered as homogeneous. These
two conditions imply that homogenous series should be free from trend and jump component
respectively; therefore homogeneity should be insured at the beginning of the analysis by the
detection and removal of jump and trend components.

1. Jump is a sudden considerable change in the parameters of historical data such as mean
and standard deviation of the stream flow data. A sudden increase is called a positive jump,
while a sudden decrease is called a negative jump.

2. Trend component is defined as a systematic and continuous change over an entire sample
in any parameter of the series. The causes of trend are either sequential man-made changes
within the catchments area, extensive urban or natural causes or inconsistency (systematic
errors).

There are many methods to detect the existence of jump components, such as statistical tests
(t-test, F-test, etc.), which can be used to check for any significant changes in means or standard
deviations of two samples at the desired percent probability level of significant. If those tests
indicate significance changes then it means that the two sub-samples are from different
populations and a jump and/or trend components exist. Trend can also be detected by regression
analysis and described mathematical by means of polynomial function. The most powerful
method for testing homogeneity is suggested by Yevjevich ,1972. where the test for
homogeneity is made by using the spilt-sample approach to ascertain whether or not the
differences between the mean and standard deviation of the two sub-samples are significantly
different from zero at the 95% confidence interval. This test requires that the sample be divided
into two sub-samples.
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4. ANALYSIS AND FORCASTING OF FLOW DATA

4.1 Mosul Dam

There is a gauge station at upstream Mosul dam on Tigris River. The mean monthly
discharge data sample (1953-2009) is divided into two sub-samples; the first is (36) years long,
(1953-1988), and the second is (21) years long, (1989-2009). Fig. 1 and 2 show the annual
means and standard deviations of the original time-series The solid line of those Figures
represents the average of the annual means and standard deviations of the series. The results of
Split — Sample Test of original data are shown in Table 1. From this table, the jump component
exists in the annual mean and annual standard deviation.

The jump component on the data of the first sub-sample is removed by applying Eq. (2).

X (j,t) — 677
588

Y(j.t) = *460 + 526 )

where:

J,t = the annual and seasonal positions of observations, respectively. The overall mean and
standard deviation of the last 21 years (1989-2009), were 460 m%sec and 526 m®/sec,
respectively.

The test is repeated using [Y (j, t)] series as the new first sub-sample, and the original second
sub-sample, the result are shown in Figs. (3) and (4) for the annual means and standard
deviations respectively. These Figures indicated the removal of the jump component from the
hydrological data. Trend was detected by fitting linear regression equations for annual means and
standard deviations against years. The correlation coefficients after removing the jump
component are shown in Figs. (1) and (2) Those Figures show the existence of the trend
component in the annual mean and annual standard deviation. The trend component on the data
of the sample is removed by applying Eq. (3):

Y(j.t) = Y(],t) +540.—-0.5(0+ j/12)
’ 478 —-0.6 G+ jJ/12)
where:

J, t = the annual and seasonal positions of observations, respectively. The overall mean and
standard deviation of the last 21 years (1989-2009), were 460 m®sec and 526 m®/sec,
respectively.

After that the test was repeated using [Y (j, t)] series as the new series for all sample, the
results are shown in Figs. (3) and (4) for the annual means and standard deviations, respectively.
Those figures show that the correlation coefficients are very small for linear trends, which
indicates the absence of linear trend component. As shown in Figs. (3) and (4), the slopes of
these lines are mild enough to be attributed to sample fluctuations, which indicate that the trend
component is removed from the hydrological data. The series now may be considered
homogeneous, i.e. free from jump and trend components.

The Results of Split — Sample Test of data after removing the jump and trend components
are shown in Table 2, which indicates that the jump and trend component does not exist
anymore in the annual mean and annual standard deviation.

460 + 526(3)
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The expansion in water projects implementations in Turkey and Syria is reduces the water
inflow to the territory of Irag. Therefore, the inflow data under the developement of the
construction of additional reservoir and increase of the irrigation projects since 1952, must be
corrected to find the optimal monthly operation rules for Mosul, and Haditha reservoirs. The
method used to correct the inflow data was by applying the annual flow at Iragi border which is
equal to 9498MCM ,Al-Bedyry, 2009. The annual mean of 57 years were 16587 MCM. So, K
(factor) from Eq. (4) is 57.3%, the future annual mean from Eq. (5) is 301.4 m*/s and the future
annual standard deviation from Eq. (6) is 264m*/sec.

K (factor) = annual flow at Iraqi border / annual mean at this time in lraqi 4)
New annual mean = Annual mean inflow after Removing the jump and trend* K (factor) (5)

New annual standard Deviation= Annual standard Deviation after Removing the jump and
trend* K (factor) (6)

The corrected data inflow calculated by Eq. (7) as follow.

Y(ji.o == (”4%1_ 526 «564.15 + 301.39 €0

where:

Y (j, t): new monthly inflow data (1953-2009).

X (j, t): old monthly inflow data (1953-2009).

The new corrected [Y (J, t)], as new series for all samples, are shown in Figs. 5 and 6 for the
annual means and standard deviations, respectively.

4.2 Haditha Dam

A gauge station is existed at Hesaiba town upstream of Haditha dam on the Euphrates River.
A mean monthly discharge data sample (1953-2009) was divided into two sub-samples; the first
is (20) years long (1953-1972), and the second is (37) years long (1973-2009). Figs. 7 and 8
show the annual means and standard deviations of the original time-series. The solid line of those
Figures represents the average of the annual means and standard deviations of the series. Figs. 7
and 8 show is the presence of jump in the annual flow data of Haditha dam.
The results of Split-Sample Test of original data are shown in Table 1. From this table it is clear
that the jJump component exists in the annual mean and annual standard deviation.

The jump component on the data of the first sub-sample was removed by applying Eq. (8):

X (j,t) — 1006
S67

Y (j,.t) = 241 + 627 €=}
where

J;t = the annual and the seasonal positions of observations, respectively, the number 241
m*/sec and 627 m®/sec are the overall mean and standard deviation of the last 37 years (1973-
2009), respectively.
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The test repeated using [Y (], t)] series as the new first sub-sample, and the original series as
the second sub-sample, as shown in Figs. 9 and 10 for the annual means and standard deviations,
respectively. Those Figures indicate that the jump component was removed from the
hydrological data.

Trend was detected by mean of regression analysis. That was made by fitting linear
regression equations for annual means and standard deviations against years. The correlation
coefficients after removing the jump component are shown in Figs. 7 and 8. Those figures show
that the trend component was existed in the annual mean and annual standard deviation. The
trend component was removed by applying Eq. (9):

_ Y(j,t) +695.3—2.3(+ j/12)
Y.t = 258.4_060d+ j/12)
where:

J, t = the annual and seasonal positions of observations, respectively, the numbers 241
m*/sec and 627 m®/sec are the overall mean and standard deviation of last 27 years (1973-2009),
respectively.

The test repeated using [Y(j,t) ] series as the new series for all samples, the result for the
annual means and standard deviations are shown in Figs. 9 and 10. Those figures show that the
correlation coefficients were very small for linear trends, which indicates the absence of linear
trend component. As also shown in Figs. 9 and 10, the slopes of these lines are mild enough to
be attributed to sample fluctuations, which indicate that the trend component was removed from
the hydrological data. Accordingly, the series can be considered homogeneous, i.e. free from
jump and trend components.

The results of Split-Sample Test of the data after removing the Jump component are
shown in Table 2. This table show that the jump and trend components do not exist in the
annual mean and annual standard deviation.

Considering that the total inflow of Euphrates River at the Turkish-Syrian border as 500m 3/sec,
and the share of Irag from this inflow is equal to 58% (Ministry of Water Resources), then
Annual flow at Iragi border =500 * 0.58 =290m*/sec, and

Annual Standard Deviation =134.0 m*/sec.

*241+ 627(9)

X (j,t) —626.4

Y (.1 = 241.1

*134.0 + 290.0 (10)

Accordingly, the correct inflow data is calculated by Eqg. (10).
where:
Y (j, t): new monthly inflow data (1953-2009).
X (j, t): old monthly inflow data (1953-2009).
The new corrected [Y (j, t)], as new series for all samples, are shown in Figs. 11 and
12 for the annual means and standard deviations, respectively.

5.RESULTS AND CONCLUSIONS

o The analysis of the 57 years (for the period 1953-2009) of historical monthly stream flow
downstream Mosul , and Haditha reservoirs indicate significant changes occurred through the
period of the record, which means that the series is not homogenous. There was jump and trend
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components exist in the data and indicated by the mean and the standard deviation. The annual
inflow at further of Tigris River will be decreased to 57%, meaning reduction from (526 m®/sec to
301m?*/sec).

o The annual inflow at further of Euphrates River will be decreased to 58%, meaning
reduction from (626 m*/sec to 290m?*/sec).

e Mosul reservoir can supply 64% of the water requirements downstream with an
actual value of 469 m%/sec, while the adopted value is 301 m*/sec due to the expected
reduction of the inflow at Iraqgi border in the future.

e Haditha reservoir Mosul reservoir can supply 76.3%, of the water requirements
downstream with actual value of 723m®/sec, while the adopted value is 551m°%/sec at
current study and will supply 46.3% with actual value of 551 m®sec where the
adopted value is 255m®/sec due to future inflow reduction at Iraqi border.

6. RECOMMENDATIONS

e This study recommended that statistical analysis should be done from time to time to
monitor the drops in the annual inflow due to the operation of the new dams and
irrigation projects in Turkey and Syria to improve the quality of the data in order to be
taken into consideration in the operation of Iraqi reservoirs system.

e The operating rules for Iraqi reservoirs must be reviewed to account for the inflows
reduction.

e New researches that focus on the operation of Turkish and Syrian future projects
implementation on Tigris, Euphrates, Grater Zab and Less Zab River will be required
to determine the future inflow and salinity at Iraqi borders.

e Optimization of the operation of Mosul, Haditha, Dokan, Hemreen, Derbendikhan and
Al-Tharthar reservoirs after operating new reservoirs in Turkey and Syria.
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Figure 6. The adjusted monthly standard deviation (m*/sec) of Tigris River up stream Mosul dam.
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Figure 10. Annual standard deviation of the flow at Haditha dam (m%/sec), (After removing the
jump and trend components).
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Table 1. Results test of original data.

Statistical Annual Mean . 3
Reservoir 2 Annual Standard Deviation m°/sec
Parameters m°/sec
No. of Years 36 36
Average 677.46 588.44 1°* Periods (19531988)
Standard 252.83 240.10
Deviation
No. of Years 21 21
E Average 526.44 460.76 2" Periods(19892009)
(@]
> Standard 186.76 193.79
Deviation
t-value 2.381 2.072
t-table 2.002 2.002
Jump
Component Exist Exist
No. of Years 20 20
Average 1006.57 867.32 1% Periods (19531988)
Standard 357.44 340.75
Deviation
No. of Years 37 37
.‘;_; Average 627.62 241.47 2”d'Periods(l9892009)
‘E Standard 285.24 145.14
Deviation
t-value 2.508 4.375
t-table 2.002 2.002
Jump
Component Exist Exist
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Table 2. Results test of data after removing the jump and trend component.

Statistical Annual Mean o 3
Reservoir 2 Annual Standard Deviation m*/sec
Parameters m°/sec
No. of Years 36 36
Average 521.20 454.33 1°*" Periods (19531988)
Standard 195.20 185.40
Deviation
No. of Years 21 21
§ Average 534.82 471.11 2”d'Periods(19892009)
(@]
> gtar.‘d"’.‘rd 189.90 196.84
eviation
t-value -0.256 -0.322
t-table 2.002 2.002
Jump
Not Exist Not Exist
Component
No. of Years 36 36
Average 502.00 191.42 1°* Periods (19531988)
Standard 119.45 125.28
Deviation
No. of Years 21 21
(48
= Average 515.05 262.51 2”d'Periods(19892009)
-c‘; Standard
T Deviation 217.92 127.45
t-value -0.293 -2.054
t-table 2.002 2.002
Jump Not Exist Not Exist
Component
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Dynamic Behavior of Pb(I1) and Cr(l11) Biosorption onto Dead Anaerobic
Biomass in Fixed-Bed Column, Single and Binary Systems
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ABSTRACT

The biosorption of lead (11) and chromium (I11) onto dead anaerobic biomass (DAB) in single
and binary systems has been studied using fixed bed adsorber. A general rate multi- component
model (GRM) has been utilized to predict the fixed bed breakthrough curves for single and dual-
component system. This model considers both external and internal mass transfer resistances as
well as axial dispersion with non-liner multi-component isotherm (Langmuir model). The effects
of important parameters, such as flow rate, initial concentration and bed height on the behavior
of breakthrough curves have been studied. The equilibrium isotherm model parameters such as
maximum uptake capacities for lead (I1) and chromium (111) were found to be 35.12 and 23.84
mg g™ respectively. While pore diffusion coefficients (D,) were obtained to be 7.23x10™ and
3.15x10™ m? s for lead (11) and chromium (I11) respectively from batch experiments. The
results show that the general rate model was found correct for describing the biosorption process
of the dynamic behavior of the DAB adsorber column.

Key words: biosorption, DAB, lead (11), chromium (I11), GRM, fixed bed, pore diffusion
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1. INTRODUCTION

Metallic species mobilized and released into the environment by the technological activities of
humans tend to persist indefinitely, circulating and eventually accumulating throughout the food
chain, thus posing a serious threat to the environment, animals, and humans. It is essential to realize
that the metal is only “removed” from the solution when it is appropriately immobilized Sekomo et
al., 2011. The continuous use of heavy metals in industrial applications with the production of
contaminated wastewaters is a serious environmental problem these biomass types serve as a basis
for newly developed metal biosorption processes foreseen particularly as a very competitive mean
for the detoxification of metal-bearing industrial effluents Van et al., 2006. Only within the past
decade has the potential of metal biosorption by biomass materials been well established. For
economic reasons, biomass produced as a waste byproduct of large-scale industrial could be used as
biosorbents Prasad et al., 2008. Lead (Il) has been found together with other compounds including
Chromium (I11) at high concentrations in a number of contaminated sites Naseem and Tahir, 2001.
Lead (I1) and Chromium (111) are released from industrial sources such as the iron-steel, petroleum,
wood preserving chemicals dye and pigment Prasad et al., 2008.

The use of natural biomass as adsorbent will involve the same concept of separation as in
adsorption which is termed as biosorption Fiol et al., 2004. Biosorption is a well-established and
powerful technique for treating domestic and industrial effluents Sulaymon et al., 2012 b. DAB is
the new and effectively used adsorbent. Biosorbent for the removal of metals/dyes mainly come
under the following categories: bacteria, fungi, algae, industrial wastes, agricultural wastes and
other polysaccharide materials. In general, all types of biomaterials have shown good biosorption
capacities towards all types of metal ions Vijayaraghavan and Yun, 2008. The surface chemistry
of biomass and the chemical characteristics of adsorbate, such as polarity, ionic nature, functional
groups, and solubility, determine the nature of bonding mechanisms as well as the extent and
strength of adsorption Sulaymon and Ebrahim, 2010. A variety of physicochemical
mechanisms/forces, such as van der Waals, ion exchange, dipole interactions, H-binding, cation
bridging, covalent bonding, and water bridging, can be responsible for the biosorption of inorganic
compounds in biomass. Sulaymon et al., 2012. Metal uptake is caused by physico-chemical
interaction between the metal and the functional groups present on the microbial cell surface, which
is not dependent on the cells' metabolism Vijayaraghavan and Yun, 2008. Cell walls of microbial
biomass, mainly composed of polysaccharides, proteins and lipids have abundant metal binding
groups such as carboxyl, sulphate, phosphate and amino groups. This type of biosorption, i.e., non-
metabolism dependent is relatively rapid and can be reversible Sulaymon et al., 2012 b.

Fixed bed adsorber is a continuous flow operation adsorption process for industrial applications in
wastewater treatment Ahmed, 2006. The design of an adsorption column depends on various
important parameters such as flow rate, initial concentration and bed height (mass of biomass). The
sorption bed has to be porous to allow the liquid to flow through it with minimum resistance but
allowing the maximum mass transfer into the particles as small as practical 0.7-1.5 mm Sulaymon
et al., 2012 b Understanding of biosorption characteristics, determination of break point time for
biosorption operation and effective utilization of the column is possible by carrying out the
mathematical modeling of fixed-bed biosorption columns. Continuous biosorption studies are
required to collect the experimental data for the design of biosorption column and for subsequent
scale-up from pilot plant to industrial scale operation Ahmed, 2006. Past studies mainly focused on
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analytical approach of solving the dynamics of fixed-bed adsorption columns. These models,
exclude some of the important physical aspects such as axial dispersion and intra-particle
resistances along the bed length and linear isotherm such as: second-order reversible reaction model
(SRRM) and quasichemical kinetic model (QKM) and homogenous surface diffusion model
(HSDM) described by Pérez et al.,2013. In the present study, a general multi-component model is
used to predict the breakthrough curves of metal ions mixture in fixed bed column for single and
binary components onto DAB and compare the experimental results with that simulated by a
numerical solution of the model which includes film mass transfer, pore diffusion resistance, axial
dispersion and nonlinear isotherm Sulaymon et al., 2012 a.

2. MATHEMATICAL MODELING AND SIMULATION
In the present study, a mathematical model for the fixed bed column is proposed by incorporation of
important parameters such as external mass transfer resistance, internal mass transfer resistance and
nonlinear multi-component isotherm Ahmed, 2006. The proposed model can be extensively used
for understanding the dynamics of the fixed bed adsorption column for the biosorption of multi-
inorganic (metal ions) compounds. To formulate a generalized model for the fixed bed adsorption
column, the following assumptions are made Sulaymon et al., 2012 a:
e Equilibrium of adsorption is described by the nonlinear multi-component Langmuir
isotherm.
e Mass transfer across the boundary layer surrounding the solid particles is characterized by
external-film mass transfer coefficient (k).
Intra-particle mass transfer is characterized by pore diffusion coefficient (D)
Macro-porous adsorbent particles are spherical and homogeneous in size and density.
Compressibility of the mobile phase is negligible.
Fluid inside particles (macropores) is stagnant, i.e., there is no convective flow inside
macropores.
The adsorption process is isothermal. There is no temperature change during a run.
e The concentration gradients in the radial direction are negligible.
e All mechanisms which contribute to axial mixing are lumped together into a single axial
dispersion coefficient.

Based on the assumptions of the model, the governing equations for a multi-component system can
be obtained from differential mass balance of the bulk-fluid phase and the particles phase
respectively:

Continuity equation in the bulk-fluid phase Eq.(1):

C. CoC. 3K (-
— biaczt)l+vi%+%+ fl( gb)
0L oL ot gbRp

[Cbi - Cpi,R:Rp ]:O @

Continuity equation inside the particle phase Eq.(2):
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Initial and Boundary Conditions:
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The initial and boundary conditions may be represented by Eq.(3) to Eq.(8):

Initial Condition (t = 0):

Cpi =C1,i(0,2)=0

(3)

Cpi chi(o, R,Z)=0

Boundary Conditions:
Z=0:

aCbi 14
- =— (C.. -C...
oz Dbi( bi OI)

oC

. K

pi fi
2 Chi —Coine
R ngpi ( bi pI,R—Rp)

Dimensionless Groups:
Defining the following dimensionless variables:

_ C, . C
:%,C-:i,ci=¢,7=ﬂ
Coi ’ Coi L

Cb pi C

i
oi

Also, the dimensionless parameters are defining as:
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The model equations can be transformed into the following dimensionless Eq. (9) and Eq.(10):

1 d°c, ac, o,
-———+—+—+{,(c, —C,;,4)=0 9
Pei 522 62 6r gl(bl p|,r-l) ()
fif[(l_gp):piJrgpcpi]_m[rz5r(r2arp] =0 (10)

In these equations, the Peclet number (Pe;) reflects the ratio of the convection rate to the dispersion
rate, while the Biot number (Bi;) reflects the ratio of the external film mass transfer rate to the intra-
particle diffusion rate.

Initial conditions become (z= 0) Ahmed, 2006 Eg.(11) and Eq.(12):

Cpi =Cpi(0,2) =0 (11)
Cpi =Cpi(0,1,2)=0 (12)

And boundary conditions become Eq(15) to Eq(16);

OC, ;

z=0: — —pe.(c. -1 13
82 |( bi ) ( )

z=1 %zo (14)
0z

r=0:

%20 (15)

or

r=1:

Xpi .

a_rp: B'i(cbi _Cpi,r:l) (16)

The concentration c,i* in Eq.(10) is the dimensionless concentration of component i in the solid
phase of the particles. It is directly linked to a multi-component isotherm, which is the extended
Langmuir model Eq.(17) and Eq.(18):

80



Number 5 Volume 20 May - 2014 Journal of Engineering

x Ui 25 C pi PpaiCp;

Cpi N, = N, (17)
1+ijcpj 1+ijcpj
j=1 j=1
And in dimensionless form:
- a;C,;
¢ __ Pedithi (18)

-—
1+Z<bjcoj bj
=

Because of nonlinear multi-component Langmuir isotherm is considered, finite element method
(Galerkin weighted residual method) is used for the discretization of the bulk-fluid phase partial
differential equation and the orthogonal collocation method for the particle phase equation is
produced. The ordinary differential equation system with initial values can be readily solved using
an ordinary differential equation solver such as the subroutine "ODE15S" of MATLAB V-7.3
which is a variable order solver based on the numerical differentiation formulas (NDFs) Sulaymon
and Ahmed, 2008.

3 EXPERIMENTAL MATERIALS AND PROCEDURE
3.1 Adsorbate

Standard stock solutions of 1000 mg/l of lead (I1) and chromium (I11) were prepared by dissolving
Pb(NO3), and Cr(NOs); (BDH, England with minimum purity 99.5 %). The salts obtained from a
local market with specifications are shown in Tablel. Lead nitrate of 0.1599 g and 4.577 g of
chromium nitrate were dissolved in 1 L distilled water. Metal concentrations were determined by a
flame atomic absorption spectrophotometer Buck, Accusys 211, USA

3.2 Adsorbent

Heterogeneous cultures including mostly anaerobic bacteria, yeast fungi and protozoa of sorbents
were taken from Al-Rustomia third extension drying bed Baghdad-Irag. The physical, chemical and
biological properties were measured and listed in Table 2. Anaerobic and facultative anaerobic
microorganisms (Aeromonas species, E-coli, Pseudomonas aerginrsa, Clostridium, Staphylococcus
sp and Salmonella sp, Rhizopusarrhizus, Saccharomyces erevisiae) were found in the biomass from
the drying beds using API Instrument (Biomerieux, France). Preparation (DAB) using
heterogeneous culture of live anaerobic biomass (LAB) was dried at temperature (37-45°C) for 5
days crushed, sieved, washed with distilled water and dried at 70°C for 6 h.

3.3 Procedure

Solutions pH were adjusted to the desired value (pH=4) using 0.1 M NaOH or 0.1 M HNOs3.
With pH higher than 5.5, solubility of metal complexes decreases sufficiently allowing
precipitation, which may complicate the sorption process and do not bind to the adsorption sites on
the surface of DAB. These flasks were then placed on a shaker (HV-2 ORBTAL, Germany) and
agitated continuously for 4 h at 200 rpm and (33+£3°C). The samples were filtered by no. 42
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Whatman filter paper. Few drops of 0.1 M HNOswere added to the samples to decrease the pH
below 2 in order to fix the concentration of the heavy metals during storage before analysis APHA,
1995.The final equilibrium concentrations were measured by means of atomic absorption

The fixed bed adsorber was made of an acrylic column of 0.05 m inner diameter and 0.5 m height
Fig. 1. The DAB bed is confined in the column by fine stainless steel screen and glass cylindrical
packing at the bottom and also at the top of the bed to ensure a uniform distribution of influent
through the biomass bed. A perforated plate is fixed at the top of the column where the influent
solution is introduced to the column.

For determination of the biosorption isotherm, different weights (0.05, 0.1, 0.15... to 0.6 g) of dry
dead anaerobic biomass were used, (electronic balance Sartorius BL 210S); biosorbent were placed
in 12 volumetric flasks of 250 mL. A volume of 100 mL of solution with concentration of 50 mg/L
was added to each flask for single systems of Pb(l1), Cr(l11) ions respectively. The experiment was
performed at sufficiently high metal concentrations so that maximal uptake would be achieved. The
adsorbed amount was calculated using Eq. (19) Sulaymon et al., 2012 b

V. (C,-C,)
e W, (19)

The necessary dosage of DAB used for kinetic study, to reach equilibrium related concentration of
C./C, equal to 0.05, were calculated from Langmuir isotherm model and mass balance equation
Eq.(20) With Eq.(21)

WA:M (20)
Qe
4, bCe
_ 21
Ge 1+bC, 1)

The important characteristic of the Langmuir isotherm can be expressed in terms of the
dimensionless constant separation factor for equilibrium parameter R.. This is defined by:

1

T 1+bC, (22)

The adsorption isotherms were obtained by plotting the weight of solute adsorbed per unit weight of
biomass ge, mg/g against the equilibrium concentration of the solute in the solution C,, mg/L, and
Ry Separation factor Eq. (22) Sulaymon and Ebrahim 2010. Reaction pathways were found using
2L pyrex beaker fitted with variable speed mixer. The beaker was filled with 1 L of 50 mg/L
concentration and the agitation started before adding value of DAB. At time zero, the accurate
weight of DAB where added and samples were taken at specified time intervals. Pore diffusion
coefficient (D,) of Pb(ll) and Cr(lll) was obtained using a batch model by matching the
concentration decay curve obtained from the experimental data. At the beginning the pore diffusion
coefficient is assumed and the model is solved numerically using MATLAB program. This process
continued until obtaining perfect matching between the theoretical and experimental concentration
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decay curve. The principle parameter required for solving the batch model is the external mass
transfer coefficient (kf) EQ.(23) and the assumed pore diffusion coefficient (Dy). Eq.(24) The
external mass transfer coefficient kf and Molecular diffusivity Dy, in the fixed bed column model
were calculated using the correlation of Crittenden Eq.(25) Sulaymon and Ahmed, 2008.

ki=2.4V/(Sc*® Re>) (23)
The liquid diffusivity coefficient was calculated using Eq.(24):
Dim=2.74*10 (MW)*? (24)

The axial dispersion coefficient Dy, of the liquid flowing through fixed beds was obtained from the
following correlation Urban and Gomezplata, 2009:

vd T?
D, _067+1.15/ % ( 25)
D D

m m

4 RESULTS AND DISCUSSION
4.1 Adsorption Isotherm

The equilibrium isotherm for the investigated solutes (Pb*? and Cr*) onto DAB using multi-
component Langmuir model are presented in Fig.2. The correlation coefficient (R?) between the
experimental data and the theoretical model is 0.958 and 0.999 for lead and chromium respectively.
The Langmuir parameters are as follows:

e Pb?: gqu=35.12mgg™, b=0.311L mg* R?=0.958

e Cr gn=23.84mgg?’ b=0.165L mg™, R*=0.999

To compare these results obtained by DAB with other absorbents, Table 3 comparison of metal
adsorption capacities (mg/g) onto different adsorbents

4.2 Pore Diffusion Coefficient

Pore diffusion coefficients (D,) of chromium and lead are obtained using the batch model by
matching the concentration decay curve obtained from the experimental data at optimum agitation
speed 400 rpm with that obtained from the batch model as shown in Fig. 3. The pore diffusion
coefficients for each solute are evaluated from batch experiments to be:

e Pb*:D,=7.23x10" m’s™?, R*=0.994
e Cr: D,=3.15x10" m*™, R*=0.971
With ke=4.73x10° m/s for Pb*? and k=2.4x10" m/s for Cr*®

4.3 Breakthrough Curves of The Binary System
The experimental and predicted breakthrough curves for single and binary systems for adsorption of
lead and chromium ions onto DAB at different flow rates, bed height and initial concentration are
shown in Figs. 4 to 8.
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5 DISCUSSION

1. The adsorption capacity order for lead and chromium onto DAB was as follow:

Pb*? (35.12 mg g*) > Cr* (23.84 mg g*). This behavior of the capacity of the adsorbate in batch

system seems to influence the adsorption capacity of DAB in fixed bed adsorber. This can be

explained by:

a- Lead nitrate has less solubility (520000 mg L™) in water in comparison with chromium nitrate
(810000 mg L™).

b- Hydrated ion radius for lead is greater than chromium (4.01 A? for lead and 4.13 A? for
chromium).

c- Lead can be adsorbed by means of electrostatic attraction between positively charged and
binding sites. Physical adsorption by means of Vander Waals, and dipole-induced dipole has
been the main way to adsorb lead ions with high electronegativity (2.33) in comparison with
chromium (1.66) Table 1. However, lead and chromium ions biosorption depended on the
activity and availability of functional groups onto DAB (electrostatic attraction) with the mean
of competitive biosorption Sulaymon et al, 2012 b.

2. The effect of flow rate:

Figs.4,5 and 6 shows the experimental and predicted breakthrough curves for Pb*? and Cr*® in
single and binary systems at different flow rates (1.39x10°°, 2.78x10°, 4.17x10°® m®™and 5.56x10"
® m*™) in terms of Co/C,. It’s clear from these figures that as the flow rate increases, the time of
breakthrough point decreases. This is because that the residence time of solute in the bed decreases.
Therefore there is not enough time for adsorption equilibrium to be reached which results in lower
bed utilization and the adsorbate solution leaves the column before equilibrium. It is expected that
the change in flow rate will affect the film diffusion but not the intra-particle diffusion Sulaymon
and Ahmed, 2008. The higher the flow rates, the smaller film resistance to mass transfer and hence
larger k¢ results. Increasing the flow rate at constant bed height will increase the Bi number with
slight increase in Pe number as listed in Table 4. When the Bi number is high the time of
breakthrough point will appear early. The higher Bi number values indicate that the film diffusion is
not dominating compared to the intra-particle mass transfer and the intra-particle mass transfer is
the controlling parameter Fig. 6. These results agree with those obtained by Sulaymon et al.,2012 .

3. Effects of bed height:

Fig. 8 shows that at smaller bed height the effluent adsorbate concentration ratio increases more
rapidly than that for a higher bed height. Furthermore, smaller bed heights will be saturated in less
time. Smaller bed heights corresponds to lesser amount of adsorbent, at a given flow rate and
increasing the bed height will increase the contact time of the solute within the bed, thus improving
the three solute removal efficiencies

Increasing the bed height at constant flow rate will increase Peclet number (Pe). Pe is the ratio of
axial convection rate to axial dispersion rate. When Pe is small the breakpoint appears early and the
breakpoint increases with increasing Pe as listed in Table 4. Therefore both the internal and
external resistances are considered as the major items controlling the adsorption kinetics as the bed
height increases. A deep bed requires more time to reach saturation point or a breakpoint appearing
later. Also, larger bed provide greater surface area or (adsorption sites) which causes increasing
adsorption process and contact time. The bed height is one of the major parameters in the design of
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fixed bed adsorption column Sulaymon et al., 2012 a. The experimental and predicted
breakthrough curves obtained for different heights of DAB 0.05, 0.1, 0.15 and 0.2 m at constant
flow rate and constant initial concentration are presented in Fig.8. Hence, the internal and external
resistances are confirmed to be the main parameters that control the adsorption kinetics with the
increase in bed height. Similar findings have been obtained by Sulymoon et al., 2012 a

4. Effect of initial concentration:

The change in initial concentrations of Pb™ and Cr* will have a significant effect on the
breakthrough curves. Fig.7 shows the experimental and predicted breakthrough curves at different
initial concentrations (25, 50, 75 and 100 mg LY. This figure shows that an increase in initial
concentration causes a decrease in breakpoint time and makes the breakthrough curves much
steeper, this would be anticipated with the basis of increasing driving forces for mass transfer with
increasing the concentration of solutes. As the initial concentration increases the time of
breakthrough point decreases. This may attribute to the diffusion rate and controlled by the
concentration gradient, it will take a longer time to reach saturation in the case of low initial solute
concentration. It is also clear that as the influent concentration increases, the adsorption capacity
increases. These results are in agreement with that obtained by Sulaymon and Ahmed, 2008.

5. In multi-component system (binary system) for lead and chromium, it is clear from Figs. 6,7, and
8 that, at the initial stage, there are a lot of active sites of DAB, and the strongly (Pb*?) and weakly
(Cr*®) adsorbed component take the active site freely. With increasing time, the weakly adsorbed
component is not easily adsorbed but moves ahead with the bulk-fluid and the strongly adsorbed
component tends to displace the sites that had been taken by the weakly adsorbed component. The
result is that the local concentration of the weakly adsorbed component within the fixed bed
adsorber is higher. These results are in agreement with that obtained by Sulaymon et al., 2012 a.

6 CONCLUSIONS

The simulated breakthrough curves for adsorption of lead and chromium both in single and binary
systems onto dead anaerobic biomass are in close agreement with the experimental results. Thus,
the mathematical model, which includes axial dispersion, film mass transfer, pore diffusion
resistance and nonlinear isotherm, provides a good description of the single and competitive
adsorption process in fixed bed adsorbed. As the flow rate increases, the Biot number arranges to
for Pb(ll) ions from 74.6 to 119, for Cr(lll) ions from 155 to 249 for each solute, the rate of
competitive adsorption will decrease and the shape of breakthrough curves will be sharp with lower
breakpoint, due to the high intra-particle resistance and the decrease in contact time to reach
saturation. Finally DAB was found to be more suitable adsorbent for removal of lead than
chromium the same conclusions were obtain by Sulaymon et al., 2012 a.
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Ks External mass transfer coefficient,

NOMENCLATURE MW ms?t
A “ Molecular weight, g mol™

Angstrom, 1x10™" m L Length of the column, m
b Adsorption equilibrium constant P, Peclet number

relate to affinity between Q Flow rate. m® s

-1 ’
5 aBo_Is?rbentband adsorbate, L mg e Adorption capacity at equilibrium,
i iot number -1
: . mg g
-1

C Fluid phase concentration, mg L Gm Langmuir constant related to
Ce Eq“'“bt”utr_n I|qU|dIE)_t}ase maximum adsorption capacity, mg

concentration, mg gt
Co Initiﬁ!lliquid phase concentration, r Radial coordinate, m

mg R Radial coordinate, m
Dy Axial dispersion coefficient m/s Re Renold number.Re=owvd./
D Molecular diffusivity, m? s R, Radius of partic,le mpw P

- - - - 2 _l 1
Dp Pore diffusion coefficient, m“s Sc Schmidt number, Sc= puw/pwDm
Sh Sherwood number, Sh=kd,/Dn,
: . t Time, s

dp Particle diameter, m VA Volume of solution, L
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Mass of dead anaerobic biomass, i

g L
Axial distance, m 0
Bed porosity p
Particle porosity cré*
Viscosity of water Pb**

Interstitial velocity, UZQ/nRzpsb
Density of water, kg/m®
Particle density, kg/m®

Bulk fluid phase
Equilibrium
Dead anaerobic biomass

Component number, 1,2,...

Liquid Phase
Initial phase
Particle phase
Chromium
Lead

Table 1. Main physicochemical properties of the metals tested.

Properties Lead Chromium
Pb(1l) from Cr(I11) from
Formula Pb(NOy); Cr (NO);
White .
blue-violet
Appearance colorless
crystals
crystals
Molar mass, g/mole 331.2 238.011
Standard atomic weight 207.2 51.99
Solubility in water,
g/100 mL 52 81
Molecular diffusion,
m2/sx10° 4.98 4.22
Hydrated ion radius (A) 4.01 4.13
Crystal radius (A) 1.19 0.75
Electronegativity 2.33 1.66
Charge 2 3
Density, g/cm® 453 1.85
Wavelengths used by 283.3 3579
AA, nm
Compan BDH BDH
pany (England) (England)
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Table 2. Physical chemical and biological characteristic of DAB.

Biomass

Physical characteristic (dead Biological characteristic (live biomass)

biomass)
Particle diameter, mm 0.775 Bacteria
2 @ Aeromonas species,
Surface area, m“/g 94.53 CEU/ML 222000
Actual density, kg/m 1741.6 E-coli, CFU/mL 430000
. ® | Pseudomonas aerginrsa,
Bulk density, kg/m 609.9 CEU/ML 703500
Particle porosity 0.584 | Klebsiella species, CFU/mL 210000

Total Suspended Solid, 453050 | Clostridium, CFU/ML 370000

mg/L
Volatller‘nZL;stended, 78126 | Staphylococcus sp., CFU/mL 210000
Chemical (t:)haracterlstlc (dead Streptococcus sp., CFU/mL 490000
iomass)

pH 5.5-6.3 Salmonella sp., CFU/mL 190000
CEC, meq/100g 51.2 Shiglla dysente, CFU/mL 410000

Lead, mg/L 0.02 Fungi
Chromium, mg/L 0.01 Penicillium sp., CFU/mL 180000

Cadmium, mg/L 0.02 Yeast
Candida albicans, CFU/mL 460000

Protozoa
Entamoeba species,

CFU/mL 16000

Giardia lambihia, CFU/mL 90000

(a) Surface area analyzer, BET method, Quantachrome.com.(USA), (b) Apparent density instrument, Autotap,
Quantachrome.(USA), CEC Cat ion Exchange Capacity, CFU Colony-forming unit
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Table 3. Comparison of metal adsorption capacities (mg/g) onto different adsorbents.

Other
Adsorbent pH | informatio | Pb(Il) | Cr(lll) Reference
n
Granular Activated M=30 g/L, Lawrence et al.
Carbon 75 t=30n | 0 | 23(L) 2010
Waste sorbent Sugar M=1 g/L, Lawrence et al.
beet pulp 55 teg= 8 h 74(E) 36(E) 2010
bagasse fly ash 5-6 | M=10g/L, | 3.8(E) | 1.8(E) Gupta and Ali
teg=1h 2004
Green algae M=10 g/L, Gupta and
Spirogyra sp. S teq= 1.8 h 93.5(E) Rastogi 2009
Fungus Sargassum 35 M=1g/L, | 252.5(L Huifen et al.
natans ' teg=1h ) 2010
Macrolagae _
Chlamydomonas 5 It\/l—_l ZgA{Lh 2(11_)9 Tu22u(;10e5t al.
reinhardtii e
This study (binary | , | Voo, | 3512 | 2384
system) gL ﬁq B (E) (E)

not available

E Experimental uptake, L uptake predicted by the Langmuir model, M biosorbent dosage, t.q equilibrium time,

Table 4. Values of Biot no. and Peclet no. at different flow rates and bed heights.

Pollutants FIovg R Biot_no. Peclet Bed height, Biot_no. Peclet
rate,m’s (Bi) no.(Pe) m (Bi) no.(Pe)
1.39x10° 74.6 131 0.05 74.6 32.7
o2 2.78x10° 93.3 134 0.10 74.6 65.4
4.17x10° 108 137 0.15 74.6 98.0
5.56x10™ 119 139 0.20 74.6 131
1.39x10° 115 131 0.05 155 32.7
or 2.78x10° 197 134 0.10 155 65.4
4.17x10° 226 137 0.15 155 98.0
5.56x107 249 139 0.20 155 131
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Figurel. Fixed bed biosorption column.
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Figure 2. Biosorption isotherm for (Pb*?, Cr*) onto DAB.
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Figure 3. Comparison of the measured concentration-time decay data with that predicated by pore
diffusion model for Pb*?and Cr*3. k=4.73x10° m/s for Pb** and k=2.4x10" m/s for Cr**
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Figure 4. Experimental and predicted breakthrough curves for biosorption of lead onto DAB at
different flow rate.
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Figure 5. Experimental and predicted breakthrough curves for biosorption of chromium onto DAB
at different flow rates.
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Figure 6. Experimental and predicted breakthrough curves for biosorption of Pb(I1)-Cr(I11) system
onto DAB at different flow rates.
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Figure 7. Experimental and predicted breakthrough curves for biosorption of Pb(I1)-Cd(Il) system
onto DAB at different initial concentrations of Pb(ll) ions.
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Figure 8. Experimental and predicted breakthrough curves for biosorption of Cr(111)-Pb(11) system
onto DAB at different bed heights.
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ABSTRACT

Anaerobic digestion is a technology widely used for treatment of organic waste for biogas
production as a source for clean energy. In this study, poultry house wastes (PHW) material was
examined as a source for biogas production. The effects of inoculum addition, pretreatment of
the substrate, and temperature on the biogas production were taken into full consideration.
Results revealed that the effect of inoculum addition was more significant than the alkaline
pretreatment of raw waste materials. The biogas recovery from inoculated waste materials
exceeds its production from wastes without inoculation by approximately 70% at mesophilic
conditions. Whereby, the increase of biogas recovery from pretreated wastes was by 20% higher
than its production from untreated wastes at mesophilic conditions. The thermophilic conditions
improved the biogas yield by approximately 73%. The kinetic of bio-digestion process was well
described by modified Gompertz model and the experimental and predicted values of biogas
production were fitted well with correlation coefficient values > 0.96 suggesting favorable
conditions of the process.

Key Words: biogas, anaerobic digestion, lignocellulosic waste, clean energy.
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1. INTRODUCTION

Renewable energy is a socially and politically defined category of energy sources. Renewable
energy is generally defined as energy that comes from resources which are continually
replenished on a human timescale such as sunlight, wind, rain, tides, waves and geothermal heat.
About 16% of global final energy consumption comes from renewable resources, with 10% of
all energy from traditional biomass, mainly used for heating, and 3.4% from hydroelectricity.
Renewable energy sources play a key role in the current European Union strategies to mitigate
the impact of global warming. Among the different forms of renewable sources, biomass is
undoubtedly one of the most promising, Messineo, et al., 2012. When biomass is burn or
digested, the emitted CO, is recycled into the atmosphere, so not adding to atmospheric CO,
concentration over the lifetime of the biomass growth, Twidell, and Weir, 2006.

Anaerobic digestion has been, and continues to be, one of the most widely used processed for
the stabilization of biosolid waste, such as from the agro and municipal waste to industrial
waste. The widespread use of this technology stems from its potential advantages. These
advantages include the production of energy of methane (in excess of that required for process
operation), a reduction of 30-50% of waste volume requiring ultimate disposal, and a rate of
pathogen destruction-particularly in the thermophilic process. The anaerobic digestion
technology, properly implemented in an agro, municipal or industrial technical reality, can also
be used to control malodorus emissions. The stabilized biomass can also be utilized as an
excellent soil conditioner after appropriate treatment, Converti, et al., 1999.

Biogas is a gas mixture mainly composed of methane. The composition of biogas varies
depending upon the types and relative contents of different raw materials, as well as upon the
different conditions and fermenting phases. The quality of biogas generated by organic waste
materials does not remain constant but varies with the period of digestion, Abdel-Hadi, 2008.
Yungin, et al., 2009 developed an alkali pretreatment process prior to anaerobic digestion of
pulp and paper sludge (PPS) to improve the methane productivity. Different concentrations of
sodium hydroxide solution were used to pre-treat the pulp and paper sludge (PPS). The process
efficiency of PPS with and without pretreatment was evaluated. The highest methane yield
under optimal pretreatment condition was 0.32m?* CH./kg VS removal. The results indicated that
alkali/NaOH pretreatment could be an effective method for improving methane yield with PPS.
Kafle, et al., 2013, studied the use of fish waste (FW) obtained from a fish processor for biogas
production. The FW silages were prepared by mixing FW with bread waste (BW) and brewery
grain waste (BGW), and the quality of the prepared silages were evaluated. A first-order kinetic
model and the modified Gompertz model were used to predict methane yield. The biogas and
methane yield for FW silages after 96 days was calculated to be 671-763 mL/g VS and 441-482
mL/g VS, respectively.

Current study, aimed to study the biogas production and recovery from the anaerobic co-
digestion of poultry house wastes. This type of solid waste materials is abundantly available in
Irag without proper consideration and management.

2. MATERIALS AND METHODS

2.1 Materials

Poultry houses wastes (PHW) used in this study included a mixture of chicken feather, chicken
feet, egg cartons and boxboard. Samples were freshly collected from local poultry houses. These
materials are available in enormous quantities as a discarded waste material of no economic
value. Inoculum, chicken dung which is known to be rich in methanogenic anaerobic bacteria
was used to inoculate the bio-digesters. These materials were freshly collected from local
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slaughter and poultry houses, prepared as slurry, and then added to the digesters as a
supplementary material to enrich the bacterial activity and enhance the anaerobic bio-digestion
process. All chemical reagents used in this study were of analytical grade as given in Table 1.

2.2 Methods of Analysis

2.2.1 Total, volatile solids and pH

The measurement of total solids (TS) and volatile solids (VS) were carried out in triplicate
according to the procedure outlined in the standard methods, APHA, 1998. pH was measured
using pH meter (Model: WTW, Inolab 720). The average measured values of total solids (TS),
volatile solids (VS), and pH for the examined poultry house waste samples were found to be
24.28 £ 1.20, 23.32 £ 1.08, and 7 + 0.4, respectively.

2.2.2 Biogas production

The produced biogas was measured by three different methods including the followings:
Manometer, a simple apparatus consisted of glass U-tube shape with 10 mm internal diameter
filled with potassium hydroxide solution. The U-tube hitched with tap to adjust the level of
solution with atmospheric pressure after CO, removal. The tube was provided with two ports,
one for a biogas injection, and the other for gas outlet after removal of CO,. Methane percentage
was measured using potassium hydroxide solution in the laboratory scale investigation. The
released gas was fractioned in a percentage (i.e. methane and CO, percentage) using the 4%
potassium hydroxide. All measurements were carried out at room temperature and atmospheric
pressure. The volume of gases was recalculated for standard temperature and pressure (STP: 0°C
and 1 bar), Hansen, et al., 2004.

Water displacement method, the gases were first passed through an airtight washing bottle
containing 1 molar sodium hydroxide solution in order to eliminate the carbon dioxide. Then the
remaining methane passed to a 500-ml glass container; displacing the water which overflowed
into a measuring cylinder. The volume of displaced colored water represents the volume of
produced methane.

Gas chromatography (GC), was used to determine the major components of the biogas
produced as a byproduct of the anaerobic digestion process.

2.3 Experimental Procedure

The experimental work consisted of the main following steps:

Pretreatment of waste materials, the pretreatment of poultry house wastes was carried out to
facilitate the hydrolysis of cellulose component existing in the substrate. Cellulose has a highly
crystalline structure due to the presence of an extensive hydrogen bond and inter-chain in the
cellulose structure. There are various methods of pretreatment to destruct the lignin component
and to reduce the crystalline nature of the cellulose structure. After manual cleaning by
removing dirt dust, the clean materials were crushed, and sieved to different particle sizes.
Chemical pretreatment included the addition of Ca(OH), to the sieved waste materials at
concentrations ranged from 0.1 to 0.2 g Ca(OH)./g TS of waste was carried out then the
mixtures were autoclaved at 120 °C for 20 min. The calcium will precipitate and removed as
CaCOj; by flushing the autoclaved mix with CO,, Forgéacs, 2012.

Inoculum preparation, Inoculum slurry was prepared by mixing either 50 g of chicken dung
with 400 mL distilled water. The mixed slurry was manually homogenized with glass rod.

Experimental setup and digesters start-up, in this study, a series of lab scale-digesters were
operated in batch mode to study the biogas production from the poultry houses wastes. The
apparatus used to carry out the processes of anaerobic biological degradation, basically
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comprised of 500-mL Pyrex borosilicate heatproof code glass bottles act as the anaerobic bio-
digesters. The components of each digester were maintained at 1:10 which is equivalent to 40 g
solid waste material: 400 mL (inoculum slurry or distilled water). Each digester was tightly
plugged with rubber stopper contains 2 holes each of 4mm diameter through which a piece of
glass tube was submersed into the digester and the other end of the glass tube was connected
with rubber tube for the produced biogas transfer to the gas measuring section. The rubber
stoppers were tightly wrapped with parafilm to prevent any release of the produced gas.
Digesters were immersed in a thermostatic water bath to maintain the required temperature
conditions. Manual shaking of digesters were daily performed to insure that substrate molecules
and bacterial come into close. The experiments were divided into two groups labeled I for
mesophilic tests at 38° C, and Il for thermophilic tests at 55° C. Group | consisted of 3 digesters,
while group Il consisted of 1 digester as given in Table 2. To achieve anaerobic conditions in
the digesters, they were flushed with nitrogen for 10 min to provide anaerobic environment
conditions.

Soil fertilization with digested sludge of lignocellulosic waste materials, to examine the overall
efficiency, feasibility, and sustainability of the selected treatment approach, the sludge resulted
from the digestion process was further processed and a decision was made to examine the
validity of utilizing this sludge as a fertilizer. Cress seeds were selected for this test. The seeds
were planted in suitable pots, fertilized with the sludge. The pots were irrigated and observed on
a daily basis for a period of one week.

3. RESULTS AND DISCUSSION

The results of operating 4 anaerobic bio-digesters in duplicate with (190) sample tests and
measurements proved a sustainable and environmentally friendly approach for biogas recovery
from the selected agro-industrial waste materials as well as reduction of the waste volume.

3.1 Biogas Production

Results of anaerobic digestion process were used to analyze the quality of biogas with respect to
its major component, methane (CHy). In order to determine the best conditions for maximum
volume of the recovered biogas from the waste materials, the effect of several key parameters
including inoculum addition, chemical pretreatment of the digestive waste materials, and
temperature were carefully considered in this study.

3.1.1 The influence of inoculum addition

This part of work was carried out to study the effect of inoculum on biogas production. The
biogas production in digester No. 1 for pretreated PHW with inoculum and digester No. 2 for
pretreated PHW without inoculum was monitored for 160 day. The effect of inoculum addition
on biogas yield is given in Figs. 1-3. However, results of the specific biogas production Table 3
indicate that the use of inoculum improved the co-digestion process and anaerobic
biodegradation of waste materials. The increase of biogas production associated with the
inoculum addition is significantly related to the increase of cultures populations since the
chicken dung is a rich source for bacteria. However, the existence of cellulose digestive bacteria
could be another potential assumption for the increase of biogas generation rates, this type of
bacteria is capable to attack the tight association between lignin and cellulose bond. These
results are in a good agreement with the previously outlined findings reported by Budiyono, et
al., 2010, for biogas production from anaerobic digestion of inoculated with rumen fluid.
Results revealed that biogas production rate increased two to three times compared to the
digestion of cattle manure without rumen fluid.
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3.1.2 The influence of chemical treatment

This section was devoted to investigate the effect of chemical pretreatment on biogas production
for each type of waste materials. Results of the chemical pretreatment effect on biogas
production in digester No. 1 for pretreated inoculated PHW and digester No. 3 for untreated
inoculated PHW is given in Figs. 4-6. Anaerobic digestion of lignocellulosic materials is a
challenge because of the complex, rigid, and fibrous structure of these matters which under
anaerobic conditions degrades poorly. Therefore, the addition of alkaline buffer based on total
solid contents increased the biodegradability of the organic fraction of solid waste,
Abdulkarim, and Evuti, 2010. However, plots given in Figs. 4-6 indicate that the effect of
alkaline pretreatment for this waste material was significant with respect to the enhancement of
co-digestion process and the subsequent biogas production. Table 4 presents the effect of
pretreatment on the biogas produced from the co-digestion process of the lignocellulosic waste
materials in this study.

3.1.3 The influence of temperature

Results revealed a significant effect of temperature on biogas production as given in Fig. 7. The
biogas recovery at thermophilic conditions was relatively higher than at mesophilic conditions
in all digesters. This is due to the general rule that temperature is a very important operational
parameter in anaerobic digestion processes. Zinder, et al., 1984, suggested that methanogensis
are optimal at 55 to 60°C and completely inhibited at 65°C. Table 5 summarizes the effect of
temperature condition on the specific biogas production during 90 days-period observation
indicating that biogas production at thermophilic conditions exceeds its production at
mesophilic conditions by 73%. In conclusion, biogas yield with respect to methane content
produced at thermophilic conditions is more favorable than its quality produced at mesophilic
temperature range in this study Fig. 8. These observations are in a good agreement with the
previously reported data regarding the biogas production at mesophilic and thermophilic
conditions. Vindis, et al, 2009, reported a decrease in solid retention time and increase in biogas
production from anaerobic digestion of maize silage under thermophilic conditions. Achu, and
Liu, 2010, realized higher biogas productivity under thermophilic conditions.

3.2 Kinetic Model

Biogas production rate in batch condition is corresponding to specific growth rate of
methanogenic bacteria in the bio-digester. Accordingly, the predicted biogas production rate will
obey Modified Gompertz Model Eg. (1), Nopharatana, et al., 2007, as follows:

Gy= Goexp{- exp [ ((Rmax€)/Go) (3-t) +11} (1)

Where:

G = the cumulative biogas yield at a digestion time (mL/g VS)
Go = the biogas potential of the substrate (mL/g VS)

Rmax = maximum methane production rate (mL/g VS-d)

A = lag phase (day)

t = time (day)

e=exp (1) =2.7183.

A nonlinear least-square regression analysis was performed using SPSS [IBM SPSS statistics 18
(2009)] to determine A, Rmax, and the predicted biogas and methane yield Table 6 at 90 day.
Plots of the measured and predicted values of biogas production are given in Figs. 9-11. It is
well observed that the predicted values of biogas production using modified Gompertz model is
well fitted with the measured values. Results of this section are in a good agreement with the
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previously outlined findings. Kafle, et al., 2013, reported that the measured values of biogas
produced from the bio-digestion of fish waste are well fitted with the predicted values using
modified Gompertz model. Budiyono, et al., 2010, proved that the measured values of biogas
produced from the digestion of cattle manure in batch mode are well fitted with the predicted
data obtained by modified Gompertz model.

3.3 Soil Fertilization with Residual Digestates

The results of this part of work demonstrated that the selected process is a potential approach to
treat residues of digestion process of poultry house waste materials. Fig. 12 presents the growth
progress of cress seeds after one week's observation period. As shown in this Figure, healthy
favorable growth of fertilized crop was observed compared to the non-fertilized crop indicating
that this approach is potential method to treat residues of digestive process.

4. CONCLUSIONS

This study was devoted to investigate the potential of anaerobic co-digestion for biogas
production using abundantly available lignocellulosic waste materials of no economic value as
the substrate. The co-digestion process was evaluated using poultry houses wastes (PHW). The
main conclusions that can be drawn from this study are as follows:

e The experimental work demonstrated that the volume of produced biogas significantly
affected by inoculum addition, pretreatment of waste materials, temperature conditions
(mesophilic or thermophilic).

e The ultimate biogas yield from co-digesting of inoculated wastes was estimated to be 99.058
+ 3.8 mL/g VS, whereby without waste inoculation it was 58.261 + 4.7 mL/g VS for PHW.
These results indicate the potential effect of inoculum addition on the digestion process.

e Maximum biogas production from co-digestion of alkaline pretreated wastes was estimated to
be 99.058 + 3.8 mL/g VS, whereby, it was 82.246 + 6.3 mL/g VS for untreated PHW.

e During 90 days observation period, maximum biogas production from pretreated inoculated
PHW were 87.173 mL/g VS at mesophilic temperature condition. However, higher rate of
methane production was observed at thermophilic condition which were 150.870 mL/g VS.

e kinetic of bio-digestion process was well described by Modified Gompertz Model and the
experimental and predicted values of biogas production were fitted well with correlation
coefficient values > 0.96 for the PHW suggesting favorable conditions of the process.
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NOMENCLATURE

G= the cumulative biogas yield at a digestion time , mL/g VS.
Go= the biogas potential of the substrate, mL/g VS.

Rmax= maximum methane production rate, mL/g VS-d.

A= lag phase, day.

t=time, day.
Table 1. Chemical reagents detail.
) Chemical Purity )
Chemical Reagent Provided by Purpose of Use
Formula %
Sodium bicarbonate NaHCO; 99 BDH, England pH adjustment

Phenolphthalein | C1sH14N3NaOsS | 99 BDH, England | To color the water in
the displacement bottle

Calcium hydroxide Ca(OH) 99 BDH, England | pretreatment of waste
Sodium hydroxide NaOH 98 BDH, England CO, removal
Potassium hydroxide KOH 98 BDH, England CO; removal

Table 2. Digesters setup with waste material at different temperature condition.

Poultry houses | Digester . . Temperature
waste (PHW) No. Waste materials mix in digester condition
1 Pretreated waste inoculated with chicken slurry
Group (1) 2 Pretreated waste with distilled water Mesophilic
3 Untreated waste inoculated with chicken slurry
Group (I1) 4 Pretreated waste inoculated with chicken slurry | Thermophilic
Table 3. Effect of inoculum addition on biogas production.
Digester Maximum specific Maximum specific Biogas
?\Io Inoculum biogas production CH, production increase
' (mL/g VS) (mL/g VS) (%)
1 Applicable 99.058 + 3.8 63.367 20,02
2 NA* 58.261 +4.7 35.932 '

* Not applicable
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Table 4. Effect of pretreatment process of waste materials on biogas production.

Didester Maximum specific Maximum specific Biogas
gl\lo Pretreatment biogas production CH, Production increase
' (mL/g VS) (mL/g VS) (%)
1 Applicable 99.058 + 3.8 63.367
20.44
3 NA* 82.246 £ 6.3 51.879

* Not applicable

Table 5. Effect of temperature on specific biogas production from pretreated inoculated PHW.

Digester Temperature Specific biogas production Specific CH,
No condition (mL/g VS) production
. (mL/g VS)
1 Mesophilic 87.173 55.635
4 Thermophilic 150.870 110.225

Table 6. Results of a kinetic study using Gompertz model at mesophilic conditions.

Gy exp. Gompertz model parameters
D'gNejter (ML CHAg | Rimax. Go Gy model | R?
) V) (day) (mL CHu/g (mL CHyu/g (mL CHyu/g
y VS) VS) VS)
1 55.635 8.475 0.877 63.367 55.830 0.981
2 32.320 18.018 0..544 35.932 31.220 0.986
3 44.745 13.280 0.701 51.879 44.100 0.983
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Figure 3. Specific and cumulative biogas production profiles for digesters No. 1 and 2.
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Figure 4. Biogas production profile for digesters No.1 and 3.
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Figure 6. Specific and cumulative CH,4 production profiles for digesters No. 1 and 3.

105



Number 5 Volume 20 May - 2014 Journal of Engineering

== Digester No.1
== Digester No.4

Specific biogas production

2
w 60
E 40
20
0
0 20 40 60 80 100
\_ Solid retention time, day )

Figure 7. Specific and cumulative biogas production profiles in digesters No.1 and 4.

N
J

| [—8—=Digester No1 4 Digester No.2
| —— Digester No.3 —&— Digester No.4

Specific biogas production

0 50 100 150 200

Solid retention time, day

o /

Figure 8. Potential effect of temperature on the specific biogas production for the four cases.

106



Number 5 Volume 20 May - 2014 Journal of Engineering

g
= 60
3 2 50
2
w < 40
ST = |
-5% 30 R2=0981 |
% 20 =3~ Predicted
& 10 e Measured
0 i i i
0 50 100 150 200
\_ Solid retention time, day )
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Figure 10. Measured and predicted data for pretreated PHW with distilled water.
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Figure 11. Measured and predicted data for untreated inoculated PHW.

Figure 12. Growth observations for the planted cress seeds after one week, red pot (A) is for
non-fertilized soil, black pot (B) for fertilized soil with digestate.
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ABSTRACT

T his work consists of a numerical simulation to predict the velocity and temperature
distributions, and an experimental work to visualize the air flow in a room model. The numerical
work is based on non-isothermal, incompressible, three dimensional, (k —g)turbulence model,
and solved using a computational fluid dynamic (CFD) approach, involving finite volume
technique to solve continuity, momentum and energy equations, that governs the room’s turbulent
flow domain. The experimental study was performed using (1/5) scaled room model of the actual
dimensions of the room to simulate room air flow and visualize the flow pattern using smoke
generated from burnt herbs and collected in a smoke generator to delivered through the prototype
room. The numerical results were compared with those obtained from experiments, the
correspondence between numerical and experimental was fairly good and also, a fair comparison
was found with other workers in this field.

Key words: visualization, air flow, indoor air, climate, numerical
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1. INTRODUCTION

The major objective of the heating, ventilation and air-conditioning system is to provide comfort
and suitable indoor air quality within the occupied zone of building. An important step in the
process is to furnish air to each space, in such a way that any natural air current or irradiative
effect within the space are counteracted, and assure that temperature, humidity and air velocities
within the occupied zones, are held at acceptable condition. The challenge is to provide good
mixing without creating uncomfortable drafts, and assure that there is reasonable uniformity,
without unacceptable changes in the room conditions as the load requirements of the room change.
Awbi, 1989. studied the results of computer programs developed for solving 2-D and 3-D
ventilation problems, the problems were solved by finite difference form, steady state
conservation equations of mass, momentum, and thermal energy. Preservation of fluctuating

velocity components is made using the (k —¢) turbulence model. Predicted result of air velocity

and temperature distribution in the room, were corrected by experimental measurements, a CFD
method has been described and applied to predict the air flow and heat transfer in 2-D enclosure
and the 3-D flow of wall jet over surface with mounted obstacles. The CFD solution produced
reasonably good predictions of the air velocity and temperature distribution in the test room.
Bartak , et el.,2001. studied the room with mixing ventilation, focused on the local mean age of
air. The measurements were performed, using the tracer gas concentration decay method. The
numerical predications were obtained from CFD model. Two numerical grids, coarse and fine,
have been used to compare the accuracy of the results. Hanibuchi, and Hokoi,2001. studied the
distribution properties of room air temperature, velocity and heat loss, which were investigated
experimentally and analytically. Measurements under heating condition were made in a full-scale
model room, in order to investigate the influence of air conditioner location on the velocity and
temperature fields in steady state, as well as unsteady heating load. The following results were
obtained, the influence of the direction in which the jet was blown from the air conditioner is
clearly seen in regions of different temperature distribution adjacent to the floor; the heat loss
calculated from those experimental results showed several difference characterized by the
direction of the blown jet, and the difference between the maximum and minimum heat loss
obtained from the experimental results is roughly 15%, and, results from numerical analysis agree
with the experimental results. Zhang, and Chen,2005. studied the particle transport and other
distributions in ventilated rooms, by both experimental investigation and numerical simulation.
The numerical simulation was achieved by (k—g)turbulence model, the Lagrangian particle

tracked method, and the particle source in cell scheme. The Lagrangian method was introduced,
evaluated and then used to analyze particle dispersion in rooms, with three different ventilation
systems. The Lagrangian method introduced uncertainty in the particle concentration calculation.
The uncertainly level is associated with Lagranging sample size, number of computational cells
for concentration, and even particle source position in the turbulent flow. Nielsen, 2006.
conducted the experiments with room air distribution that is generated by a radial ceiling-mounted
diffuser and a diffuser generating flow with swirl then compared with the air distribution obtained
by mixing ventilation from a wall-mounted diffuser, vertical ventilation, and displacement
ventilation. The air distribution generated by a radial diffuser is partly controlled by the
momentum flow from the diffusers and partly from gravity forces where the thermal load and the
temperature difference between room air and supply air deflect the radial wall jet down into the
occupied zone. The ceiling diffuser with swirling flow generates a flow pattern in the room that is
rather uninfluenced by the thermal load. The flow is highly mixed above the occupied zone, and
the air movement penetrates the occupied zone close to the walls. All systems were tested in the
same room with a load consisting of two manikins, each sitting at a desk with two PCs and two
desk lamps, producing a total heat load of 480 W. In all five cases, the design of the air
distribution system was based on flow elements from the diffuser, a maximum velocity
assumption, and a critical vertical temperature gradient in the room. Chen, and Zhang,2008.
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introduced two categories of flow models, Reynolds Average Navier stoke equation model
(RANS modeling), and Large Eddy Simulation (LES), as well as two popular particle models
(Lagrangian and Eulerian). Both RANS and LES modeling have been used to predict air flow in
rooms. The performance of RANS modeling was similar to that of LES for the case studied.
However, LES provide more detailed information than RANS modeling and used only one or no
empirical coefficient. LES is considered as a powerful tool for multiple scale studies. Kwang, et
al., 2008. studied the effect of the airflow discharge rate of the ceiling type air-conditioner on
ventilation performance in a lecture room with mixing ventilation. Experiments and CFD were
conducted for analyzing ventilation performance. The concepts of mean air age and indoor CO;
concentration were used for evaluating ventilation performance. A CO, generation model was
used in the simulation and calculation a lot of cases with respect to the airflow rate of air-
conditioner and the mechanical ventilation rate. A selected experimental measurements were
performed in the lecture room of the same layout as the numerical one for verifying simulation
results. Mean air age is gradually increased, but CO, concentration is oppositely decreased in the
occupied zone with the increment of the discharge airflow rate of the ceiling type air-conditioner.
This result shows that both mean air age and residual life time must be considered for evaluating
ventilation performance when the contaminants are generated indoors. And the increment of
discharge airflow of the ceiling type air-conditioner can induce the piston effect and push the
contaminants out of the occupied zone. From this result, it is found out that ventilation
performance can be increased when the momentum source like an air-conditioner is used in the

room with the mixing ventilation.

2. ROOM AIR MODELING

The successful prediction of room air flow or air movements in enclosure has recently been
based on two approaches. The first approach depends on the measurements of air velocity, and
temperature distribution in a physical model of building in a laboratory, for pre-design evaluation
or actual site measurements for post design investigation. The second approach depends on
numerical predication by considering the room air flow simulation model solved using
computational fluid dynamic (CFD) techniques. The two approaches mentioned above were used
in this work.
2.1 Numerical Solution

The equations that describe the flow of a fluid and heat within an enclosure are all based on
Awbi,1989, and assume that the numerical simulation is based on non-isothermal, incompressible
three- dimensional (k — &) two - equations turbulent flow model:

2.1.1 Conservation of mass

‘f,;to 4 ;( (pu)+%(pv)+§(pw) — 0 @

2.1.2 Conservation of momentum
For x direction, U momentum is:

2 e 2 mpe 2 e 2 - 28 22, 2,20, 2,2,

OX OX ﬂax oy ”ay 0z H 0z
10 ou ov  ow 0 0 0
= —+—+— ||+ —(—pUU)+—(— pUV )+ —(— pUW')+ 2
35XH8X iy aj} 2 o) L puv) L puw)ism @)

Similar equations are used for momentum in y and z directions.
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2.1.3 Conservation of energy
6 8 o 6 o oT o oT o oT

+—(—puT )+—(—pv’T )+—(—pW’T )+S (€S))

Where: Fzﬁ,and azu.TCp and T=T+T'
(o2

The term St is a source term allowing for the rate of thermal energy production.

2.1.4 k—& Turbulence model

Two equations k — & turbulent model is considered to simulate the turbulent flow numerically.
The transport equation for turbulence kinetic energy (k) is given by [Awbi, 1989.]:

20w+ 2 (o) 2 0w+ ow)= 2 (1,20 2 (1,2, a[r akj

“ox) oyl “oy) oz\ "oz
(O Qg e P O gw oy
ﬂt{Z[(f) +(5y) +(82)]+(8y+ax) ( X) ( )}
Y s @
y
Where:

k = %[(u_)2 + (P - (W)ZJ (5)

is the turbulent Prandtl number (0.5 to 0.9) Awbi, 1989, and ¢ is constant I'x = ,ok=1 ot
o k

~0.09, the last term of equation 4 represents the effect of buoyancy.

The body force in x and z direction pgy and pg; Were omitted.

2 ou)+ 2 (puu)+-2 (puv)+ -2 ( uw)=—6p+a( a“j+a ou +a( a“j+
ot T o T oy W T 5 W ox ox\Meax ) oy ey )T\ M ez

(22 (02 2 (2] o
ox e ox oy Heox )" o2\ M e ox

The body force in the y direction has been written as a buoyancy force, where is the density at the
flow reference temperature.

0 0 0 0 6p 0 ov) 0 ov) 0 oV
S+ 2w+ S s £ fom)=-F a( aj ay[ﬂeay}az[ﬂeaz}

222022 )
oy oyl ey |l By )0

The transport equation for ¢ is given as:
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Where:

[, :&, o, :is a constant equal to 1.22, C;=1.44, C,=1.92.
o

&

2.1.5 Boundary conditions

2.1.5.1 Inlet boundary conditions

The flow is assumed uniform at room inlet as shown in Fig.1. The tangential velocity is set to be
zero, the normal velocity component (U,) is determined depending on the desired air change per
hour (ACH) as follows Kwang, 2008:

ACH V.
jet = (9) y
3600.A,, e

|

Where: Figurel.
V, =Room volume
A, =Supply outlet area

The kinetic energy and dissipation rate at inlet are determined using the following equations
Awbi, 1989:

2
kln = 5 Iuz'U jzet (10)
2
Kin
=N 11
o = Gk

Where A =0.005 and 12=0.14

2.1.5.2 Outlet boundary conditions
A uniform velocity distribution is assumed over the room outlet. Tangential velocity is considered
to equal zero (U;=0), and the normal velocity is computed from the continuity equation.

(0-Ain

12
(p-A)out (12)

Uout =Uin =
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Exit temperature T is obtained from the energy equation for whole flow field. Due to the
assumption of a uniform distribution of the forces in the exit plane, the gradient ofk,es and all
scalar properties are zero Kwang,2008, hence

ﬂzo, 8_k=0, ﬁzg, (13)
aXn aXn aXn

2.1.5.3 Solid boundary conditions

The normal velocity U, is considered equal to be zero at the wall. The simplest way of imposing
the tangential velocity U; is

vl _my

(14)
Xnlyal  Yn

Where m is a constant equals to% :

Boundary conditions for turbulent energy may be imposed using the following equation
Nielsen, 2006:

i3

2k2
gz(cu-)

(15)
Ky,

Where ¢, is constant and equal to 0.09.

To impose the temperature B.C. on the wall, a heat balance concept is adopted, by assuming the
heat conduction through the wall is equal to the heat convected a way from the wall.

K oT
0

= hc(To —Tw) (16)
Xn

2.1.6 Initial conditions

The initial values for all three velocities and pressure at every node inside the computational flow
domain are set to zero, while, the initial value of temperature is assumed some suitable value
depending of each case, and the initial values for the turbulent kinetic energy and turbulent
dissipation rate are set at some percentage of the inlet values.

2.2 Numerical Procedure

A finite volume method has been used in discretization scheme with staggered grids and Semi
Implicit Method for Pressure Linked Equation (SIMPLE) procedure to link the velocity filed to
pressure filed Shuzo, 1989 . The computational domain is divided into number of non-
overlapping control volumes.

3. EXPERIMENTAL WORK

The experimental test rig consists of a typical prototype room (5m x 4m x 3m), and a suitably
scaled (1/5) model room (1m x 0.8m x 0.6m). The minimum air changes per hour (ACH), for a
room with side wall supply air, was calculated using the relation given by Kwang,2008:
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gB

N =7.84 >
(3+H)xL

(17)

Where :

B,H,L=room dimension in m.

Q: total heat load in W.

To produce N=6.913 ACH for the prototype room. Accordingly, other prototype related

parameters were calculated. The kinematical similarity, between the prototype and model rooms,
was achieved by equating the Reynolds number, resulting in:

Un=5U,=4.5m/s
Similarly, other model related parameters were calculated.

The reduced scale model was made from an aluminum frame with 4mm thick sliding plastic walls
and ceiling. The ducting system were made from galvanized steel plates (gauge 24), with
different dimensions. Two centrifugal fans (2825 rpm) were used; one to deliver the smoked air to
the room and the other is for the exhaust. The supply and return air velocities were measured
using digital anemometers (Model DA40). The smoke was traced out using Sony digital camera.
Fig.3 shows the complete test rig with the model room mounted.

4. RESULT AND DISCUSSIONS

The flow inside a room is affected by many parameters, mechanical and thermal. The amount of
air flow, inlet temperature, supply velocity, location of opening, room geometry and the presence
of obstacles are all important parameters. To add to the complexity, the buoyancy has many
sources like computers, human, lights to name a few. Almost, all of the above parameters were
considered in this work. Fig.4 pictures the air distribution through the prototyped room, the swirl
is clearly visible. The numerical results come close to the experimental outcome as shown in Fig.5
for the same case of one supply opening and one outlet opening. The swirl persists even near side
walls as shown in Fig.6.The swirl becomes more pronounced with the two supply openings and
one outlet opening all located on the same wall as shown in Fig.7. While Fig.8 shows that the
pattern becomes more complicated for the three supply opening on the front wall and one outlet
opening on the side wall. The flow pattern generated by air diffusers is simpler as can be seen
from figures 9 and 10 for one and two diffusers respectively. When the ceiling contains an
obstacle, stagnant zones will be generated behind them, also separation and reattachments of the
air stream and the accompanying recirculation can be recognized. These flow patterns vary in
strength depending on the proximity of these obstacles from the supply openings, as shown in
figures 11, 12 and 13 for (1/4), (1/2) and (3/4) room length proximity respectively. Table 1 gives
the summary of the variables under study. Table 2 shows the properties of air and other numerical
parameters used in simulation model.

5. VALIDITY OF CURRENT WORK
The results of the air velocity and temperature distribution that’s obtained by using numerical
solution method inside the room are validated with that obtained from experimental work. The
comparison between the numerical and experimental work showed a good agreement, as shown in
Fig.2. Also the numerical and experimental results obtained in current work are validated by
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comparing with similar experimental and numerical work Shuzo, 1989 and the comparison also
showed a good agreement, as shown in Fig.2.

6. CONCLUSIONS

When inlets discharge horizontally near the ceiling, the warmest air in the room mixed
immediately with cool air. Ceiling diffusers that designed for vertical downward air projection
produce stagnant regions near the ceiling. When the supply jet encounters ceiling obstacles, it
either completely separates from the ceiling or it may reattach downstream the obstacle.

Tablel. Summary of variables that are studied in the present work.

Parameter variation
Supply velocity 0.6,09,15 (m/s)
Flow type Turbulent with all function
Room dimensions 4x5x3 (m)
Inlet air velocity profile Uniform for all cases
Grid resolution Uniform 40x50x 30
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Table2. Fluid properties in simulation model.
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Figure 2. Validity of current work.
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Figure3. Complete test rig with the model room mounted.

Figure4. Air distribution through the prototyped room.
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Figure 9. Pattern generated by single diffuser.
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Figurell. Velocity distribution with velocity (U supply= 0.9 m/s) and constant supply
temperature of (T=17 C) with ceiling obstacle at (1/4) of the room length.
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NOMENCLATURE
Symbols  Definition
a Coefficient value
A A Inlet and outlet cross- section area
05,9,,9, Gravitational acceleration
H Room height
J Flux due to both diffusion and convection
k Thermal conductivity
k Turbulent Kinetic energy
K., Turbulent energy at room inlet
Ki ix Turbulent energy at cell
p Pressure
Pe Peclet number
Re Reynolds number
T, Reference temperature
T Temperature
T Fluctuation temperature
Tiix Temperature at cell center
u,Vv,w Velocity components in x ,y and z-direction
U e Inlet velocity
U, Normal velocity
H Dynamic viscosity
a Diffusivity
B Volumetric expansion coefficient
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ABSTRACT

Determining the aerodynamic characteristics of iced airfoil is an important
step in aircraft design. The goal of this work is to study experimentally and
numerically an iced airfoil to assess the aerodynamic penalties associated with
presence of ice on the airfoil surface. Three iced shapes were tested on NACA 0012
straight wing at zero and non-zero angles of attack, at Reynolds No. equal to
(3.36%10°). The 2-D steady state continuity and momentum equations have been
solved utilizing finite volume method to analyze the turbulent flow over a clean and
iced airfoil. The results show that the ice shapes affected the aerodynamic
characteristics due to the change in airfoil shape. The experimental results show that
the horn iced airfoil consumes more power than the other shapes of ice, its value was
(44.4W). The horn iced shape has the worst effect on the airfoil than the other shapes.
The present results are compared with previously reported results; it is found there is a
very good agreement between them. A comparison between the experimental and
computational results of the presented work were pursing the same behavior.

Keywords : Iced airfoil, computational fluid dynamics, turbulence model, drag, lift,
aerodynamic.
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1. INTRODUCTION

Decades of operational experiences have revealed many situations in flight as well as
on the ground when ice can accrete on ‘‘ice-protected’” aircraft. With the very large variety of
forms and sizes in which ice can accrete on aircraft surfaces in real operational conditions, the
challenge facing researchers and aircraft designers has been to establish an effective process
for defining the accretion process and physical characteristics of these ice shapes for any
aircraft surface at any flight or meteorological conditions, and to determine which are the
most harmful iced shape. Typically, some flight testing in natural icing conditions is required
as part of the aircraft certification process for new aircraft designs in order to demonstrate the
effectiveness of ice protection systems as well as overall aircraft performance and handling
characteristics. In the late 80°s of the previous century, several studies have been completed
of ice accretions and resulting performance losses for airfoil profiles by National Air and
Space Administration (NASA) Lewis research which led to many important works. Many
researchers investigated iced airfoils over the years from different perspectives; the following
paragraphs summarize their works.

Bragg, 1986. studied the aerodynamics of a National Advisory Committee for
Aeronautics (NACA) 0012 airfoil with a simulated glaze ice accretion and he found that there
is a decreasing in lift and increasing in the drag. Bragg, 1994.studied experimentally the
aerodynamics of a NACA 0012 of 30-degree swept and unswept semi-span wing with
simulated glaze ice accretion on their leading edge. He found in the region of 2D flow that all
small roughness produced by the presence of the dense mid-span tap row caused higher than
expected (Cp) results for the clean wing when the wake probe was placed directly behind the
mid-span tap row. National technical information service (NTIS), 2000 reported an
integrated experimental and computational investigation to determine the effect of simulated
ridge ice shapes on airfoil aerodynamics. Mateescu, 2004.presented an efficient solution of
steady and unsteady flows by solving the Euler and Navier-Stokes equations using finite
difference and finite volume formulations. Mateescu and Abdo, 2005. studied analytically
the velocity and pressure distributions on airfoils of arbitrary shapes, considering the rigorous
boundary conditions. A second-order accurate method using velocity singularities in the
expression of the fluid velocity is first developed for airfoils in inviscid incompressible flows,
by simultaneously solving the symmetric and anti-symmetric flow components defined by

coupled complex boundary conditions. Broeren, et.al, 2006.carried out the flow field
measurements on the upper surface of a GLC-305 airfoil configured with glaze and rime ice-
shape simulations. The separation region for the glaze ice configuration was much larger than
those for the rime ice case, resulting from the differences in the ice horn geometry. Changes
in Reynolds number did not significantly affect the separation region characteristics. A larger
Mach number resulted in a slightly larger separation region for the glaze ice case at a equal to
6°. Hasoun, 2007. conducted to study the effect of simulated ice accreted on airfoil
aerodynamics performance NACA 0012.

Bragg, et.al, 2008.conducted a major research program to improve the understanding
of the aerodynamic scaling of ice accretions on airfoil NACA 23012
Mirzaei,et.al,2008.presented the icing phenomenon on surface of NLF-0414 airfoil
experimentally using single element hot-wire and also using CFD calculations to solve
Navier-Stokes equations, with 22.5 minute ice accretions at Reynolds number of 0.5x10°.
They concluded that Reynolds number variation did not affect seriously on the drag
coefficient of iced airfoil. Gord, et.al, 2009. presented experimental and numerical analysis
of incompressible flow around an airfoil NACA 0012.Numerical analysis combined vortex
panel method techniques for solving potential flow around the airfoil and Von Karman
boundary layer integral equation solver. Results show that this method has a good capability
to predict velocity profile, pressure and drag coefficients over the surface. Bortholin and
Catalano, 2012.analyzed two categories of icing accretions in NACA 0012 airfoil through
the effects in the force as well as in pressure distribution via numerical simulations.
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From above literature review, it can be seen that a rare of experimental investigations for iced
symmetrical straight wings have been carried out for one ice shape (i.e. they didn’t compared
the effect of different shapes with each other on the same airfoil). Most of the reviewed
researches were investigated numerically especially that of the glaze iced because it is natural
complicated throughout the accretions on the airfoil. As a result concluded that aerodynamics
performance of the airfoil affected by ice amount, shape and its location, also Angel Of
Attack (AOA) and the geometry of the wing play important part as well. In addition most of
previous studies indicated that ice accretion decreasing lift and increasing drag when the
AOA increased.

The main objective of the present work is to investigate the aerodynamic
characteristics of the iced and clean symmetrical wing (NACAOQ0012airfoil) numerically and
experimentally at zero and non-zero angle of attack. The CFD analysis of airfoil NACA
0012 is performed for a Reynolds number (3.36*10°) at various angles of attack using a fully
turbulent flow solution in ANSYS FLUENT software, where k-¢ model and SIMPLE
algorithm to solve the continuity and momentum equations of airflow over a 2D airfoil are
adopted. Three shapes have been chosen as follow:

a. Horn iced shape (case A 1I).

b. Flat iced shape (case A IlI).

c. Quarter round forward iced shape (case A 1V).

2. MATHEMATICAL MODEL ANDCOMPUTATIONAL METHODOLOGY
The two dimensional governing differential equations of external flow analysis in
Cartesian  coordinates  with  two  equations for (k-¢) turbulence  model
Verestage&Malalasekera, 1995. can be written as:
e Conservation of Mass

ou v _
% oy 0 .. (1)
where u, v are velocity components in x and y direction respectively.

¢ Momentum Equations

? 2 ap , 9 u,, 2
ax (Puw) + 5 (puv) = — ot (Merr g ) * % (P-eff% )+Se (2

v-momentum (y-direction)

9 9 ap @ 9 F 9
o, (pou) + % (pov) = —ﬁ t- (Heffé) * 3% (Meffﬁ) +S, (3)

tegris the effective viscosity coefficient which can be evaluated as:
Heff = Mt Ut (4)

where y; is the laminar viscosity, and y; is the turbulent eddy viscosity. S, is a source term
of u in x-direction, while S,is a source term of v in y-direction.

The k-g¢ turbulence model is the two-equation model of kinetic energy (k) and its
dissipation rate (g) Launder and Spalding1972. This model relates the turbulent viscosity to
the local values of p, k and € by the expression.

e = peu?/ ¢ (5)
wherec,, is an empirical constant. The distribution of k and € over the flow field is calculated

from the following semi-empirical transport equations for k and ¢ , Ideriah1975.
(i) Turbulence Energy, k
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(i1) Energy Dissipation Rate, €
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In the turbulence transport equations, Grepresents production of the kinetic energy
from mean velocity gradients and o, oiare the effective Prandtl number.
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X

Sggiven by Ideriah1975.

(9)

du ]2 2 [6u av]

=2, | ov]t 2 o, 9v
SG_3’ut[6x+6y 3p dox 0y

where Sg is source term of production of G.

The boundary conditions at the airfoil shown in Fig. (1) are:

No slip boundary condition is applied on solid surface.

Uniform and constant free stream velocity.

The physical properties of air are constant.

It is assumed that the ice formation is stretched from the wing root to the tip with no
spanwise variations.

The Computational Fluid Dynamics (CFD) is adopted in this work by utilizing a
finite volume method. Fluent software is used to solve the governing differential equations for
air flow over a clean and iced airfoil. FLUENT does not contain an integrated meshing
capability and must therefore be used with GAMBIT or other mesh generation software.
Model construction, assembly and meshing require a trial and error approach that many times
needs multiple iterations before a good geometry and mesh can be developed. Fig. (2 a, b, c,
and d) represents the unstructured grid generated for airfoil with and without ice in Gambit,
Fluent Inc., 2009.

3. EXPERIMENTAL WORK

The experimental investigation consisted of clean airfoil tests and ice shape castings
(basically three shapes had been made) for aerodynamics testing. The aerodynamics
characteristics investigation was made using a subsonic Low-Speed Wind Tunnel facility at
the Mechanical engineering Dept.\ University of Baghdad. The wind tunnel used in the
present work is a blowing type low speed, open circuit facility with solid walls and a
maximum speed of 15.6 m\s. The general arrangement of this tunnel (experimental set up) is
schematic in Fig (3, a, b). The test section is just downstream of the tunnel exit which its
dimension is (450 mm high by 450 mm wide).The details of construction of the tunnel up to
the test section are adopted from, Hussain 1989.

Aerodynamic considerations and facility size limitations determined the overall size
of the wing model. Details of the symmetrical wing model and photograph for it are provided
in Fig (4, a, b). The model is a symmetrical finite wing with a NACA 0012 two dimensional
airfoil its coordinates are given in Table (1), airfoil section aligned in the streamwise
direction. The airfoil section had manufactured from wood and had a maximum thickness to
chord ratio of 0.12, the wing chord and span were 340 mm and 525 mm respectively. The
model was instrumented with 16 pressure ports (suction and pressure side) distributed
chordwise at one tap row spanwise locations corresponding to 50%, semispan which is
aligned perpendicular to the stream direction and their coordinates are given in table (2),
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Bragg1994. The capillary tubes that are collected from the wing side face connected the
pressure taps to the manometers.

Icing tests were conducted to document ice shapes formed on two-dimensional
airfoils and to study the effects of the accreted ice on aerodynamic performance. The ice
conditions were selected primarily from the Federal Aviation Administration's Federal
Aviation Regulations , Addy2000. To verify the aerodynamic performance measurements,
molds were made of selected ice shapes (three shapes were chosen) , Addy2000.and FAA
2000. Castings of the ice were made from wax and industrial clay because it is cheap and easy
to form then horn ice shape and flat ice shape placed on the leading edge where the quarter
round ice shape placed on the maximum thickness on the suction side of the symmetrical
wing model in a dry low-speed wind tunnel, and precision aerodynamic performance
measurements were taken. To illustrate how the castings look in general, Fig (5, a, b) shows
the ice casting for the straight symmetrical airfoil.Pressure readings were obtained with a
Pressure manometer System Inc. which by using the basic equation of pressure calculated to
clean and iced airfoils at negative and positive angles of attack.

4. RESULTS AND DISCUSSION

The CFD analysis of airfoil NACA 0012 was performed for dimensionless chord
section and Reynolds number (3.63*10°) same as the experimental data at various angles of
attack. To validate the adopted computational algorithm, the numerical results of this work
are compared with previous work , Rajakumar and Ravindran2012. which analyze the flow
over airfoil using the same boundary conditions. The maximum value of the percentage
deviations obtained for lift and drag coefficient are (5.9%) at (17°) AOA and (7.5%) at AOA
(2°). The coefficient of drag increases with the increase in angle of attack and it’s not linear.
Also the error percentage between the published results and present work was less than 10%
of error.

Fig (6, a, b) shows pressure coefficient behavior over the upper and lower surfaces of
the airfoil NACA 0012, it’s obvious that there is a considerable decrease in pressure at the ice
shape location on the upper surface because ice obstruct the streamline way and change the
distribution of pressure over the airfoil. Also a reverse flow after ice location at the 35% of
x/c on the upper surface of the airfoil NACA 0012 at angle of attack equal to (-12°).

Fig (7, a) shows the variation of drag coefficient at different AOA for clean and iced
symmetrical airfoil NACA 0012. The maximum drag reported for clean airfoil was (0.139) at
angle of attack equal to (12°). The most dangerous case is the horn iced (case A-11) which had
the maximum percentage value of drag increased by (60%), while Fig. (7, b) presented C,
behavior for the clean and iced airfoil NACA 0012 at different angles of attack. It can be
observed that lift coefficient of horn iced airfoil at AOA (12°) is decreased by (38%). Fig. (7,
c¢) shows numerical lift to drag coefficients ratio for clean and iced airfoil. The minimum
value is equal to (3.6) at positive angle of attack. Numerical results of percentage reduction of
lift coefficient and percentage increase of drag coefficient for iced cases at different angles of
attack are given in Table3.

The velocity distribution over clean and iced airfoil at angle of attack equal to (4°) is depicted
in Fig. 8. No separation is indicated for case A-I (clean airfoil) and the maximum speed was
(4 m/s) at the upper surface. For case (A-11) a reverse flow (bubble separation region) near ice
location is indicated and the maximum speed at the upper surface was (4.3 m/s). This figure
reveals two stagnation points for case A-IV one at the leading edge and the second at the
quarter round iced shape.

Fig. 9. represents the distribution of computational pressure coefficient over clean and iced
airfoil NACA 0012 at angle of attack (8°). In case A-I the pressure on the lower surface of the
airfoil was greater than that of the incoming flow. Also a back flow is reported at iced shapes
location especially for horn iced case and quarter round forward iced shape case because of
the shape of the ice and its location which considerably affect on the stream line of flow.

Four experimental cases are tested on symmetrical airfoil NACA 0012 with chord
equal to 340 mm, these cases are:
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Case A-l: Symmetrical clean airfoil.

Case A-Il: Horn iced symmetrical airfoil.

Case A-IlI: Flat iced symmetrical airfoil.

Case A-1V: Quarter round forward iced airfoil.

The experimental results of lift and drag coefficient at different angles of attack for the four
cases for NACAQ012 airfoil are given in Table 4. The maximum C, is (0.92) for clean case at
AOA (12°. Horn iced airfoil produce the maximum drag at angle of attack equal to
(12°).Fig.(10,a , b) shows a comparison between the experimental results for the four cases
(clean, flat iced, horn iced and quarter iced airfoil cases) at AOA (12°). Case A-IV and case
A-11 reported the highest change in Cp distribution over the upper and lower surface of the
airfoil compared to clean airfoil and this is due to the shape of the ice and the high AOA,
where the maximum value of C, is 0.51 at L.E., where x/c is equal to (0) for all cases.Fig (11,
a, b, ) depicted the experimental conductance of the lift, drag coefficients and lift/drag ratio
of NACA 0012 at different angles of attack for four cases. It shows that horn iced cause the
maximum drag and minimum lift at positive angles of attack which is complies with previous
literatures. The experimental percentage reduction and increase of lift coefficient and drag
coefficient at different AOA for the studied cases above are given in Table (5).

Fig (12,a, b) represents the experimental power consumption due to drag force for clean and
iced airfoil NACA 0012 at AOA (4°, 8°). The horn iced airfoil needs more power to avoid its
effect than the other shapes of ice. It can be observed the maximum power is for horn iced
airfoil, namely (44.4W) for NACAO0012at AOA of (8°). It can be observed at AOA (-4°, -8°)
that the maximum power were for horn iced airfoil as (126W) for NACA0012at (-8°) AOA.
The power increases as the absolute value of negative AOA increase for each AOA.

A comparison between the numerical and experimental results of drag and lift

coefficients are presented in Fig. (13, a, b) for clean airfoil (case A-I) at different angles of
attack. It can be observed that experimental results had the same behavior of the numerical
work with maximum deviation equal to (30%) and (10%) at AOA (12°) for drag coefficient
and lift coefficient respectively.
Fig (14, a, b) depicted a comparison between computational and experimental results of drag
and lift coefficients for horn iced airfoil case NACA 0012 (case A-Il) at different angles of
attack. The drag coefficient C4was almost identical at the negative angles but it mismatched
at the positive angles it was less than the numerical results with maximum deviation equal to
(35%) at angle of attack equal to (12°), while the lift coefficient C, had almost the same
behavior of the numerical results with maximum deviation equal to (29%) at AOA (-12°).

5. CONCLUSIONS

Experimental and computational investigations of the aerodynamic characteristics of
an iced airfoil NACA 0012 at zero and non-zero angles of attack has been carried in this
work. According to the previous discussion the following conclusions can be deduced:

o Experimental tests show that the presence of ice on airfoil increases drag by 60% and
reduces lift by 45%. Horn iced airfoil consumes more power than the other shapes of
ice.

e The numerical results show that the lift coefficient is decreased by 38% and the drag
coefficient is increased by 60% for horn iced NACA 0012 airfoil.

e A steep pressure decrease is reported for iced airfoil with quarter round forward iced
case at the location of ice (which was at the maximum thickness of the upper surface
of the airfoil.

o Drag coefficient increases much higher for horn iced case compared to other cases of
iced clean airfoil.

e For negative angle of attack (0°, -4°) the pressure coefficient (Cp) at iced airfoil airfoil
lower surface was less than that of the upper surface.

e Prominent pressure spikes can be seen at the location of ice droplet on the airfoil
surface.
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Nomenclature

Latin symbols Greek symbols
AR Aspect Ratio o Angle of attack Deg.
b Span length of wingm o0 Mainstream conditions
Cy, Cy, | constants for (k-g) model A Taper ratio
Cu
Cq Drag Coefficient € Rate of digsigation of Kinetic energy
m°/s
C Lift coefficient U Dynamic viscosity N.s/m*
Cp Pressure coefficient [(P- W Laminar viscosity N.s/m?
Pa)/0.5pV.2]
G Production of the kinetic energy e Turbulent viscosity N.s/m?
from mean velocity gradients
Kk Kinetic enzergy of turbulence eft Effective kinematics viscosity N.s/m?
m°/s
P Density Kg/m3
p PressurePa ok, 0. | constants for (k-g) model
0o Refezrence pressure [0.5pV.2] Abbreviations
N/m
Re Reynolds number AOA Angle Of Attack
S Surface wing area m’ CFD Computational Fluid Dynamics
SG Source term of production of the CcVv Control Volume
Su kinetic energy from mean velocity | 2D Two-Dimensional
gradients
Source term of u in x-direction,
FAA Federal Aviation Administration
Sv Source term of v in y-direction FVM Finite Volume Method
u,v Velocity component in X, y IRT Icing Research Tunnel
respectively ~ m/s L.E Leading Edge
Voo Free stream velocity — m/s NTIS National Technical Information
Service
X,y Cartesian coordinates SIMPLE | Semi-Implicit Method for Pressure
Linked Equation
T.E Trailing Edge
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Table 1. Symmetrical straight airfoil coordinates.
No. x/c ylc No. x/c ylc No. xlc ylc
1 1 0.00126 25 0.224552 | 0.058578 49 0.303487 | -0.06001
2 0.997987 | 0.001542 26 0.188255 | 0.056645 50 0.345492 | -0.05958
3 0.991965 | 0.002382 27 0.154469 | 0.053896 51 0.38874 | -0.05843
4 0.981981 | 0.00376 28 0.123464 | 0.050351 52 0.432883 | -0.05665
5 0.968117 | 0.005647 29 0.095492 | 0.046049 53 0.477568 | -0.0543
6 0.950484 | 0.008002 30 0.070776 | 0.041043 54 0.522432 | -0.05147
7 0.929224 | 0.010776 31 0.049516 | 0.0354 55 0.567117 | -0.04824
8 0.904508 | 0.013914 32 0.031883 | 0.029189 57 0.61126 | -0.0447
9 0.876536 | 0.017359 33 0.018019 | 0.022483 58 0.654508 | -0.04092
10 0.845531 | 0.021049 34 0.008035 | 0.015347 59 0.696513 | -0.03698
11 0.811745 | 0.024921 35 0.002013 | 0.007839 60 0.736934 | -0.03295
12 0.775448 | 0.02891 36 0 0 61 0.775448 | -0.02891
13 0.736934 | 0.032952 37 0.002013 | -0.00784 62 0.811745 | -0.02492
14 0.696513 | 0.036978 38 0.008035 | -0.01535 63 0.845531 | -0.02105
15 0.654508 | 0.040917 39 0.018019 | -0.02248 64 0.876536 | -0.01736
16 0.61126 | 0.044698 40 0.031883 | -0.02919 65 0.904508 | -0.01391
17 0.567117 | 0.048243 41 0.049516 | -0.0354 67 0.929224 | -0.01078
18 0.522432 | 0.051471 42 0.070776 | -0.04104 68 0.950484 | -0.008
19 0.477568 | 0.0543 43 0.095492 | -0.04605 69 0.968117 | -0.00565
20 0.432883 | 0.056646 44 0.123464 | -0.05035 70 0.981981 | -0.00376
21 0.38874 | 0.05843 45 0.154469 | -0.0539 71 0.991965 | -0.00238
22 0.345492 | 0.059575 46 0.188255 | -0.05665 72 0.997987 | -0.00154
23 0.303487 | 0.060014 47 0.224552 | -0.05858 73 1 -0.00126
24 0.263066 | 0.059695 48 0.263066 | -0.0597
Table 2. Pressure taps coordinates.
No. Xmm |Ymm
1 0 0
2 10.37 9.7268
3 19 12.6537
4 36.7 16.3458
5 71.7 19.6895
6 105.19 | 20.375
7 140 19.5463
8 173.16 | 17.766
9 206.6 | 15.2648
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Table 3. Numerical precentage reduction and incease of lift and drag coefficients

for NACA 0012.
- Case A AOA
g § 4 8 12 -4 -8 -12
‘§ % | 5 20 20.565 1.47 6.35 6.56
@ E Il 3 3.5 6.6 452 7.338 12.85
= v 6.6 12 135 2.68 4.961 3.7
o o | 34.7 38.67 68 40.8 63 75.48
L o8
L S5 Il 9 154 26.1 17.78 22.98 28.9
S2E
2°8 v 6 737 38.2 11.66 28.11 39.6
Table 4. Experimental lift and drag coefficients for NACA 0012 airfoil.
Case A AOA
5 0 4 8 7 ] 3 12
% | 0.017 0.29 0.614 0.92 -0.459 -0.74 -0.9
S | 0.001 0.259 0.537 0.769 -0.194 -0.597 -0.85
.E 1l 0.011 0.27 0.61 0.89 -0.39 -0.71 -0.87
v 0.011 0.26 0.59 0.875 -0.35 -0.72 -0.885
= | 0 0.019 0.045 0.085 0.051 0.083 0.125
28 I 0 0.03 0.056 0.087 0.075 0.159 0.263
a § 1l 0 0.022 0.049 0.074 0.069 0.135 0.185
© v 0 0.02 0.046 0.085 0.04 0.135 0.235
Table 5. Experimental precentage reduction and incease of lift and drag coefficients.
- Case A AOA
% - *S 4 8 12 -4 -8 -12
§ = § I 11.6 12.5 16.2 57.79 19.31 5.55
g ° S 1T 2.54 2.39 3.1 15.18 4.05 3.3
°© v 3.57 4 4.7 23.87 2.7 1.66
o . I 16.35 15.6 23.27 45.13 48.1 52.18
S oo
g _fg g Il 3.97 4.7 4.84 33.87 58.5 47.17
C o =
<°38 Y, 5.75 2.75 20.4 22.39 58.5 86.95
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ABSTRACT

Desulfurization of a simulated diesel fuel by different adsorbents was studied in a fixed-
bed adsorption process operated at ambient temperature and pressure. Three different
adsorption beds were used, commercial activated carbon, Cu-Y zeolite, and layered bed of
15wt% activated carbon followed by Cu-Y zeolite.Initially Y-zeolite was prepared from Iraqi
rice husk and then impregnated with copper.

In general, the adsorbents tested for total sulfur adsorption capacity at break through followed
the order Ac/Cu-Y zeolite>Cu-Y zeolite>Ac. The best adsorbent, Ac/Cu-Y zeolite is capable of
producing more than 30 cm® of simulated diesel fuel per gram of adsorbent with a weighted
average content of 5 ppm-S, while Cu-Y zeolite producing of about 20 cm® of diesel fuel per
gram of adsorbent with a weighted average content of 2ppm-S. Activated carbon breaks
through almost immediately.

Key words: Desulfurization of diesel fuel, desulfurization by adsorption, guard bed adsorption,
Y- zeolite from rice husk
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INTRODUCTION

Ultra deep removal of sulfur from transportation fuels has become more and more
important in research and development worldwide, not only because of the heightened interest
for cleaner air and environmental protection but also due to the great need for making ultralow-
sulfur fuels for use in fuel cells. Fuel cells are attractive for electric power generation because
significantly higher efficiencies can be achieved in a more environmentally friendly way than
in combustion engines for the automotive fuel cells and the portable fuel cells, liquid
hydrocarbon fuels are candidate fuels due to their higher energy density and safety for
transportation and storage ,Song, 2003, Babich, 2003. This is why governments all over the
world are implementing more stringent regulations and fuel specifications. The EU legislation
set the upper limit of sulfur content in diesel fuel as well as gasoline fuels for 2009 to 10
mg/kg. The US Environmental Protection Agency (EPA) since 2006 reduced the limit for
sulfur content of diesel to 15 mg/kg and gasoline fuel to 30 mg/kg Jiang, et.al, 2006,and Ma.
X., et.al, Sun2002.

Industrially, the elimination of sulfur is carried out through the process called hydro
desulfurization (HDS). This process uses Ni-MolAl,O; and Co-Mo/Al,O3 catalysts. The
disadvantages of this process are (i) the catalytic processes operated at elevated temperatures
(320-380)°C and elevated pressures 3-7 Mpa and (ii) HDS process is highly efficient for the
removal of sulfur compounds such as thiols, sulfides and thiophenes, but less effective for
removing refractory sulfur compounds: benzothiophene (BT), Dibenzothiophene (DBT), and
their alkyl derivatives . These molecules are common in diesel fuels. The methyl groups in
these species create a steric effect that hinders the capacity of HDS catalyst to chemisorb the
sulfur atoms,Baeza, et.al 2008.

Adsorption is a viable option for motor fuel desulfurization and the idea behind this
approach is to selectively separate less than 1wt% of fuel mass using selective adsorption for
removing sulfur and leave the 99wt% of non-sulfur containing fuel mass untouched, besides to
adsorption can be accomplished at low temperature and pressure (ambient conditions) Ma, X.,
et.al, 2002,and Jiang, et.al, 2005. Recently, many attempts have been made to develop
adsorbents for  desulfurization of liquid hydrocarbon fuels C.S.Song,
2003,M.Breysse,et.al,2003, C.Song, et.al, 2003, and P.T.Vasudevan, et.al, 1996.The
reported adsorbents include the reduced metalsG.W.Bailey, et.al, 1987, L.J.Bonvillr,
et.al,2000, R.R.Lesieur, et.al, 2002, X.Ma, et.al, 2002, T.Fukunaga, et.al, 2003, X.Ma,
et.al,2005, and X.Ma,M. et.al, 2005, metal oxides B.S.Turk, et.al.2001,S.Watanabe,et.al.
2004], metal sulfides [X.Ma.et.al., 2003], zeolite-based materials [R.T.Yang , et.al., 2003,
A.J.Hernandez-M, et.al., 2003, S.Velu, et.al., 2003, and A.J.Hernandez, 2004 and carbon
materials, S.Haji, et.al., 2003,Y.Sano, et.al.,2004 and ,A,Zhou, et.al. 2004].

Activated carbons and zeolites have been widely used as adsorbents in the separation and
purification processes for gaseous or aqueous solution systems. Activated carbons have high
adsorption capacity towards some organic and inorganic compounds due to large specific
surface area, high adsorbate-adsorbent physical and chemical attraction and balanced macro-,
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meso- and micro-porosity while at the same time the steric hindrance of particle diffusion is
minimized with regard to the size of the molecules being adsorbed. Zeolite can be successfully
used for the selective adsorption of polar or polarization molecules such as water and CO; and
sulfur-containing molecules from some petroleum fractions. These adsorbents are hydrophilic
and contain large void fraction. Synthetic zeolites have a well-defined crystalline lattice of
metal alumina silicates which contains uniform pore size Bagreev, et.al. 2004, and Johns,
et.al. 1999].

There are several published reports investigating the use of activated carbons and zeolite for
sulfur removal from hydrocarbon liquids , Bakr, et.al. 1997, Lee, et.al. 2002, Sano, et.al,
2005, and Kim, et.al. 2006.

In this study the ability of preparing Cu(l)-Y-zeolite by using Iraqgi rice husk as agricultural
residues to prepare Na-Y—zeolite adsorbents then activated it by copper using ion-exchange
process and finally reduce Cu*? species to Cu* which is desired for = -complexation.

Also, adsorptive desulfurization of a model diesel fuel, which contained the same molar
concentration of the species examined, including sulfur compounds, over three beds,
commercial AC, Cu (I)-Y-zeolite prepared from rice husk and AC/Cu (I)-Y-zeolite as a guard
bed were conducted in a fixed bed system to evaluate the performance of the prepared
adsorbent.

1. MATERIALS AND METHODS
1.1 Preparation of Rice Husk Ash

Rice Husk (RH) is a forming waste, obtained from the rice mills, it needs some treatments
to convert it to rice husk ash. It was treated with 10% sulfuric acid for 24 h for preliminary
removing all impurities. Then washed, filtered, dried in air, and calcined at 750°C for 6 h. The
calcined rice husk subjected for dissolution with 4M sodium hydroxide followed by refluxing
at 90°C for 12 h. Concentrated hydrochloric acid was then added to the a forementioned base
dissolved for complete precipitation, then filtered, washed and dried in an oven at 120°C for 6
h. The chemical composition of rice husk ash is showed in Table 1.
2.2 Synthesis of Y-zeolite

Type Y-zeolite was synthesized using Iraq rice husk as a silica source. A 500 ml Teflon
beaker containing a magnetic stirrer was washed with deionized water. Sodium hydroxide of
1.6616 g was added slowly to deionized water and stir until clear and homogenous solution
appeared for about 5 minutes. The aqueous solution of sodium hydroxide was ready for the
preparation of seed. The gel was prepared according to the following molar chemical
composition:

10.67Na,0:1 Al,04: 105i0,: 180H,0

2-milliliter aqueous solution of sodium hydroxide was added to 0.7515¢g sodium aluminate
oxide until a homogenous mixture was formed; Iraq rice husk 1.5361g was added separately to
5.5ml sodium hydroxide aqueous until homogenously mixed. Both of preparations were heated
under vigorous stirring to obtain a homogenous mixture. The sample was aged for 24 h at room
temperature in the Teflon bottle. The aluminate and silicate solutions were mixed together in
the polypropylene beaker, subsequently stirred for 2 h with the purpose of making it completely
homogenized. This combined solution was used as the feed stock gel M.M.Rahman, et.al.,
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2009, Mohammed.N, and Wadood, T.M. 2011., The flow chart of the process is shown in
Fig. 1.

2.3 Adsorbent Preparation

Cu(l)-Y zeolite (i.e. reduced Cu(ll)-Y zeolite ) was prepared by first ion exchanging Na-Y
zeolite with a Cu(NOs), aqueous solution of 0.5 M for 48 hours followed by reduction of Cu*?
to Cu®. The amount of copper (Cu) in the ion exchange solution was equivalent to a 10-fold
cation exchange capacity. The adsorbent was recovered by filtration and washed with large
amount of deionized water, followed by drying at 100°C for about 24 h. Activation of the
adsorbent was performed at 450°C to promote auto reduction of Cu™ to Cu* , which is desired
for = -complexation. A more detailed discussion on the Cu (1)-Y zeolite autoreduction process
can be found elsewhere ,Johns, 1999, M., .Rahman, 2009, Iwamoto, et.al. 1991,Parrillo,
et.al., 1993,Larsen, et.al.,, 1994, Takahashi, et.al., 2001, Takahashi, et.al., 2002, and
Hernandez, et.al., 2003.
2.4 Commercial Activated Carbon (AC)

Table 2 shows the physical properties of the commerical activated carbon .

2.5 Simulated Diesel Fuel

The detailed composition of the model fuel is listed in Table 3. The diesel was type
“simulate Diesel - 40” according to British Petroleum BP’s specifactions. The average total
sulfur concentration for the diesel was reported to be Benzothiophene (BT) and
Dibenzothiophene (DBT) standards were purchased from sigma-Aldrich.
2.6 Fixed-Bed Adsorption/ Breakthrough

All adsorption/breakthrough experiments were perfermed in vertical column made quartz
adsorbers equipped with a supporting glass fits. The setup consisted of a low-flow liquid pump,
two pyrex feed tanks, and a heating element. Initially, the adsorbents were loaded inside the
adsorber, and heated in situ at desired temperature. Both Cu-Yzeolite and activated carbon
adsorbents were activated at about 300°C. After activation treatment, both the adsorbents under
study were allowed to cool down to room temperture. Next, a sulfur-free hydrocarbone was
allowed to flow through the sorbent. After wetting the adsorbent for about 10 min, the feed was
switched to the simulated one to flow. Effluent samples were collected at regular intervals until
saturation was achieved, which depended on the adsorption dynamics and the amount of
adsorbent.

2.7 Total Sulfur Analysis

The total sulfur concentration in the simulated diesel fuel and desulfurized diesel fuel were
detrmined using an Antek 9000s total sulfur analyzer. The instrument was calibrated to at least
four different sulfur concentation rangs using standard samples, and linear calibration curves
were obtained for each calibration range. The sulfur detection limit of the total sulfur analyzer
in the normal working range is 0.5 ppmw sulfur.

3.RESULTS AND DISCUSSION
3.1 Adsorbent Characterization

The concentrations of Na and Al were determined based on comparison with two replicates
of the standard reference material NIST1633A; the determination of Cu content was
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determined relative to high-purity copper wire. As seen in the Table 4 below, ion-exchanging
Na-Y with Cu™ resulted in incomplete ion exchange. If it is assumed that one Cu™" cation
compensates for two aluminium tetrahedra, then, for our experiment the ion exchange resulted
in only 78% substitution of the original sodium ions, the others were compensating for
aluminum tetrahedra. This is the simplest way to describe these zeolites.

3.2 Adsorption Equilibrium Analysis

Equilibrium adsorption data collected in this work is presented in Fig. 2 , where it can be
seen that saturation loading of the three tested adsorbents AC, Cu-Yzeolite, and AC-Cu Y
zeolite were (0.28, 0.35, 0.39) mg/g respectively. These result are inline with generally
accepted notions that adsorption process on activated carbon is in most cases of physical
nature, when chemical bond is not formed. However adsorption on zeolite is supposed to be
mainly chemisorption. Higher adsorption capacities that were obtained indicate the ability to
form mild chemical bonds with organic sulfur compounds.

The idea of using a guard bed is to extend the capacity of Cu-Y zeolite for smaller S-
compound because activated carbon adsorbs both aromatic and thiophenic compounds by
vander waals and electrostatic interactions. Thus larger molecules were preferentially adsorbed
by carbon, with no selectivity for thiophenic molecules Takahashi, et.al., 2002,and
Hernandez, et.al., 2003.

3.3 Fixed-Bed Adsorption.
3.3.1 Adsorption on activated carbon bed

Fig.3 illustrated that total sulfur content during experiments with activated carbon breaks
through almost immediately. This is expected with AC because activated carbon adsorbs both
thiophenic and aromatic compounds by vander waals and electrostatic interaction with no
selectivity for thiophenic molecules. Thus larger molecules with higher polarizabilities were
preferentially adsorbed by activated carbon. These result are in agreement with the others
, Takahashi, et.al., 2002, and Hernandez, et.al., 2003b.

3.3.2 Adsorption on Cu Y-zeolite bed

As seen in Fig.4, Cu-Y zeolite alone is capable of processing 20 Cm® of simulated diesel
fuel per grams of adsorbent to be sulfur free. Among the many thiophenic compounds present
in diesel fuel, only two were selected for the experiments:benzothiophene(BT) and
dibenzothiophene (DBT). The last one molecules are the most difficult to remove in
desulfrization treatment processes for transportation fuels. The order of breakthrough followed
that of molecular weights , Arturo, 2004. For Cu-Y zeolite, the long delay of the breakyhrough
of these thiophenic compounds was a direct result of = —complication and followed that of
molecular weights. It also indicated some degree of diffusion limitation in zeolite.

3.3.3 Adsorption on guard Bed of Cu-Yzeolite and AC

The idea of using a guard bed of AC/Cu-Yzeolite is that to presorb not only aromatics, but
also the largest sulfur-containing compounds, thus extending the capacity of Cu Yzeolite for
smaller sulfur compounds.

Two guarded bed was used(i.e 5and 15 wt% of AC of the total bed weight). The results
shown in Fig. 5 indicated that the combination of activated carbon and Cu-Y zeolite as layers
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had high selectivities for these large molecules, and, hence, prevented them from entering the
Cu-Yzeolite bed. Without these layers of AC/Cu-Yzeolite, these largest molecules would have
entered the mainbed of Cu-Yzeolite and subsequently occupied the adsorption site as well as
partially blocking the pores of the zeolite. Thus ,the quard bed not only delayed the
breakthrough of the sulfur compounds, but also sharpend their wavefronts by eliminating pore
blockge.

As seen in Fig. 5, the combination of activate carbone (AC) and Cu-Yzeolite is by for the
best adsorbent to produce sulfur free diesel fuel that content of equal or less than 1 ppm. The
guard bed is capable of processing more than 30 em® of simulated diesel fuel per gram of

adsorbent.

Comparison between the two guard beds results (i.e 5 and 15 wt% of activated carbon)
showed that there are a number of larger molecules than others. The best bed depends on the
exited a significant number of larger aromatic, nonthiophenic compounds. In fact , the
commerical diesel typically contains over 150 different compounds. For the present study,
15wt% of AC gives the best results for the simulated diesel fuel metioned previously.

4. CONCLUSION

Results have demonstrated that Y-zeolite prepared from Iraqgi rice husk and impregnated
with copper gives good results for the removal of sulfur compounds from simulated diesel fuel,
based on dynamic fixed-bed adsorption experiment.

When Cu Y-zeolite adsorbent used with activated carbon as a quard bed, Cu-Y zeolite
provides by for the best adsorption capacities both at breakthrough point and at saturation.

In general, the adsorbents tested followed the following order for sulfur removal:

AC/Cu-Y zeolite > Cu-Y zeolite > AC.
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NOMENCLATURE

C = sulfur conc. in effluent

Ce = sulfur conc. At equilbrium
C, = initial conc. of sulfur in feed

g = a mount of ions per gram of adsorbtion
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ABBRAVIATION

AC = Activated Carbon

BT = Benzothiophene

BP = British Petroleum
DBT = Dibenzothiophene
EU = European

HDS = Hydrodesulfurization
RH = Rice Husk

US: United State
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Figure 1. Flow chart of the synthesis of type Y-Zeolite catalyst using Iraqi
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Figure 2. Adsorption Equilibrium Analysis.
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Figure 3. Breakthrough curve of sulfur compounds in a fixed bed adsorber of actived carbon
adsorbent.
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Figure 4. Breakthrough curve of sulfur compounds in a fixed bed adsorber of CuY-zeolit
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Figure 5. Breakthrough curve of sulfur compounds in a fixed bed adsorber of AC/CuY -zeolit
adsorbent.
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Table 1. The chemical composition of rice husk ash.

Wt.%

Sio, 94.5

Al; 05 2.23
Fey04 0.16
Ti0, 0.115

CaO 0.51

MgO 0.25
Na,0 0.49
K0 0.63

P, 0z 0.32
LOI 0.73

Table 2. physical properties of AC.

Particle size (mm) 0.006-0.080
Bulk density
Surface area (m?/Q) 1100

Table 3. Composition of the simulated diesel fuels (diesel 40).

compounds composition
n-Dodecane 80wt%
Toluene 20wt%
Benzothiophene (BT) 150ppm
Dibenzothiophene (DBT) 148ppm

Table 4. Composition Data for Na-Y zeolite and Cu*-Y zeolite.

Molar ratios
Adsorbent o T Na/AT 2CU/Al
Na-Y 2.65 0.02
Cuti-yY 2.65 0.22 0.78
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ABSTRACT

This paper deals with an up to date problem for oil and gas industry- separation of the
gas -fluid fogs. Here is described the worked out physical model of the gas movement process in
the sections of the inertial filtering (IF) gas separators. One can find the mathematical model for
research of the fields of velocities and pressures in the inertial curvilinear channel. The main
simplifications and assumptions are explained. This mathematical model has been made using
mathematical program Maple and it is received the 3-d graphic of the distribution componential
speed parts in the channel and also 2-d graphics at the channel sectional view when the flow is
flat. The new method for gas - fluid systems separation is suggested.

Keywords: separation; modeling; velocity; gas; liquid; curvilinear channel; filter.

allly Jant Ay Sle 35 gl g3y diata 5L gﬁ Jlad) gdat Glyu' PN
SN aa S
e 35k 9y gy i) il g g 0 Leaa (SN g 93l 3 9l lid g
.5 2eaa Sa Alaa o)) gisall it (58 68 e (g A, pudlaa

Alas€ 5 il 5 Aulaiil) iloaall il 5 llenl) o
Alal) 5o liS laa ol 935 ¢ Ayial) adail) A4S
Ll S 5) e sSadl o gus drals

dadal)

Dl Lzl wu%i Jilall — 5Ll 33y b A Sl Ladll delial dale e Eanll 18 Jsliy
Gl yall g S gealll fasey Jend &5le J5lse dala Slall By A8 jal 58 73 sad Al o &5 Caa(slall
& oY) dyiaie 58 Jaks haaall g de juall ¥laa (& Giaall aly ) 23 gad Al g alag) e Jaall 23 UL g (M)
O R\ REPVONA PP R LI

C}‘“,Mapled\ GAL\‘).} (:‘JA.\MLI MAJL’.AJ ‘sa.al:}‘)l‘ GJJA.J‘ 12 cﬁa‘je.lﬁl.aa\‘)zﬂ\}”‘j Qw\ VY .L.h.u.\.lj ua.\;.u;aﬂj
Jpanll o5 S 3Ll o) Jal Job o g pudl ad a6 i g A¥) SO Sl Jadade e J geanl) o3 ) il
ki s s jite M ALLYL | adas Gloall 0 5SH Ladie 3Ll dpa je adalia e o8 Al 40l Gildadade e
- lall Jad

).\h ¢EM‘\J\ Aniaie U8 (Jila Ol c:\.c)ud\ dalal (Juad :MJM Calalsly

160


mailto:sklabin@ukr.net
mailto:lyaposchenko@pohnp.sumdu.edu.ua
mailto:fench@ukr.net
mailto:misto_8304@yahoo.com

Number 5 Volume 20 May - 2014 Journal of Engineering

1. INTRODUCTION

Air dispersion systems which consist of solid and liquid particles weighted in the gas form play
quite an important role in the nature and in humans life. But the problem of air dispersion systems
separation is even more up to date in the science and techniques, Poole, 2009.

Many theoretical problems of air dispersion systems particles studying are of big mathematical
hardships. It happens as a rule that their solution one finds using difficult mathematical formulas using
which in practice needs immense calculating work. So in some of the cases it is reasonable to refuse from
the exact solution and take the well known assumptions which make it much easier to get at least the
rough idea about the examining phenomenon.

2. KEY ASSUMPTIONS AND PHYSICAL MODEL.:

1. One finds out the hydrodynamic characteristics and separation elements constructive
parameters making some simplifying assumptions which have the main features of the studying
phenomenonin order to make practical calculations of the typical gas dynamical separation apparatus
Stepanov et al., 1986.

2. First of all one neglects gas condensability and viscosity, flow turbulence and examine the
settled (average as to time) ideal (no viscose) constant density fluid free-vortex movement. But it is
possible only when there is a low viscous gas flow in the good profiled channels when the speeds are
subsonic.

3. Then, the flow is considered to be 2-d which takes place in the layer which usually has
variable thickness with the parameters depending only on two coordinates.,Sinayskiy et al., 2002.

4. But the real gas flow in the channels of louver inertial filtering gas separator generally is
spatial and unsteady and that is why it is impossible to make its complete theoretical analysis
Barilovych, 2009; Lyaposchenko et al., 2005; Lyaposchenko, 2006. Having such task considering
limited demands to the gas parameters accuracy and approximate using model it is reasonable to apply
quite simplified flow schemes and calculating formulas based on the further simplifying assumptions.,Al
Rammabhi et al., 2011; and Lyaposchenko, 2006. Solving such tasks it is enough to use equation
indissolubility, vortex equation and impulse theory .,Barilovych, 2009; and Lyaposchenko, 2006. The
stated above assumptions are of big help to make a qualitative modeling and to get rough results of
calculating the gas flow in the IF gas separators louver boards.

In the Fig.1, it is shown the calculating zone geometrical configuration in the form of curvilinear
channels which are formed by the louver board plates of the IF gas separator:

To analyze the physical model gas drop flow movement along the separation channel with
filtering sections of the inertial filtering gas separator one should look through its separate pieces. Fig.2.

- gas drop flow movement along the inertial section of the curvilinear gas separation channel;

- penetration of the gas drop flow in the filtering section, dispersion particles ricochet or
splashes carrying out in the separation channel depending on the angle which faces the “attack”
by the layer filter flow;

- coalescence of the caught particles on the fibers in the filtering layer, the formation and withdrawal of
the caught liquid pellicle to the drainage channels

Local gas flow speeds gradually rise after the rectilinear sections on the separation channel inlet
on the transition from the curvilinear to linear (confusion) sections. After the rectilinear sections
in the curvilinear section there is an inhibitory (diffusion) separation channel section with filtering
sections which are situated on the inner surface of the crimping plates. In this section the dynamic force
of the air decreases due to lower gas flow rate of fluid. This force pulls the dispersion particles in the gas
stream, and it makes the particles inertial movement to the filter layer easier which makes separation
effective. By the way pressure in the drainage channels of the double louver crimping plates rises and it
makes the flowing and caught fluid withdrawal steady and filtering elements in the self-cleaning mode
work effectively. When stationary regime is achieved stability, separation effectiveness, the liquid
quantity in the filtering layer and liquid flowing from the layer remain constant in time when the filtering
speed is permanent. In such a case the migrating liquid quantity is equal to the liquid quantity which gets
into the filter layer. The boundary which divides separation channel inertial zones and filtering section is
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a conditional wall (free stream boundary) where the gas flow speed is constant which corresponds to the
permanent pressure in the filter layer and drainage channels. On the transition from curvilinear to the
linear (confusion) sections beginning from the inhibitory points of the gas flow which comes upon the
speeds gradually rise again. The special attention was necessary to pay to the separation channel
curvilinear section profiling where the biggest pressure losses and resistance are connected with the flow
separation. Separating flow limits the pressure speed gradient on the separation channel walls.

5. The special attention was necessary to pay to the separation channel curvilinear section
profiling where the biggest pressure losses and resistance connected with the flow separation. Separating
flow limits the pressure speed gradient on the separation channel walls. As to the theoretical and
experimental data to get the continuous flow one should lower the gas speed no more that on the 25% on
the wall length, which is equal to the separation channel width. Moreover as to the recommendations
general speed reduction must not be more than three-times.

3. MATHEMATICAL MODEL.:

The motion of viscous gas flow in a curvilinear channel is conveniently described by the Navier-
Stokes equations in cylindrical coordinates. Turbulent gas flow can be accounted for by replacing the
kinematic viscosity (v) on the coefficient of turbulent viscosity (g), that for the ax symmetric vortex
flows can in some cases to obtain analytical solutions of the set of hydrodynamic problems. To close this
system of Navier-Stokes equations complemented by the continuity equation of the fourth. The result is a
system of four Eqgs. (1)-(4) with four unknowns (the projection of the velocity of the gas flow on the
three axes and the magnitude of the pressure):

N Ve N N, Ve 1@

r + + z
or r op o1 r por
ON. 10N, N, 1N, 2N, V) (1)
té st s T ot T T |
ore r°ap o1 ror r°dp r
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L —+——+V, —+ =———+
or r op 01 r pr op
ON, 1N, N, 1N, 2. V, 2
+& >t — + +— t—=
ore  r° o o1 ror r°dpor

V.
N VeV, N 1@

z __ = 4
"or r dp o1 por

N, 1N, oV, 1oV, 3)
+ +— + += ;

ort r* a* 01" r or

N, 1N, N, V.
+= + +—L=0

or rap oz r 4)

To transform the system of equations, in order to get the form in which it was possible to find an
analytical solution, we introduce a number of simplifying assumptions.

Due to the fact that the basic movement of the gas flow occurs along a curved louver dripping,
we assume that overflows the height of the louver channel in its magnitude is much less than the gas
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velocities along the channel (V,20). A change in other components of the velocity and pressure at an
altitude of louver elements also occurs (8/z ~ 0). This allows you to exclude from the above system of

differential equations of the third equation and of the remaining equations of the system to exclude all
terms that contain the axial component of the total gas flow rate. In addition, we assume that due to the
small width of the curved channel the pressure across the width of the channel is changed slightly, but the
main change occurs along the channel OP/or ~ 0. That is to say. We obtain the following system of

differential equations in partial derivatives. To simplify the recording is without the function of the radius
and circumferential coordinates.

N, 1 0%,
2 > T2 2 T

v Ve, V) Lot ap _

“or r ap r v, 2, ’ (5)

ror r*cdp r
ON, 10N, 1V,
= +

N, V, N, VV, 1 dp ot r* dp* r or |

: +— + =———+¢ ; (6)

or r oap r prde N, V,

r> ap r?

M LN Vg,
or rdp r (7)

In the Eqgs (5) and( 7) consists of only two velocity components. These radial and circumferential
velocity components of the gas stream. Set up a system of two Egs (8) and (9) with two unknowns, which
try to solve analytically.
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Of the variety of possible solutions to choose the most appropriate solution. This solution, which
is obtained in the field of real numbers

V.(rd) = r’C, -sin(2¢) + riC2 -cos(2¢) +C, )

V (r,¢) = % (—rC, -sin(2¢) + rC, -cos(2¢) ++(r*C, cos(2¢)*
+r'C/ -sin(2¢)* +rC2 —C2)°%) (11)

To determine the changes in the law, for example, the radial component of the velocity of the gas
flow is necessary to determine the integration constants C1, C2, and C3. This can be done from the
condition not overflow gas through the surface, which are limited to the radii R1 and R2. In addition, we
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assume that at some angular coordinate is the known value of the radial component of velocity equal to
Vrl.

o RECysin(2¢) + RC, -cos(2¢) +C,

R, (12)
0 RZC, -sin(2¢) + R,*C, -cos(2¢) +C,
- R, (13)
v - r’C, -sin(24,) +r°C, -cos(24,) +C,
n= . (14)

Graphically, the solution can be obtained in the form of a curved surface.

4, THE INFLUENCE OF LOCAL VELOCITIES IN THE CHANNEL IF GAS
SEPARTORS ON ITS GEOMETRY

To reach the separation high effectiveness one needs to create high intensive hydro dynamical
flows movement regimes in the gas separation apparatus. By experimental research of the created physical
model of the separation channel with filtering sections inertial filtering gas separator
(regimes2300<Re<100000 ) it is proved that in the transition regime the gas flow viscously continuously
flows around the lugs and hollows and almost exactly copies geometrical curvilinear separation channel
configuration. Maximal speed is a feature of the gas flow core. Laminar layers near the channels walls
especially in the hollow places have minimal gas movement speeds. At some of them reverse currents and
vortex flows can occur. When the turbulent flow stream is high (Re=10000) one can see the local gas flow
speeds increase in two times in the lugs of the curvilinear channel walls (at ©=70°). These are the zones
of potential pellicle dispersion of the caught liquid pellicle and secondary spray carrying out Fig.3.

After observation and analysis of the gas flow local speeds distribution along the curvilinear
separation channel one strictly determined the geometrical zones where it is reasonable to place the
filtering elements in the separation channel hollows, closely to the louver walls, local speeds here are
minimal, but on the other hand they are limited with the equal speeds lines, |v|=const with the speeds
which are equal to the gas flow speed on the curvilinear channel inlet and the angle is 6=60°-110° Fig.4.

The fibrous filters (drop catchers) work peculiarity is in the coalescence of the caught high
dispersion particles (fluid drops) when contacting with the fibers surface and creation the fluid pellicle on
them which is removed as it is accumulated from the layer in the form of the squirts or big water drops
which move in the layer under their own weight force or they are caught by the gas flow or capillary
forces.

While creating the separation channel with filtering sections inertial filtering gas separator model
one used as filtering element needle punched fabric made of polypropylene fibers. It is due to that
polypropylene fibers apart from their universal chemical resistance also have good hygroscopic
properties and so they are very effective for hydrogen particles from the condensation fog catching.

After gas fluid flow gets into the filtering sections fluid drop catching is accompanied with the
difficult secondary processes in the filter layer as a result of which its structure changes greatly. Caught
with the fiber drops spread about their surface creating a pellicle the thickness of which rises becomes
unstable and ruins on the separate drops which flow down along the fibers in the places where they are
bent and cross themselves under the gravitation forces and frontal friction in the gas flow. As a result of
the capillary forces activity neighboring fibers can cling together and so separate small fibers disappear
and make bigger pores. At the same time some little pores are filled with fluid which increases the real
gas speed in the bigger pores. In such a way the first liquid accumulation leads to essential change of the
fiber layer pattern and structure. Fluid accumulation continues till the filtering layer does not set off the
self purification stationary regime. After that as it is stated above the caught liquid quantity in the
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filtering layer and the quantity of the liquid flowing from it remains constant in time when the filtering
speed and particles in the gas flow concentration parameters do not change.

Along with it the following sedimentation particles on the fibers mechanisms are possible.
Touching effect (clutching) takes place when the gas flow current lines with which the particles move
come over the surface of the barrier (fiber) on the distance equal to the particle radius or closer. Inertial
contact takes place when particle mass or its movement speed are so considerable that it cannot move
with gas flow completely along its current lines which roughly bend round the barriers. That is why the
particles due to the inertial force continue their movement along the more linear trajectories and go off
the current lines. High dispersion Brownian motion is a result of the gas molecules contact with the
particles surface and is like mass changing based on molecular diffusion. Taking into consideration that
inertial filtering separation apparatus are quite effective at catching fluid drops of the sizes 1>2R>5um
from the gas fluid flows .,Lyaposchenko, 2006. one understands that it is not necessary to speak about
the catching drops based on the Brown diffusion which becomes visible for the particles of the sizes
2R<0.1 . In the result of the experimental research one found out that the most permeating (hard to catch)
are the particles of the sizes 2R=0.3-1.0um, as the diffusion coefficient for them is small and inertial
effect does not have the considerable influence yet.

Besides that the basic separation process can be actively accompanied with the following
processes when non stationary filtering regimes take place. As the following processes one means the
phenomena which cause change of the separation effectiveness and resistance in course of time. The non
stationary filtering phase (which is characterized with the filtering environment structure changes) in the
conditions of many industrial manufactures exploitation has the significant practical meaning because of
short duration of the stationary filtering phase. Because the following processes are complicated and
versatile the non stationery filtering phase has been much worse studied.

The caught fluid drops are distributed along the fibers uneven. As the drops accumulate the new
ones sediment on the old sediment drops and form the chains which emerge on the sides and when
develop they continually turn into the tree-like branching which fill the pores. The phenomenon of
mudding makes the filter efficiency much higher. Sometimes thanks to insignificant resistance
increasing. Filtering layer structure heterogeneities smooth out due to it and the particles aggregates fill
the big pores. Capillary phenomena are very important for the fog filtering and are difficult processes
which include: the sediment drops spreading out with the following connection them into big drops or
with the liquid pellicle formation on the fibers; liquid accumulation in the places of the fibers crossings;
capillary water steam condensation in the places where the caught particles contact with the fiber or with
each other; neighboring fibers clinging because of capillary forces influence when soaking the fibers
which leads to the small drops disappearing in the filters that are not enough hard and the formation of
the bigger intervals to the increasing the heterogeneity of the layers structure.

It is worth noticing that flow speed increasing can lead to the following drops carrying away, which
is connected with the taking them from the fibers surface. So fiber filtering element is characterized with
two critical speeds: first speed limits the size of the drops caught with fiber and is defined with the Stokes
criterion, the second one is the beginning of the secondary drops carrying away thanks to the fluid pellicle
firmness loss that flow down the fibers.

5. RESULTS AND DISCUSSION
When modeling of the received mathematical systems for the curvilinear channel sizes with radiuses
R;=50mm, R, =25mm and the initial radial V,, equal to 1 we got the 3-d graphic Fig.5.

This graphic dependence shows that when gas flow movement along the curvilinear channel near
the walls radial speed component is zero, when rising the angle ¢ first the speed component value decreases
to the minimal one and then after the redistribution and passing the maximal wide section it begin to
increase. This phenomenon occurs because of the sufficient inertial force presence which let the drops be
caught in the filtering element, which is situated in the louver hollows. The above stated ideas and research
results of the fields speeds and pressure motivated us to invent a new mode of the high dispersion drop
liquid separation from the gas fluid flow and to create a model of the high effective inertial filtering drop
catcher with the low hydraulic resistance ., Sklabinskiy et al., 2009. Speed pressure in the windy zone of
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the separation channel lug is enough to create the pressure drop (motive power) on the both sides of the
double louver from the different channels sides for getting through the net louver but not in the thick
filtering material layer between the channels. Fig.6. Besides in this section of the double louver from the
other channel side there is a low pressure zone (pocketing zone) or the vortex zone, it depends on the
intensiveness of the hydrodynamic regime entire rushing phase movement along the separation.

6. CONCLUSIONS

1. On the basis of the processes which take place in the IF gas separation channel the main assumptions
are made which can be used for the mathematical model creation.

2. One selected and simplified the main mathematical dependences taking into consideration the taken
assumptions and limit conditions Mathematical modeling is made in the program complex Maple and
one received the 3-d graphic which shows the pole speed in the channel.

3. There are worked out the theoretical basis of the separation process in the IF separator and the main
recommendations as to the fog separation using the new method.
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Table.1. List of symbols

Symbol Description Unit
Ru R, Raduius corrugations of the separation m
channel

€ The coefficient of turbulent viscosity m°/sec
VIV, V, The components of the_ gas v_elocity (the m/sec
radial, tangential, axial)
Vi The initial radial velocity of the gas m/sec
Cy, Cy, Cs3 The constants of integration -
P Pressure Pa
0 Angle of corrugation rad
p Density of gas kg/m®

R
2\
\ Al
Z J
2 -
TV
Nl
¢

N

Figure. 1. The calculating scheme of the purifying gas movement through the IF separator louver
board.

gas + liquid

Figure.2. Calculating scheme of the gas liquid drop flow movement along the separation channel with
filtering sections IF separation apparatus: 1. - separation channel; 2- double louver crimping plates; 3-
filtering sections.
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|
|v|=const A
o 7 & @ -

{

Figure.3. Local speeds distribution.
v, m/s, gas flow movement along the inertial separation channel section of the inertial filtering gas
separator physical model
(Re=50000): o —v=7,0 m/s m/c; 0 — v=6,00 m/s; A —v=4,0m/s; m—v=2,0 m/s; A—v=1,5m/s; e —v=1,0
m/s.

Figure.4. Geometrical zones of the filtering sections in the separation channel of the louver inertial filtering
gas separator disposition. (Re>10000).
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Figure.5. The example of the graphic results for calculation the changes of the radial component for the gas
flow speed along curvilinear channel with sizes R;=50mm, R, =25mm and the radial component of the gas
flow speed atpo=0 equal toV,;=1 m/sec.

Figure 6. the gas fluid movement along the separation board of the IF drop catcher scheme:
1 — double louver crimped plate made of net, 2 — filtering element, 3 — gas fluid flow.
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The Impact of Construction Systems Technology in Contemporary
Architectural Product

Dr. Safaa AlDeen Hussain Ali
Lecturer
University of Technology/ Architectural Department
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ABSTRACT

This research examines the impact of construction technology systems in contemporary
architectural production through the study of the evolution in it systems, construction materials
and methods of construction in addition to the digital revolution which provided possibilities of
structural and architectural design in creating a distinct architectural product, as considered
construction systems technology is the source of creativity in the architectural product, the
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research is assumed that the construction systems technology have achieved a structural
innovation in production through the materials and methods of construction and digital design.
For Long time technology was connected to the global trend, but the contemporary trends of
technology pointed out the possibility of achieving the character of place and confirm locality
through construction systems technology, And it became this research to clarify the concept of
construction systems technology through the definition of the concepts of the system in general
and structural system in particular to identify aspects that supports the technological
development of construction systems Which are summarized first, then analyze the
relationship between construction systems technology and architectural product.

The research reached to build a theoretical framework for the main and secondary vocabularies
of construction systems technology and their possible formulations and their applications in a
number of architectural projects that have defined by the literatures as excellence in
construction technology systems .

The research pointed out the role of technology and its progress and development in all fields,
especially in the use and development of construction materials and methods of construction as
well as advances in the computer applications in creating distinctive architecture within its
spatial - temporal context.

Keywords: Technology, Construction Systems, Contemporary Architectural Product,
Construction materials, Computer Applications.
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