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Abstract

This paper presents a new approach to improve the performance of power system by
enhancing the voltage profile and reducing the real power losses based on two stages fuzzy
controller which is used to select the appropriate size and location of capacitor banks required
to minimize the power losses and maintain the voltage profile in permissible limits.

The first stage of fuzzy controller is used to specify the optimal location of capacitors
installation, while the optimal size is specified by the second stage . The proposed method is
tested on a 34-bus, 74-transmission lines from Iraqi Northern power system with multilevel of
loads. The load levels are represented by 50%, 75%, 100% and 125% of peak load and

satisfied results are obtained to show the feasibility and flexibility of the proposed method.

Keywords : Load — flow , Fuzzy- logic , optimal ,location , optimal size .
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1. Introduction

Electricity networks are called to accommodate more and more generation capacity in
order to supply the increasing demand. However, social, planning and environmental reasons
hinder the expansion of the existing networks, but even where this is possible it raises a
tremendous cost for the operator. Therefore, the efficient utilization of the existing
transmission and distribution lines is not only suggested for economy, but also imposed by

need. Reactor and capacitor banks have long been utilized as a remedy for a series of
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technical and economic problems in power systems. Large reactive power surplus or
deficiency at light or heavy load operation, respectively, can be tackled with the placement of
reactor and capacitors at the appropriate network locations ™. Furthermore, several methods
have been suggested for the reduction of transmission losses by the local consumption or
production of reactive power from optimally located reactive power compensation banks 2]
Finally, a series of methods are attempted to optimally allocate capacitor banks, so that both
losses are reduced and power quality is improved, using other inherent capabilities of those
elements®*!,

In recent years, increased efforts have been centered on developing intelligent control
systems that can perform effectively in real-time. These include the development of non-
analytical methods of soft computing such as evolutionary computation and fuzzy logic.
These methods have proven to be effective in designing intelligent control systems and
handling real-time uncertainty, respectively. This paper is an attempt , which is based on
fuzzy controller to improve the performance of multilevel power system through voltages
profile enhancement and reduced the real power losses by installing capacitor banks on some

nodes in that power system.

2. Literature review

Fuzzy set theory applications have received increasing attention in various areas of power
systems such as operation, planning and control®.Published literature describes several
approaches and techniques to the problem, standing out the analytic methods, heuristic
methods, numerical programming, fuzzy logic, ant colony optimization, tabu search, neural
networks, genetic algorithms and hybrid methods [). Mahdad and et.al describe in ©! a simple
approach based on logic concept. Fuzzy logic approach is described, which achieves a logical
and feasible economic cost of operation without the need of exact mathematical formulation.
P.V. Prasad and et.al in !, present a novel method to determine suitable candidate nodes in
distribution systems for capacitor installation using fuzzy approach and capacitor-sizing
problem for loss minimization using Genetic Algorithm method. The proposed method has
been tested with several systems.

Tamer Mohamed Khalil and et.al in 2%, propose a binary particle swarm optimization
(PSO) for optimal placement and sizing of fixed capacitor banks in radial distribution lines
with nonsinusoidal substation voltages. The objective function includes the cost of power
losses and capacitor banks with constraints which include limits on voltage, total harmonic

distortion (THD) and sizes of installed capacitors. Houssem Ben Aribia and Hsan Hadj
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Abdallah in ™ propose an approach based on the evolutionary algorithms (AE) to solve the
problem of maintaining an appropriate voltage profile, this task can be done by the
minimization of the active losses in the transportation and transmission lines by implantation
of reactive power sources to the load buses, in addition to the minimization of the active
losses, other criteria can be considered as the compensation devices cost and the voltage

deviation.

3. Overview of fuzzy control 213

A fuzzy logic controller (FLC) is an intelligent control system that smoothly interpolates
between rules. A fuzzy set may be represented by a mathematical formulation known as a
membership function. That is, associated with a given linguistic variable (e.g. speed) there are
linguistic values or fuzzy subsets (e.g. slow, fast, etc.) expressed as membership functions
which represent uncertainty, vagueness, or imprecision in values of the linguistic variable.
This function assigns a numerical degree of membership, in the closed unit interval [0, 1], to a
crisp (precise) number. Within this framework, a membership value of zero/one corresponds
to an element that is definitely not/definitely a member of the fuzzy set. Partial membership is
indicated by values between 0 and 1. Implementation of a fuzzy controller requires assigning
membership functions for inputs and outputs. Inputs are usually measured variables,
associated with the state of the controlled plant that are assigned membership values before
being processed by an inference engine. The heart of the controller inference engine is a set of
if-then rules whose antecedents and consequents are made up of linguistic variables and
associated fuzzy membership functions. Fuzzy set intersection, or conjunction, operators in
the antecedent are generally referred to as t-norms. They commonly employ algebraic min or
product operations on fuzzy membership values. Consequents from different rules are
numerically aggregated by fuzzy set union and then defuzzified to yield a single crisp output

as the control for the plant.

4. Design of proposed fuzzy controller

The proposed fuzzy controller which is used to specify the optimal sizes and locations of

capacitor banks placement consist of two stages which are:-

4.1. First stage fuzzy controller
Fuzzy controller in this stage used to specify the optimal locations which are the
capacitor banks installed on it. Node voltages and power loss indices are the inputs to this
3



Thi_Qar University Journal for Engineering Sciences, Vol. 2, No. 3 November 2011

fuzzy controller to determine the suitability of a node in the capacitor placement problem. The
suitability of a node is chosen from the capacitor suitability index at each node. The higher
values of capacitor suitability index are chosen as best locations for capacitor placement. To
determine the power loss indices, the power loss reduction is calculated by compensating the
self-reactive power at each node at a time by conducting the vector based load flow method.
These loss reductions are then linearly normalized into a (0, 1) range with the largest loss
reduction having a value of ‘1’ and the smallest loss reduction having a value of ‘0" for
calculation of power loss indices (PLI). Fuzzy variables power losses indices (PLI), voltage in
p.u. and capacitor suitability index (CSI) are described by fuzzy terms low, medium-low,
medium, medium-high and high. The fuzzy variables described above are represented by
membership functions as shown in Figures (1 and 2). To determine the location of capacitor
the voltage and power loss index at each node shall be calculated and represented in fuzzy
membership function. By using these voltages and PLI, rules are framed and are summarized

in the fuzzy decision matrix as given in Table (1).

1 Low Med—-Low Medinm Med-High High
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Figure (1). Power losses index and capacitor placement suitability membership functions
(1* FLC).
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Figure (2). Voltage magnitude membership functions (1* FLC).

Table (1). Decision matrix for determining suitable capacitor location.

Voltage Magnitude

Low-Normal Normal High-Normal

Low Med.- Low Med.- Low Low Low Low

Med.- Low Med. Med.- Low. Med.- Low Low Low
Med. Med.- High Med. Med.- Low Low Low

Med.- High Jf Med.- High | Med.- High Med. Med.- Low Low
High High Med.- High Med. Med.- Low Med.- Low

Power

Losses

Index

4.2. Second stage fuzzy controller

Fuzzy controller in this stage is used to specify the optimal sizes which are installed in
pre-specified location from first stage fuzzy controller. The inputs to the second stage fuzzy
controller are the voltage and load indices, and the output is the size of capacitor in (MVA).
The rules in this fuzzy controller are summarized in fuzzy rule table in Table (2), the fuzzy
variables; voltage, load, and capacitor size are described by the fuzzy terms; Down Very Very
Small (DVVS), Very Very Small (VVS), Very Small (VS), Small (S), Medium (M), Large
(L) and Acceptable (A). These fuzzy variables described by linguistic terms are represented

by membership functions, the membership function are graphically shown in Figures (3, 4
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and 5). The construction of these functions can be based on intuition, rank ordering or
probabilistic methods ™. The membership functions for describing the voltage have been
established based on the ICE standards of acceptable operating voltage ranges for power
systems (1+5%of per —unit value ™. The membership functions for the load and
capacitor size are established to provide a ranking. The minimum membership value for the
two inputs propagates through the consequent and truncates the membership functions for the
consequent of the rule.

Table (2). Decision matrix for determining capacitor size.

VOLTAGE

Figure (3). Voltage membership function (2™ controller).
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Figure (4). Load membership function (2™ controller).
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Figure (5). Capacitor size membership function (2™ controller).
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5. Fuzzy inferencing and de-fuzzification

After the fuzzy controller receives inputs from the load flow program, several rules may
fire with some degree of membership. The MAX-MIN METHOD involves truncating the
consequent membership function of each fired rule at the minimum membership value of all
the antecedents. A final aggregated membership function is achieved by taking the union of
all the truncated consequent membership functions of the fired rules. For the capacitor

location problem, resulting capacitor placement suitability membership function, e of

node i for k fired rules is given by:- !

()= ml?x[min[#p(i),/,tv 1] (1)

Where Iupand L, are the membership functions of the power losses index and voltage

magnitude respectively.

For the capacitor size problem, resulting capacitor size membership function, T of

node i for k fired rules is given by:-

JTROE mi?x[min[/dv M g, 0] @)

Where U, and L, are the membership functions of the voltage magnitude and load level

respectively.

Once the suitability and capacitor size membership functions of a node is calculated, it
must be defuzzified in order to determine the node suitability and size ranking. The centroid
method of defuzzification is used; this finds the center of the area of the membership function.
Thus, the capacitor suitability and capacitor size indices are determined by:-

.[:us,c (2).dz

SorC=
.[ll'tS,C (Z)dZ

©)

Where
S, Cis the Suitability of optimal location and optimal capacitor size respectively.

JT (z) is the membership function.

Z is the height of the membership function.
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6. Proposed solution method

From studies and experiments with several methods reported in literature, a two- stage
fuzzy controller is proposed to solve the problem of voltage collapse and increase in real
power losses which effect the performance of power system. First stage fuzzy controller is
used to specify the suitability indices of buses, since the buses of highest suitability indices
(SI) represent the optimal locations to capacitor placement, the second stage of this fuzzy
controller works only with the buses previously selected. The proposed method consists of the
following steps:-

1- Perform Load-Flow program to calculate bus voltages and power losses considering
the original configuration which means without any capacitor installed.

2- Bus voltage (BV) is defined for each bus dividing the voltages calculated in step one
by the substation voltage.

3- Calculate the power losses reduction by injecting the same amount of reactive power
at every node of power system.

4- The losses reduction calculated by step three are linearly normalized into a "0" and
"1" range with the largest losses reduction having a value of "1" and the smallest one
having a value of "0", the values between "0" and "1" are the power losses indices
(PLI).

5- Values which are calculated from steps two and four (BV and PLI) are the input
values of 1% stage fuzzy controller to find the optimal locations of capacitor
installation which represents the output of this controller.

6- After specifying the optimal locations of capacitor installation in steps (1-5), the
variables of BV and the amount of load in each load level are processes as input
variables to the 2™ stage fuzzy controller to find the optimal sizes of capacitor value
in MVA installed in each pre-specified optimal locations. The optimal value of
capacitors represents the output of 2" stage fuzzy controller.

7- After finding of optimal sizes and optimal locations by two stages fuzzy controller,
the load flow program is then performed again to know the impact of proposed
solution method on the real power losses reduction and if the voltage profile within

permissible limits ( 1+5%of per —unit value) or not.
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7. Application

The proposed method is applied to 34-bus, 74- transmission line power system whose
single line diagram can be shown in figure (6). This power system is derived from a portion of
a transmission power system from Al-Mousel in the north of Iraq found in ™. This power
system consists of bus-1 as slack bus, buses 30,31,32,33 and 34 as voltage-controlled buses
and buses from 2 to 29 as load buses. The power system under test is subjected to four levels
of loads namely Level-1 (50% PL), Level-2 (75%PL), Level -3 (Peak Load) and Level-4
(125%PL). The system parameters and initial buses data are shown in Tables (3-5). [**.
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Figure (6). Single line diagram of power system under study .!**!
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Table (3). Network data .

From Bus R(P.U) | X (P.U) Length (Km)
0.00143 0.01202 63

0.00143 0.01202 63
0.004 0.03605 183
0.004 0.03605

0.00182 0.01654

0 0.036

0.036

0.036

0.036

0.036

0.036

0.036

0 0.036 0

0.0367 0.1465 0.0342
0.0367 0.1465 0.0342

0.00556 0.0222 0.00518

0.00556 0.0222 0.00518

0.00725 0.04058 0.01917

0.00725 0.04058 0.01917
0.0322 0.1288 0.03
0.0322 0.1288 0.03
0.007 0.0279 0.0065
0.007 0.0279 0.0065
0.0247 0.0538 0.0113
0.0573 0.1158 0.0238
0.0025 0.014 0.0066
0.0025 0.014 0.0066
0.0016 0.0094 0.0044
0.0016 0.0094 0.0044

0.0493 0.13615 0.0298
0.0343 0.09807 0.0216
0.0084 0.0229 0.005
0.0084 0.0229 0.005
0.0084 0.0229 0.005

0.0084 0.0229 0.005

0.00446 0.0249 0.01179
0.00446 0.0249 0.01179

0.0118 0.032 0.007
0.0118 0.032 0.007
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R (P.U)

X (P.U)
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B (P.U)
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0.0448
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0.0459

0.01
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0.0732

0.0171

0.01337
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0.0258
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Table (4). Load data .™

2
3
4
5}
6
7
8
9

Table (5). Generators data .

Base Value (100 MVA)

PGi max QGi min QGi max VGi min VGi max

13.2 -2 4 0.95 11
9.8 -1.5 3.5 0.95 11
0.8 : 0.25 0.95 11
0.6 -0.1 0.2 0.95 11
1.6 -0.2 0.8 0.95 11
14 0.5 0.95 11
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8. Simulation results

An lterative method of Load-Flow analysis namely Newton-Raphson method is used
as a tool to determine the power losses and voltage profile of test power system before and
after installing shunt capacitors used to improvement the performance of power system under
study. The proposed solution method is based on designing of two-stages fuzzy controller to
find the optimal sizes and locations of installed capacitors. The output of 1% stage is the
suitability indices of every load buses which are illustrated in Table (6), from this table we
find that the optimal locations are Buss 25,26,27 in the first level and Buses 11, 25,26,27,28
in the second level and Buses 11,14,15,16,25,26,27,28 in the third level and
8,11,13,14,15,16,25,26,27,28 in the fourth level due to its highest suitability indices. The
output of 2" stage of designing fuzzy controller is the optimal sizes of capacitors which are
illustrated in Table (4). Also the values in Table (7) show that the minimum bus voltages
during all four load levels are less than permissible limits of pre-specified minimum allowable
bus voltages, then these values became within permissible values after capacitor installation
as well as the reduction of real power losses with percentage reduction ratio of 28% in 1%
level , 35% in 2" level, 39.2% in 3" level and 51.42% in 4™ level after the installation
process. The differences in the real power system before and after the capacitor placement in
all study load level are shown in Figure(7).

90
80
70
60 -
50
40
30
20

anl B
0

1 2 3 4

= Before Improvment Load Level
m After Improvment

Figure (7). Impact of solution method on power losses reduction.
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Table (6). Suitability indices of optimal locations.

Suitability Index of optimal locations
Bus No. Level-1 Level-2 Level-3 Level-4
Bus-2 0.133 0.170 0.203 0.433
Bus-3 0.240 0.315 0.325 0.366
Bus-4 0.185 0.327 0.438 0.345
Bus-5 0.485 0.250 0.438 0.345
Bus-6 0.426 0.320 0.345 0.395
Bus-7 0.285 0.325 0.335 0.413
Bus-8 0.413 0.422 0.439 0.652
Bus-9 0.325 0.388 0.415 0.437
Bus-10 0.24 0.275 0.313 0.417
Bus-11 0.488 0.619 0.625 0.666
Bus-12 0.238 0.326 0.412 0.444
Bus-13 0.335 0.413 0.463 0.736
Bus-14 0.426 0.400 0.776 0.852
Bus-15 0.413 0.390 0.765 0.801
Bus-16 0.400 0.327 0.740 0.810
Bus-17 0.190 0.225 0.250 0.35
Bus-18 0.222 0.250 0.247 0.249
Bus-19 0.312 0.250 0.239 0.246
Bus-20 0.320 0.250 0.313 0.237
Bus-21 0.295 0.245 0.205 0.222
Bus-22 0.315 0.300 0.312 0.381
Bus-23 0.240 0.251 0.255 0.275
Bus-24 0.312 0.285 0.222 0.295
Bus-25 0.710 0.783 0.883 0.950
Bus-26 0.701 0.783 0.883 0.930
Bus-27 0.665 0.755 0.855 0.950
Bus-28 0.239 0.676 0.825 0.925
Bus-29 0.180 0.250 0.247 0.211
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Level-1

Table (7). Simulation results of proposed solution method.

Optimal
Locations

Optimal
Sizes
(MVar)

Minimum Voltage (P.U)

November 2011

Real Power Losses (MW)

Before
improvement

After
improvement

Before
improvement

16.3644

After
improvement

11.7730

29.2004

18.9847

Level-3

58.4939

35.5592

9. Conclusions

78.1732

37.9732

A simulation program for improving the performance of multi-level load power system

by using two-stage fuzzy controller is prepared in the MATLAB-7.5 programming language

to specify the optimal sizes and locations of shunt capacitors. The fuzzy logic approach is

very appropriate to solve the size, location, and control problem, it is more efficient to solve

this kind of problem especially when specialist's knowledge about the problem is included.

This paper presents a proposed controller for managing the voltage at the different nodes of

multilevel power system; it is based on the fuzzy technique using shunt capacitors. A real case

study has been introduced indicating the applicability and effectiveness of fuzzy set theory to
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manage the voltage in power systems in addition to reduction of power losses. Fuzzy logic
approach reduces the search space and consequently decreases the execution time, increasing
the chances to reach the global optimal solution.
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Abstract

Laminar, natural convection heat transfer of air filling horizontal space between
isothermal (cold) square enclosure and four isothermal (hot) cylindrical rods has been
theoretically studied. Finite element method has been used to solve the conservation of
governing equations by using software package (FlexPDE).

Parametric study has been conducted for the range of Rayliegh number10® <Ra<10°,
Aspect ratio 0.11<AR<0.28. Results are presented in the form of streamlines, isotherms
contours and Nusselt numbers. Results showed that the overall heat transfer increases with
increasing of both Ra and AR. The values of mean Nusselt numbers are compared with data

reported in Ref. ® and [**), and good agreement has been achieved.

Keywords: Natural convection, square enclosure, penalty.
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1. Introduction

The flow and thermal fields in enclosed space are of great importance due to their wide
applications such as in solar collector-receivers, insulation and flooding protection for buried
pipes used for district heating and cooling, cooling systems in nuclear reactors, etc. Large
numbers of researches were published in the past few decades. Concentric and eccentric cases
in a horizontal annulus between two circular cylinders have been well studied. The extensive
research studies using various numerical simulations reported by ™ ensure that several
attempts have been made to acquire a basic understanding of natural convection flows and
heat transfer characteristics in an enclosure. Shu et al © studied numerically the natural
convection in an eccentric annulus between a square outer cylinder and a circular inner
cylinder using Different Quadrate (DQ) method, a symmetric study is conducted for the
analysis and thermal fields at different eccentricities and angular positions. Shi and
Khodadi ! indicated that a partition attached to the heated vertical wall of square cavity
degraded the heat transfer capacity on the wall of the cavity. The work of ! also considered
the natural convection in a square cavity with special side-wall temperature variation. Wu and
Ching ™ investigated experimentally a square cavities with a temperature difference a cross
the top and bottom walls. They found the flow pattern in the partitioned cavity was dependent
on the top wall temperature of the cavity, the partition height and partition location.
Mobedi ™ used the heat line technique to observe heat transport in the entire domain of a
square cavity with thick horizontal walls. Recently, the heat line and streamline formulations
were employed by ™ to demonstrate the heat flow for differentially and distributed heating
walls with cavities. Wu and Ching 2% studies were on partitioned cavities with temperature
difference in both horizontal and vertical directions, although results from cavities with
smooth walls suggest of a partitioned square cavity. However, in the present research, the
effect of four inner rods aspect ratio on natural convection heat transfer is to be studied for
different Rayliegh numbers. The tool of investigation is finite element method implicated in a

Flex PDE software package.

2. Governing equations
A schematic view of a horizontal space between a square enclosure and 4-inner
cylindrical rods is shown in Fig.1. Heat is generated uniformly in the circular inner rods.
Thermo physical properties of the fluid in the flow model assumed to be constant except the
density variations causing a body force term in the momentum equation. The Boussinesq
approximation is invoked for the fluid properties to relate density changes, and to couple in
20
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this way the temperature field to the flow field. The governing equations for the steady natural
convection flow using conservation of mass, momentum and energy can be written in the

dimensionless form as:

a_U+a_V:0 (1)
oX oY

2 2
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oX oY oX oX° oY
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Non-dimensional parameters can be given as follows

2
X Zl, Y :l, U :ﬁ, \Yj :E, gzﬁ, P=M, Prandtl number
L L v v T-T, pv?
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Pr=""and Rayleigh number Ra :M
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Figure (1). Schematic diagram of the physical domain.

The following Boundary conditions are used:
1- Isothermal surfaces i.e. =1 on the inner rods walls and 6=0 on the outer square walls.

2- No-slip velocity boundary condition, U=V=0 on all solid walls.
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. . oP . .
3- Pressure gradient normal to all surfaces is zero, Y =0 where n is normal unit vector.
n

Here X and Y are dimensionless coordinates varying along horizontal and vertical directions
respectively; U and V are dimensionless velocity components in the X and Y directions,

respectively. @ is the dimensionless temperature; P is dimensionless pressure.
3. Numerical solution

The momentum and energy balance equations are solved using finite element software
Package (FlexPDE) ™. The continuity Equation (1) is to be used as a constraint due to mass
conservation and this constraint may be used to obtain the pressure distribution ™% In order to
solve Equations.(2)-(4), we use a penalty parameter and the incompressibility criterion by
Equation.(1) which results in:

()

v, v
oX oY

VP = A[— +

A is a penalty parameter that should be chosen either from physical knowledge or by other
means™™?. A most convenient value for A was attained in this study to be (10" *u/L?). The
numerical solutions are obtained in terms of velocity components (U,V) and the stream
function (y) is evaluated using the relationship between the stream function (y) and velocity
components (U,V) as:

62‘P+62‘P _oU ov
oX? oY* oY oX
It may be noted that the positive sign of y denotes anti-clockwise circulation and the clock

(6)

wise circulation is represented by the negative sign of .
The no-slip condition is valid at all solid boundaries as there is no cross-flow, hence y=0 is
used for the solid boundaries.
The heat transfer coefficient in terms of the local Nusselt number Nup_ along the inner
rod surface and the outer wall is defined by:
a0

on
Where n is the normal direction on a plane. At steady- state it is obvious that the mean

(7)

Nu, =

Nusselt numbers along both the inner and outer walls are exactly identical. Hence, the average

Nusselt number can be evaluated along the outer wall only as:
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1
Nu :S—jNuLds0 (8)

0 So

4. VValidations

4.1 Software validation

To check the validation of the software, the grid dependency and the continuity equation
in addition are checked. The obtained results showed an exactly validation of the velocity
distribution for a grid size obtained by imposing an accuracy of 10™. This accuracy is a
compromised value between the results accuracy and the time consumed in each run. The
girded domain for the enclosure of AR=0.23 is shown in Figure (2a) and the distribution of
the values of (0U/0X + dV/0Y) over the domain, is presented in Figure (2b).

dxyrdy(s)

Figure (2). (a) Grid distribution over the domain (b) Validation of continuity equation,
for 10 accuracy.

4.2 Validation of numerical results

In order to validate the employed numerical method more and more, results are obtained
and compared with some reported data and found in good agreement. In the work of [ work
of ™, a single circular inner heated rod was concentrically located inside a square enclosure.
The average Nusselt number Nup, along the outer wall between the present work and the
work of s compared for Ra=10*, Pr=0.71 for different values of (RR = L/2R) equal to
167,25 and 5as shown in Table (1) . From this table, it can be seen that the present

results generally agree well with that reported in ** and very well with [,
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Table (1). Comparison of Nuy, between the present work and the works of ® and ™! for

Ra=10*
L/D Num Nup, ! Nuy, 19!
(present) m m
1.67 5.386 5.395 5.82
2.5 3.282 3.245 3.331
5 2.229 2.082 2.071

5. Results and discussion
5.1 Analyses of flow and thermal fields

To evaluate the aim of the present study, the streamlines, isothermal lines, and local
and average Nusselt numbers were visualized and examined for different cases composed
of different Rayliegh numbers (Ra=10°-10) and different aspect ratios (AR= 0.11, 0.16,
0.23, 0.28).

The streamlines inside the enclosure of AR=0.23 are presented in the left side of
Figure (3) for three values of Ra. At Ra=10°, Figure (3a) , six circulation cells are formed
inside the enclosure. Four of them are localized in each space between each rod and enclosure
corner. The other two circulation cells are more strength and localized near the mid span of
each vertical wall. The mechanism of forming the circulation is that the hot fluid is pumped
from the heated surfaces and mixes with surrounding cold fluid especially that near the cold
walls. The clockwise circulation has the negative sign and the anticlockwise circulation have
positive sign. The number of circulation cells decreases when Ra increases as shown in
Figure (3b) where it can be seen that cells in the upper two corners begin to fusion with the
two strong cells localized in mid span of vertical walls. Due to the increase of convection
effect here (Ra=10"), it can be seen that the strength of circulation is higher than that of the
above (Ra=10%) approximately by a factor of 10. When Ra is further increases to 10°, the
circulation becomes stronger and more effective inside the enclosure as shown in Figure (3c)
where the convection heat transfer is dominated over the conduction.

The isothermal lines for the same above parameters are gathered in the right side of
Figure (3). According to the mechanism of fluid moving from around hot surfaces that
previously mentioned, equivalent four plumes like distribution are jut out from the space
between each two rods towards the enclosure center. This scenario is only observed at low
Rayliegh number (Ra=10°, Figure (3a) right. At high Ra (Ra=10%), upper plum like
diminishes, the two side plume like remain unchanged while the lower one is more arise

towards the enclosure center. At higher Ra (Ra=10° Figure (3c) right), the lower plume
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becomes more dominated in such a way it overcomes the other three plumes where the upper
plum completely diminishes. This is an indication to the convection domination.

The effect of aspect ratio on the enclosure thermal performance is displayed in Figure (4)
where the isotherms (right) and streamlines (left) are visualized for three aspect ratios
(AR=0.16, 0.23 and 0.28) all for Ra=10*. The effect of aspect ratio on the streamlines is
shown in left side of Figure (4) where it can be seen that at lower aspect ratio (AR=0.16) the
streamlines become more dense and an additional two cells are formed in the upper part of
enclosure because of the available space which permits to fluid to freely circulate. Also it can
be seen that the magnitude of stream function decreases with increasing the aspect ratio. This
can be attributed to the lack in the space required to fluid circulation at higher AR. On the
other hand, the isothermal lines (right side of Figure (4)) give more clarification to the above
attribution where at higher aspect ratio the isothermal lines become more parallel and

concentrated in the space between the rods and the outer wall of the enclosure.

5.2 Nusselt number

The distribution of local Nusselt numbers are examined along the circumference of inner
rods and along the enclosure outer surfaces as follows: Figure (5) shows the variation of the
local Nusselt number along the upper right rod for AR=0.23 and different Ra's. As can be
seen from this figure, for Ra=10° at the upper point of the rod, the value of Nu, increases with
increasing of Ra and for Ra=10*, the distribution of local Nusselt number Nuy is similar
where it reaches its minimum value at S;=0.375 and increases sinusoidaly otherwise. At
Ra=10°, the distribution slightly differs, where along the segment S;=0.25-0.5 we have larger
values of Nup than that of low Ra and lesser otherwise. This is due to the plume like
distribution of the isotherms through the space between the heated rods is greatly spread at
high Ra due to the increase of the streamlines strength which dominates the convection. This
scenario is clearly characterized from the isothermal lines of Figure (3). Where it is clear that
the temperature gradient is minimum at $;=0.375 for Ra=10° and Ra=10", and at S;=0.16 for
Ra=10°. The Nusselt number Nuy is proportional to temperature gradient; hence it will follow
this variation in temperature gradient. The distribution of Nu,_ along the lower right rod for the
same parameters mentioned above is shown in Figure (6). The curves have a similar bell
shape with one peak except at Ra=10° where two peaks are noticed. The values of Nu, are
increased with increasing Ra. For Ra=10% the Nu. reduces from the top point S,=0 to
S»=0.375 due to the domination of conduction heat transfer, then it increases gradually at the

rod lower half part to make maximum values along the segment S,=0.5-0.75. This may be
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attributed to the enhancement of heat transfer process. For Ra=10°, a similar trend is seen
except it has two maximum peaks, one at the bottom point (S,=0.5) and the other at the right
point (S,=0.75).

The minimum value of Nu,_ appears at the point corresponding to the lower right corner
of the enclosure (S,=0.675). Figure(7) shows the Nu, distribution along the outer boundaries
of the enclosure for the same above parameter. For Ra=10° and 10 the distribution exhibits
the same form, namely sinusoidal behavior with four M shaped peaks. Each peak is
corresponding to one wall of the enclosure. Each zero value of Nu, is corresponding to one
corner. When Ra increases to 10°, the behavior is completely differing from the lower Ra's.
The vertical walls (left, So=0-0.25 and right, S,=0.5-0.75) have the same behavior. The base
(S0=0.25-0.5) has a strong M shape and the lowest values of Nu_ due to the separation of
isothermal lines between two lower rods and make a plume like distribution which in turn
dominate the convection at the enclosure center and conduction near the bottom wall as can
be seen from Figure3c right. The upper wall has sinusoidal distribution with very high values
of Nu, where it double times larger than other walls. This can be demonstrated by the steep
temperature gradient along the upper wall of enclosure as in Figure(3c) right.

The effect of aspect ratio on Nug is studied by examine the variation of Nu, for three
values of AR=0.16, 0.23 and 0.28, with Ra=10". Figure (8) shows the variation of Nu,_ along
the upper right rod. A sinusoidal behavior is seen with all these aspect ratios. The
interpretation of maximum and minimum regions of Nu_ is the same that discussed in
Figure (5). But it can be seen from this figure that the values of Nu_ of AR=0.16 are higher
than of AR=0.23 along all surfaces of the upper rod except that along the segment S;=0.5-
0.75 (where the value of Nu, are approximately the same). This behavior is attributed to the
following: at low aspect ratio, the surface area of the cylinder is reduced and these surfaces
become farther from the cold outer walls of enclosure, hence the density of streamlines and
flow strength here are higher as shown in Figure (4a) left when it compared with Figure (4b)
left. From this figure also, it can be seen that the distribution of Nu, for AR=0.28 has different
localizations of maximum and minimum values. This due to that the hot surfaces become
closer to each other and closer to the cold walls leading to high temperature gradients.
Regarding with lower right rod Figure (9), we can say that the same reason above is the cause
of alterations in the Nu. values with aspect ratio, but the locality of this rod is the cause of the
different localization of maximum and minimum values of Nu,.

The effect of aspect ratio on Nup is greatly clarified in Figure (10) which shows the

distribution of Nu,_ along the outer walls of the enclosure. It appears from this figure how Nup
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increases as AR increases. A general insight to this figure shows a repeated M shaped
distribution along each flat wall of the enclosure. At the enclosure upper wall (S,=0.75-1.0),
the recorded Nuy values are greater than otherwise especially at lowest aspect ratio. This may
be attributed to that the moving up stream in low AR is dominated over that moving towards
other walls. The M shape distribution is originated due to the reduction in temperature
gradient between the walls (left, bottom, right and upper) and the space between the two
neighboring rods i.e. the space of plume like origin as can be seen in isothermal lines of
Figure (4) right.

Finally, the effect of the parameters under scope (Ra and AR) on the global heat transfer
process is plotted in Figure (11) and Figure (12) respectively. It can be seen from these two
figures that the mean Nusselt number is an increasing function of both Ra and AR. However
it is well known that increasing Ra leads to a good mixing inside enclosure resulting in
strong convection. On the other hand and as previously mentioned, increasing aspect ratio
means two things, first; increasing the surface area of heating say element and second,;
nearness of the hot surfaces closer to the cold surface. Also it is worth mentioning to explain
that at higher aspect ratio (large rods), and at higher Rayleigh number the wakes forming on
the top of rods become larger i.e. separating of the fluid near the rod surfaces become earlier

resulting in a good mixing which in turn increase the heat transfer.

6. Conclusions

The natural convection inside a square enclosure heated by four inner rods placed at
equal distances from the enclosure center was studied numerically using a Galarkin finite
element software package. The effects of aspect ratio (0.11-0.28) and Rayleigh number (10°%-
10°) on the heat transfer process were conducted. The following concluding remarks could be
extracted from the obtained results:
1-As it expected and common reported in the literature, the stream function and the average
Nusselt number are increasing functions to Rayleigh number.
2-The convection heat transfer could be enhanced by increasing the aspect ratio i.e. by
increasing the surface area of the heated rods.
3- The effect of Rayleigh number on the mean Nusselt number is more significant at the lower
aspect ratios.
4- Within the studied ranges of Rayleigh numbers and aspect ratios, the enhancement of

mean Nusselt number due to the aspect ratio is more than that due to Rayleigh number.

27



Thi_Qar University Journal for Engineering Sciences, Vol. 2, No. 3 _

max 1.00

max 4.56 i 1-02
s 4.50 k: 0.95
I 4.00 5 980
q 3.50 r 0.85
I 3.00 5 e
Y O o 0.70

iil. 1 :-40; T 0.65
1 1.00 m: 0.60
i i i 0.55
j&:. 0.00 k: 0.50
i 0.50 [ 0.45
h: 1.00 b 9.0
g 1.50 12 0.35
£ 2.00 g: 0.30
o 2.50 1 0.25
d‘- 3-00 € 0.20
e 3.50 d: 0.15
b : 4'00 [ 0.10
a g 4-<0 b: 0.05
; s a: 0.00
o e min 0.00

Scale = E-2

max 1.00

fForey 0.45 u_: 1.00
0.45 k: 0.95

: 0.40 5t 0.90
q 033 z di&s
) 0.30 P 075
3 o 0.70

& :;i“ n: 0.65
o 2 m: 0.60
& il I: 0.55
qs k: 0.50
b 0.0 it D
h: 0.10 e oas
4 015 : .35
£ 550 o 030
H 0'25 1 0.25
5 030 c: 0.20
; 0.35 d: 0.15
b : c: 010
; e b: 008
s o a: 0.00
e R min 0.00
max 1.00
Ui 1.00

k: 0.95
s: 0.90

[ 0.85

max 3.83 P bos :<
o: 3.50 o 0.70
H 3.00 n: 0.65
::| 2.50 m: 0.60
300 |1 0.53
k 1.50 k: 0.50
i 1.00 B 0.45
i 0.50 i 0.40
h: 0.00 b 0.35
e -0.50 g: 0.30
t -1.00 1 0.25
€ -1.50 [ 0.20
d -2.00 di 0.15
c: -2.50 [ 0.10
b: -3.00 b: 0.05
a: -3.50 a: 0.00
min -3.83 min 0.00

c

Figure(3). Streamlines (left) and isotherms (right) for AR=0.23, (a) Ra=10°,
(b) Ra=10* (c)Ra=10°.
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Figure (4). Streamlines (left) and isotherms (right) for Ra=10* (a) AR=0.16,
(b) AR=0.23 (c) AR=0.28 .
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Figure (5). Variation of the local Nusselt number along the upper rod ,
AR=0.23.
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Figure (6). Variation of the local Nusselt number along the inner rod ,
AR=0.23.
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Figure (7). Variation of the local Nusselt number along the outer wall ,
AR=0.23
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Figure (8). Variation of the local Nusselt number along the upper rod , Ra=10* .
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Figure (9). Variation of the local Nusselt number along the lower rod, Ra=10*
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Figure (10). Variation of the local Nusselt number along the outer wall, Ra=10*.
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Figure (11). Variation of the mean nusselt number with aspect ratio along the
outer wall for different Rayleigh numbers .
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Figure (12). Variation of the mean nusselt number with Rayleigh number along
the outer wall for different aspect ratios .
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8. Nomenclature

AR

Cp

Nu
Num
p, P

Pr

RR

aspect ratio D/L
specific heat (J/kg K)
diameter of circle (m)

gravitational acceleration (m/s?)

heat transfer coefficient (W/m? K)

enclosure side length (m)

local Nusselt number

mean Nusselt number
dimensional and dimensionless
pressure

Prandtl number

radius of circular rod (m)

ratio of L/2R
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Ra Rayliegh number

s,S  dimensional and dimensionless local
coordinates

T temperature (K)

u, U dimensional and dimensionless horizontal
velocity component

v,V dimensional and dimensionless vertical
velocity component

Greek Symbols

b4 dimensionless stream function

0 dimensionless temperature

o thermal diffusivity (m?/s)

B thermal expansion coefficient (1/K)

p fluid density (kg/m®)

v kinematic viscosity (m?/s)
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Novel Space Time Spreading Scheme

Ahmed Abdel Hadi Fadhel

Electrical & Electronic Engineering Department
College of Engineering
University of Thi_Qar

Abstract

In this paper two spreading schemes and their detection methods were proposed and
compared. The comparison depends on the performance of each scheme in Rayleigh flat
fading channel. Space Time Spreading (STS) codes are used with Layered Space Time Codes
(LST), with Vertical Bell Laboratories Space Time codes (V-BLAST) in particular. Also,
Direct Sequence Code Division Multiple Access system (DS-CDMA) was used as a multi-
user criterion. As a result of this spreading, a simple decoding algorithm was used. The
simulation shows that STS-LST-DS-CDMA system with 3TX-3RX (3 transmitting antennas-
3 receiving antennas) using all paths between transmitter and receiver was better than LST-
DS-CDMA system by about 4dB in SNR at BER of 10™. More detailed results are shown in

Table 1. Also, the proposed scheme (may be partially) solves the problem of the code reuse.

Keywords: Space time spreading, Direct sequence code division multiple access, Layered

space time coding, Bit error rate, Flat fading.
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1. Introduction

CDMA is a multiplexing technique where a number of users simultaneously and
asynchronously access a channel by modulating and spread their information-bearing signals
with preassigned signature sequences . In the DS-CDMA technique, the serial to-parallel
converted data stream is multiplied with the spreading sequence and then the chips belonging
to the same symbol modulate the same carrier, the spreading is done in the time domain. The
modulator for DS-CDMA is shown in Figure (1) .

Foschini ! proposed a layered space-time (LST) architecture that can attain a tight
lower bound on the MIMO channel capacity. The distinguishing feature of this architecture is
that it allows processing of multidimensional signals in the space domain by 1-D processing
steps, where 1-D refers to one dimension in space. The method relies on powerful signal
processing techniques at the receiver and conventional 1-D channel codes . There is a
number of various LST architectures, depending on whether error control coding is used or
not and on the way the modulated symbols are assigned to transmit antennas. An uncoded
LST structure, known as Vertical Layered Space-Time (VLST) or Vertical Bell Laboratories
Layered Space-Ttime (VBLAST) scheme **, is illustrated in Figure (2).

Data {or code) signal Data-modulated Transmitted signal
v K1) T, signal > st)
=-"a>< ] "

V2 cos (2rf t + ¢tk Spreading signal

-

I::a::l -Hl:k:lllrf]l

Data {or code) signal Transmitted signal
N — ,:h-'.- Wi - Ty

v (¢) (S (t) a)(t) (S0

\_T/ \1_/
|
Spreadlirlg S;gnﬂ' V2 cos (2nfyt+ pit))
(b) a-it]

Figure (1). BPSK modulator for the k™ user in the DS-CDMA system.
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Figure (2). A VLST architecture.
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Figure (3). An open-loop transmit diversity.
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The Open Loop Transmit Diversity proposed in [ and the block diagram of an open-loop
transmit diversity scheme is shown in Figure3. In this scheme, two different spreading
sequences are assigned to each user. The same BPSK modulated symbols are transmitted
from two transmit antennas .. There are other space time spreading schemes can be found
in [461,

The proposed LST-STS-DS-CDMA system increases the SNR at each receiver antenna by
using all the available paths between the transmitter and the receiver antennas not like the
usual LST system which suppress the contribution of the other antennas 4] 1t doesn't require
any CSI information to be sent back to the transmitter as with MIMO beamforming system 1.
The multi-user detection also performed using the CSI at receiver only not like the Singular
Value Decomposition (SVD) procedure proposed in .

The STS scheme proposed by ! transmits the same signal over two different spreading

codes over different antennas. This scheme uses M spreading sequences for M transmitting
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antennas to each user . Since the spreading sequences are the resources in CDMA systems
and the number of orthogonal codes is limited for a given spreading gain, this will reduce the
number of users that can be simultaneously supported by the system!*. On the other hand
LST-STS-DS-CDMA system uses one spreading sequence to each antenna to all users and
another spreading sequence to each user. So, if we are using the system in ! and we have
3TX antennas and 3-users then we will need to each user 3 different spreading sequences.
While in LST-STS-DS-CDMA system with the same inputs we'll need one spreading
sequence to each user only at the DS-CDMA phase. And this spreading sequence can be
reused as a spreading sequence at one of the transmitting antennas.

The LST-DS-CDMA system is equivalent to MIMO beam former [ from the number
of paths between the transmitter and the receiver it used, but still having the advantage of not
needing any CSI at the transmitter.

The drawback of this scheme is the need for perfect CSI information at the receiver, and
care should be taken when implement it in frequency selective channel. That is because any
shift in the spreading codes will lead to destroy the orthogonality between them, which leads
to serious errors.

We didn't use 2TX-2RX system in this paper because it is believed that using Alamouti
scheme would be more advantageous from complexity, and decoding aspects.

Another spreading scheme was proposed by !, where a new method is proposed for
designing the spreading permutations based on space time block code matrices for MIMO-
CDMA systems.

2. Proposed System
2.1. Layered Space Time Code-Space Time Spreading-Direct Sequence Code Division
Multiple Access (LST-STS-DS-CDMA) System

The block diagram is shown in Figure 4. The data is first modulated by Binary Phase Shift
Keying (BPSK) modulator, then encoded using DS-CDMA encoder. It should be noted that
the length of the resulting codeword used here + the length of the code used in STS-encoder =
the length of the codeword that would be generated if using DS-CDMA system alone. So, the
bandwidth used by both systems is the same. This criterion is applied in all proposed systems
below. The data then mapped to several transmitting antennas according to LST- coding
criteria. The code used for layering is Vertical Bell Laboratories Space Time Codes (V-
BLAST). The data is then transmitted through Rayliegh flat fading channel and Additive
White Gaussian Noise (AWGN) was added at the receiver.
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On the receiver side (which is the antenna terminal of userl (U1)), the usual way is to
use for example QR- factorization to solve the interference caused by multiple signal received
at each receiving antenna, but, here we do not need it because of using the spreading sequence
and our need to this interference as it will be shown later. The De-space time spreading is
used to prepare the data to the combiner. The combiner function is to combine the signal from
the multiple transmitting and multiple receiving antennas and add the original signal and its
copies together to enhance the Signal to Noise Ratio (SNR). In other words, it is using all the
available paths between the transmitter side and the receiver side. Till now all the users have
the same data, the next step is the DS-CDMA decoder which translates this data into different
users. Then the decoded message is demodulated using BPSK-demodulator. Because this
system uses all paths between the transmitter and the receiver we'll call it all paths system.

The function of STS-LST encoder is shown in Figure (5). The function of the combiner is
demonstrated in Figure (6).

Random data Modulation DS-CDMA Space time Layering
"1 (Multi-User) encoder spreading V-BLAST
BPSK Dscdmatl encoder
BER Computation -
Plotting Rayliegh +
Ber vs. SNR AWGN
Y channel
Demodulation DS-CDMA Combiner De—Space
(Single-User) &— Decoder Enhancing [« time <
BPSK Ul / SNR spreading
DS-CDMA
Decoder
U2
DS-CDMA
Decoder
u3

Figure (4). LST-STS-DS-CDMA System.
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Figure (6). ST-dispreading and combiner block diagram.
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The combiner in Figure (6) can be simplified to give a similar structure to SVD decoder
with the advantage of not using the channel state information at the transmitter side. This is
done by multiplying each received signal at each receiving antenna by its spreading code
only, i.e.:

Let ri be the received signal at antenna i. We'll take the case where there are 3TX-3RX
antennas, and take the signal received by the first antenna as a demonstration example:

riC1" =h11xiC1" +h12x2C1" +h13x3C1" + n1C1"

CiCj" =0

CiCi" =1

riC1" = h11d1+ nic1”
Where nl is AWGN at receiving antenna 1.
Since the channel coefficients are assumed perfectly estimated, the last equation gives the
data transmitted from the first antenna. This data still having the multi-user information and
must be processed further by DS-CDMA dispreading to give each user his information.

Because this system uses one channel coefficient we'll call it one-path system.

2.2. Layered space time code- direct sequence code division multiple access (LST-DS-
CDMA) system
The block diagram of this system is similar to the block diagram in Figure (3) with

removing the STS-blocks from the transmitter and receiver.

3. Simulation results

All simulations carried out in Rayielgh flat fading channel + AWGN. The channel
coefficients are assumed perfectly estimated at the receiver. The MATLAB2009 is used as a
programming package. The Spreading Factor (SF) (Processing Gain) is 16. The results are
shown in Figure (7). The Table (1) shows the SNR values for all systems at BER of 10™.
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10 :
3= LST-STS-DS-COMA-ONE PATHA
== [ ST-STS-DS-CDMA-ONE PATH3)3 |
== [ ST-STS-DS-CDMA-ALL PATHSAX4 |

= === LST-STS-DS-CDMA-ALL PATHS3x3 |
=== | ST-DS-CDMA-SF16-3x3

10 |

5 10 15 20 25 30
Eb/No (dB)
Figure (7). BER Vs. SNR in flat fading + WAGN channel.
Table (1). The SNR values for all systems at BER of 10,
System used SNR (Ep/No) dB
LST-STS-DS-CDMA-One Path-4X4 >30
LST-STS-DS-CDMA-One Path-3X3 29
LST-STS-DS-CDMA-AIIl Paths-4X4 28.25
LST-STS-DS-CDMA-AII Paths-3X3 26.5
LST -DS-CDMA-SF16-3X3 >30
4. Discussion

From Figure (7), it can be seen that the LST-STS-DS-CDMA with 3TX-3RX system is
the best one. The LST-STS-DS-CDMA with 4TX-4RX achieves relatively the same as the
LST-STS-DS-CDMA with 3TX-3RX system. Maybe this loss of performance is due to the
amount added by using one more path (channel coefficient) and doesn't contribute too much

to the received power.
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The same thing can be said about the LST-DS-CDMA with 3TX-3RX system and LST-
STS-DS-CDMA with 4TX-4RX-one path. Also, we should note that the amount of
information conveyed by the 4TX-4RX systems is 25% higher than the 3TX-3RX systems
because of the nature of signal spreading codes that requires more information processed.

The LST-DS-CDMA with 3TX-3RX system achieves a comparable performance to
LST-STS-DS-CDMA with 3TX-3RX with one path system, with some advantage of the last
one at higher SNRs. This is because the LST-STS-DS-CDMA with 3TX-3RX system uses
two stages of spreading which leads to spread the noise then adding it and spreading it again.
As a result, some noise components may cancel each other and at the same time the SNR

increased.
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Abstract

This paper investigates the performance of stone columns in soft soil of Al-Nassiriya
city (one of Iraqi cities in the south). A geotechnical study of physical and mechanical
properties of the soil has been carried out for a selected areas from Al-Nassiriya city. A finite
difference Matlab program has been employed in simulation of installing stone columns in the
aforementioned soil. Results of the study illustrate using stone columns reduces the
settlement of the soil for different values of the modular ratio and replacement ratio, thus
the Wmax maximum settlement ratio changes from 30% to 16% of the modular ratios (E.-
/Es)=10 and 50 respectively. The effect of spacing and column width is taken into
consideration.

All results are reasonable and harmonic with most last studies.

Keywords : Geotechnical ,stone columns , finite difference .
dg paldl) diias 4y 5 u...m&'\gﬁa,\‘)aﬂﬁ daasY) aladlind Bs LS anidl

oaldiull

@ By 4y aall S sy ddwall 4y palill dae 5 mled 48yl aladind BeUS (un Gl 1aa ()
A3l Gl sl 48 ped @l g 4y pualill dipne b adl sall aa) (e Bl 23l &y a4 il Cilia gad ases e
Al 4SSl

Goan 2 gany Aalue ddpall 4 palil)l Anae Ay 5 SoilSe 73 pa0 BlSLa Canl) 138 8 iald) Cled
Gl gl =5 e 3Ly 320l (35 80 48 )l canen y Ol el aladinly dpns Aiika B8 & guinsa
Al Jlas) il el 3 yodll

Dldie e il meldecill e g sl 138 el 3¢ Ay e saaely & palil) Aae 4 5 el Al ilil) cidl

e g Al sda 8 plil) calae ) iy Ay el Aigae 4 ) Jesl) AL dad b saly) Ml S0 L sl
oS Al alad

44



Thi_Qar University Journal for Engineering Sciences, Vol. 2, No. 3 November 2011

1. Introduction

Al-Nassiriyah city, the centre (capital) of Thi-Qar governorate is situated in the south of
Iraq at about 225 miles (370 km) southeast of Baghdad. Recently many engineering projects
have been performed as a result to rebuilding movement in Thi-Qar province. The basic
construction problem is related to the foundation because the soil is soft and the underground
water exists at shallow depth of the soil.

Based on our site observations, stone columns are adopted to increase load carrying
capacity and reduce the total settlement In addition to the advantage of getting a drainage path
for solving a problem of high underground water.

The main objectives for using stone column in soil reinforcement are, to increase the
bearing capacity, reduce settlement, improve slope stability and the resistance to liquefaction
(Greenwood ,1970; Baumann & Bauer,1974; Hughes, J. M. 0. & Withers ,1974; Priebe, 1976;
Madhav & Vitkar,1978; Goughnour & Bayuk ,1979; Balaam & Booker ,1981; Schweiger &
Pande ,1986; and Canetta, & Nova,1989). In 2010 Deb studied the advantage of providing a
drainage path ( as stone column behaves similar to sand column ). Moreover soil
reinforcement by stone column can be considered as a very economic solution for soil
improvement (Al-Obaidy 2000).

A number of publications have been written on the development of theoretical solutions
for estimating settlement and bearing capacity of soft soils reinforced by stone columns.
Many researchers simulated their studies of stone columns by finite element method, see :
Acharya, et al, 2005; Al-Obaidy, 2005; Elshazly et al 2007& 2008; Frikha et al 2008; Sadek
and Shahrour 2008; and Hassen et al, 2010. Whereas others introduced their numerical model
using finite difference method such as: Buggy et al,1994; Taberlet et al, 2006; Deb et al,
2007; El Shamy, 2007; Han et al, 2007; Murali, et al 2007; and Deb, 2010.

A granular layer of sand or gravel is usually placed over top of the stone columns
(Mitchell, 1981) as shown in Figure (1). This granular layer or sand bed acts as drainage layer
and also distributes the stresses coming from the embankments.. The embankment has been
modeled by Pasternak shear layer with variable thickness as proposed by Sharma in 1989.
The granular layer and the soft soil have been idealized by the Pasternak shear layer and
spring-dashpot system, respectively as described by Shukla and Chandra , 1994 :[see

Figure (2)].

In the present study, the mechanical model shown in Figure (2) have been adopted and a

numerical study is conducted to investigate the efficiency of installing stone columns in Al-
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Nasiriyah city soil in increasing load carrying capacity and reducing the amount of settlement
of the soil.

In the present paper, there are two steps, The first one is performing laboratory tests to
get the input data which represent the case of Al-Nasiriyah city soil and then using these data
in the second step. The second one is programming the case study using Matlab program to
simulate the case of Al-Nasiriyah soil improvement by reinforcing it by stone columns have

different modular ratio and replacement area.

Footing

! G.L
ko + T e + + L v " i m
HI o ‘Granular bed

Stone columns
Soft foundation soal

2L

le o
L

Figure(1). A granular fill-stone column-reinforced soft soil system.
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Figure (2). The mechanical Model (Pasternak shear layer-stiffer spring-spring & dashpot).

2. Soil properties from experiments

Soil specimen has been taken from bore holes in Al -Shumukh area in Al-Nasiriyah city
and number of soil samples have been tested. The laboratory tests are carried out in the
National Centre For Construction Laboratories (NCCL) at Thi-Qar governorate & the soil

mechanics laboratory at Civil Engineering Department, College of Engineering, University of
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Baghdad. The geotechnical properties for soil are determined according to the American
society for testing and material (1984) and standard procedures adopted by the British
standard (BS1377; 1975).

Figure (3) shows the soil profile for site study, while Table(1) represents a complete
summary of all laboratory test results which belong to Al- Shumukh area soil which has been

simulated to be reinforced with stone column.

N.G.L
Sandy silty clay, High liquid, plastic A\ G

Clay=52%, silt=46%, sand=2%

Sandy silty clay, High liquid, plastic
Clay=49%, silt=45%, sand=6%

Sandy clayey silt, High liquid, plastic
Clay=41%, silt=53%, sand=6%

Sandy silty clay, High liquid, plastic
Clay=46%, silt=45%, sand=9%

Sandy clayey silt, High liquid, plastic
Clay=33%, silt=60%, sand=7%

Sandy clayey silt, intermediate liquid, plastic
Clay=24%, silt=62%, sand=14%

Sandy clayey silt, intermediate liquid, plastic
Clay=25%, silt=60%, sand=15%

Sandy silty clay, High liquid, plastic
Clay=47%, silt=38%, sand=15%

Figure(3). Al -Shumukh area soil profile.
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Table (1). The physical and mechanical properties of the soil of Al -Shumukh site in
Al-Nasiriyah city.

Total
Depth of Specific . Swelling Mechanical
Index tests density

sample (m) gravity potential Properties

glem®

3.Theoretical analysis
The uniform load of intensity (q) which is applied on the foundation of 2B width at time
(t>0)is expressed by Deb et al in 2007 for the same mechanical visco - elastic model shown in

Figure (2) as follow:

0w
=q, - GH 1
q=q, P (1)

Where:

Qs Vertical stress acting on the saturated soft foundation soil

H: thickness of the granular layer placed over the soft soil

w (x,t): vertical displacement

G: shear modulus of the granular layer which can be expressed based on hyperbolic shear
stress- shear strain response proposed by Gosh and Madhav (1994) as:

GO

2

[l+ Go/a%X]
z-U

Where Gy and 7, : initial modulus of the shear layer and ultimate shear resistance of the

granular layer respectively.
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The vertical stress gs at time (t>0) considering the hyperboilic non-linear stress-displacement
relationship and the consolidation effect of the soft soil can be expressed as Deb et al in 2007
as the following equation:

KW
UfL+k(w/a, )]
Where:

kso: initial modulus of a subgrade reaction of the saturated soft soil

g = )

gu: ultimate bearing capacity of the saturated soft soil
U: average degree of consolidation at any time (t)

By substitution eg. 2 in eg.1 that yields:

Ky oW o*w
= : ~GH 3
=k, wa)l o e )

Since the vertical stress acting on the stone column is qc=Kkcow
(where: keo: modulus of the subgrade reaction of the stone column)
Eq.3 can be written in the following form to govern the differential equation within the stone

column region:

o°w
q= chW_ GH 6X2 (4)

Using the non-dimensional parameters as:
X=x/B,W=w/B, G"=GH/ksB? Go = GoH/ kB%q = q / keoB , g =qu/ksoB, 7. =7H/ksoB?, o=
Keo/ Kso, qs*:q/ ksoB QC*: 0s/KsoB, qc*:aW

The governing differential equation at time t>0 can be expressed in a non-dimensional
form as:
o°w
ox?

q =CW -G’ ®)

Where:
1

C= within the soft foundation
Ult+w/q)]

=a within the stone column region

The modulus of the subgrade reaction of the soft soil (spring stiffness) can be expressed
in terms of the modulus of elasticity and Poisson ratio ,see Bowels in 1988:
E

k, = : 6
: Hs(1+:us)(l_2:us) ( )
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Where :
Hs: thickness of the soft soil
Es: modulus of elasticity
LUs: Poisson’s ratio

The modulus of the subgrade reaction of the stone column using stone column length
equal to the length of soft soil according to the above equation will be:

E

o T T p )i 20) )
Where :
H.: length of stone pile

E.: modulus of elasticity of the stone column
L Poisson’s ratio of the stone pile
Thus the subgrade modulus or spring constant ratio (o) can be calculated as:
_ (@t p)i-2u) E, (8)

(L+ 1 J2-2p, ) E,

The degree of consolidation of the stone column-reinforced soft soil at any time has
been calculated as mentioned by Deb et al in 2007 , in which the width of the plain strain unit
cell is taken to be equal to the diameter of the unit cell in the axi-symmetric condition , they
introduce An approximate solution if U is greater than 30% to be expressed as..

U — 1_ %exp_[B/F(NPL )]Tr' _[”2/4]1-\; (9)
T

Where

T'=c! t/4B2 : a modified time factor in the radial flow, B, is half plain-strain unit cell width

T, =c/t/H?:amodified time factor in the vertical flow

F(Np )=2/ 3, Npl is width ratio (=2Be/by), by is width of the stone and Cv are modified

coefficient of consolidation in radial and vertical directions respectively

1 1
c. =c |1+ and ¢ =c |1+
r I’{ ﬁNZ _1j A V{ ﬁNsl _1j

pl

' ’
¢ and % are modified coefficient of consolidation in radial and vertical directions

[ is the stress concentration ratio as the consolidation complete

= 55 where & is the Poisson ratio factor which equal to: L+ p =20, J1- 1)
Es (1+,uc )(1_2#0 Xl_,us)
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4. Presentation of the implemented program

The application of the theory developed above is obtained with the help of the
MATLAB Virgin R2008b , its software offering various functions and facilities to compile
and to visualize complex mathematical operations. The implemented program is subdivided
into different logic subprograms accomplishing specific tasks from data input to output
visualisation .

The governing differential equation (eq.5 in the previous section)has been programmed
using finite difference method by dividing the length L/B into n number of elements with
(n+1) number of node points (i =1,2,3,4 to n);thus, the mesh size (AX) can be expressed as,
AX . the governing differential equation in a finite difference form, for an interior node (i, j )
(where i and j are the indices for space and time, respectively) as expressed below:

W, . —2W. . +W. . .
+ C W. . _Gt i-1,j i,]j i+1,] 10
q| Lt |: (AX )2 :| ( )

where
1
Ci= -
SV VY|
=q within the stone column region

withinthe soft foundation soil

One half of the system is depended as the problem is symmetric,. Thus, at the centre of
the loaded region X =0 or x=0, due to symmetry, the slope SW/oX will be zero. The width of
the granular fill considered in the analysis is sufficient enough so that at the edge [at X =L/B
(or x =L)] the slope oW/0X of the settlement-distance profile will also be zero.

The continuity at the edge of the stone columns is automatically satisfied. The loading
conditions considered are given as:
qi*(X):q* f0r|X| < 1.0

(11)
=0 for |X|y 1.0

5. Results and discussion

Figure (4) illustrates the variations of maximum settlement ratio of the improved ground
to that of an unimproved ground with replacement ratio a/b (where a=bw/2 and b=s/2, where
s is the center to center distance between the stone columns) .1t can be observed from Figure
(4) that, when a/b is zero (no stone column) no reduction in the maximum settlement has been

observed, but as the value of a/b increases settlement decreases and when a/b is 1, in that case,
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the soft foundation soil is completely replaced by stone columns, and reduction of the
settlement is maximum at that point. As the stiffness of the stone columns is increased
compared with the soft foundation soil, settlement is reduced further. This is because of the
fact that as stiffness of the stone columns is increased more stress is transferred onto the stone
column from the soft soil due to their stiffness difference which causes more settlement
reduction. However, after a/b=0.5 , no significant change in the amount of the maximum
settlement ratio.

Figure (5) shows the effect of the modular ratio Ec/Es on the amount of the maximum
settlement. Obviously, it can be seen that as the modular ratio EC/Es increases as the
maximum settlement decreases, thus the value of the maximum settlement ratio ranges
between 0.3 and 0.15 for modular ratios Ec/Es from 10 to 50. That may be explaining how
the stiffer stone column carries more load which subjected on the composed cell of stone
column and its surrounding area.

The relationship between maximum settlement and the ratio of spacing and the width of
the stone column s/b,, for different values of the modular ratio is shown in Figure (6). There is
a remarkable change in the value of the maximum settlement with respect to the ratio of s/by,.

The results of this study are harmonic with last the studies results such as Balaam and
booker 1981; Alamgir, et al 1996 and Al-Obaidy, 2005.
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Figure(4). The maximum settlement ratio versus the replacement ratio.
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6. Conclusion

From the above discussions it can be said that the installation of stone column in Al-
Nasiriyah soil is quite useful to reduce the amount of settlement and subsequently increasing
the amount of the bearing capacity , thus the maximum settlement ratio changes from 30% to
16% of the modular ratios (EJ/Es) =10 and 50 respectively. In addition there is an advantage
of getting a drainage path for the stone column acts as sand drain for solving a problem of
high underground water in Al-Nasiriyah soil. Moreover the material of stone column is very
cheap if compare with others material ,s0 it can be considered an economic solution for

ground improvement.
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Modeling of the Dissolved Oxygen Profile in Marsh Water by
Numerical Solution of ADE Using Finite Difference Method

Mohammed Dekheel Selman
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Abstract

To evaluate the environmental impact of pollution, mathematical models play a major
role in predicting the pollution level in the regions under consideration. Computer models are
becoming increasingly important tools in every environmental management aspects.
A general one dimensional water quality model (Advection-diffusion Equation ADE) has
been developed the dissolved oxygen in Abu-Zirig marsh water. The general one-dimensional
model equation was solved using the numerical solution by finite difference discritization and

procedure was prepared by writing a computer program in MATLAB program (version 7.6).

Keywords : Finite difference , water pollution , dissolved oxygen.
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1. Introduction
Marshes of Iraq are located in the Southern part of the country. They cover an area of
about 20000 km?. Abu Zirig marsh is located in the south of Iraq, at the tail end of Gharraf
River southerly of Al Islah District in north of Nassiriah Governorate. This marsh is located in
the west of the marshes in Iraqg in longitude E 46° 36” 33.0” and latitude N 31° 09’ 54.9” in
north of the marsh, as shown in Figure(1).
The two main towns around the marsh are the cities of Al Islah (pop. 9,000) in the north
and Al Fuhud (pop. 18,000) in the south. Scattered villages of fishermen are located all along

the embankments that surround the marsh. [
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Site Location: Lat (N) 31°09'54.9", Lon (E) 46° 36' 33.0"

Tall atar®

o s i
Sl Gayyarany’ Iran

SYRIA

Ar Ramad

Ar Ruthah Al Fallijal
Lake Razazal

SVRIAN DESERT

JORDAN

‘Ama

An Nasiriyal
P et

alman, Lghe Hannic ;\_ B
' 5 o % % . 1. TR TR
Takhadi | 44 LURaHIE NN Qagr = i, e Al
o N |

.
r-Rukbaymiyah KUWA]T :
= *,, Persian
o, Guif
0

SAUDI ARABIA

e
.
.
.
.
.
.
. 3
. 1
.
.
.
.
.
.
-

Figure (1). The location of Abu Zirig marsh in Irag. ©
Most of the researchers studied the water quality parameters in Iragi marshes, but the
studies about the modeling of pollutant transport in the marsh water are limited. The Abu
Zirig marsh water is used for a several purposes mainly as potable water and for irrigation,
The major sources of Abu Zirig marsh water pollution are industrial effluents released
through shat-Algharaf and municipal wastewater.

The marsh is located in a natural depression. A series of embankments, built in 1920,
protects the agricultural farms around the perimeter of the natural depression that forms the
deep marsh of Abu Zirig. The main supply of water to the marsh is through Shatt Abu Lihia
and the channel of this river runs through the marsh until it dissipates at the tail end into the
larger marsh (Central Marsh). This marsh re-flooded in June 2003 as a result of the direct
action of the local population. The area is about 120 km?, and recovery is progressing very
well, with reeds growing higher than 2 meters. Water flow into the marsh has been regulated
in the Gharraf River. As a result of regulation of Gharraf River, the marsh remains in a very
healthy state, despite the oncoming of summer months.?

Abu Zirig marsh is about 3% of all marshes in Iraq, and dried in 1991 with all the

central marshes. This marsh has a single inlet in the north (Gharraf River) and 20 small
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outlets in the south. These outlets discharge to the central marsh (Qurnah Marsh) between
Tigris and Euphrates ™!, This marsh is divided into two zones ,the first zone is the upper zone,
and other zone is the lower zone, which are divided by road, as shown in Figure (2). This road
has pipes and broken areas in 6 points collection between them 1,
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Figure (2). The upper & lower zone in Abu Zirig marshes.
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3. Previous studies

Hassan F. M. (1988) studied the physical and chemical properties of Hammar marsh
and their effects on the plants. This study covered the water temperature, pH, and electrical
conductivity in Hammar Marsh seasonally for one year. He found that water temperature
ranges from 9.9 to 34.3°C, the pH ranges from 7.2 to 8.7 and conductivity ranges from 1730
to 7100 uS/cm.

Hussein N. A. (1994) studied the main marshes, and made many measurements like
air temperature, water temperature, salinity, pH, conductivity, and dissolved oxygen with
some chemical, physical, and biological parameters. All these studies were seasonally in all
the marshes in south of Irag. These researches indicate that salinity increased to 6.250 ppt
(parts per thousand) in 1991 depending on the inlet water from Tigris and Euphrates and there
is more than the salinity in the northern part of the rivers. The D.O. depends on the plants and
is less than 4 mg/l in the closed area.

Schaffranek, R.W., and Lai, C., (1996), used the friction-slope term in the unsteady
open-channel flow equations which were examined using two numerical models based on
different formulations of the governing equations and employing different solution methods.
Results of numerical experiments illustrate that a given model can respond inconsistently for
the identical resistance-coefficient value under different types and combinations of boundary
conditions. Discussion of qualitative considerations and quantitative experimental results
provides insight into the proper treatment, evaluation, and significance of the friction-slope
term, thereby offering practical guidelines for model implementation and calibration.

Chapra (1997) classifies water quality models as empirical and mechanistic models.
The empirical models are based on an inductive or data-based approach. It involves obtaining
set of model input data from many systems that are similar to the water system going to be
modeled (Chapra, 1997). The mechanistic models are based on a deductive or theoretical
approach. The mechanistic model involves the use of theoretical relationships or organizing
principles.

IMET and IF-2 (2004) calculate the area of water surfaces of all big marshes. The area of
water surfaces of the Central Marsh is about 3000 km2. 700 km? of the Central Marsh are
natural lakes with a flow rate of about 400 m?3/s. with an average depth of about 1.75 m and
salinity ranging from 0.2 ppt to 1.5 ppt. The area of water surface of Hawaizah Marsh is about
3500 km? and 650 km? of Hawaizah Marsh is permanent marsh with average depth of 2.5 m

and salinity ranging from 0.3 ppt to 2 ppt. At flood season, the area of water surface of
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Hammar Marsh reaches 3000 km? and the total storage of 5 BCM (billion cubic meters). At
dry season, the area of water surface of Hammar Marsh is 600 km? and the total storage
capacity is approximately of 0.18 BCM, with a high salinity of about 0.5 ppt to 10 ppt.

4. Data collection

4.1 Hydrological balance(water —budget)

Discharge: The marsh, for this purpose has been divided into two sectors namely the
Upper zone between Islah and Said Yousha’a road embankment and the Lower zone between
Said Yousha’a and Al Fuhud Figure (3). Discharge inlet to the upper zone in Islah Breach is
computed and output discharge in Al- Subahaa and Abu Al-jarry was also estimated the
output discharge is the same input discharge to the lower zone of Abu Zirig marsh output of
the lower zone and marsh also computed, It should be noted that when water levels are high,
the culverts built under the embankment suffer from piping and frequent road cuts result this

past flood season from the high water flows.

s
shatrah Arab
Sayhud

Said Yousha'a
road embankment

Figure (3). The hydrologic network and the road halves
Abu Zirig marsh to the upper and lower part.
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Discharge is calculated upstream Islah bridge in Abu Lihia River at the tail end of
Gharraf River before interring the marsh, the discharge is calculated at this location by a stage
measure which is readily available to measure the water surface elevation (it is attached to the
bridge) and so as to be able to account for the water losses between inlet area and the main
entrance to the marsh.The values of discharge are listed in table (1) from April 2004 to March
2005 " average flow through this location is 32.485 m?/s.

The second location for computing discharge is the Inlet area at the Islah Breach this is
the main inlet to the marsh. Water entering this section should be the one measured at
upstream Islah bridge minus the one exiting at Islah Channel. In reality, it is not always
possible to balance this simple equation (possibly due to error in the measurements as well as
uncounted outlets or losses). The average flow through this location is 25 m*/sec. It also
should be noted that water fluctuation during the months is not directly related to water
availability in the rest of the country (Rzoska J. at.el 1980)°!.

It has been observed that, when water discharge exceeds 25-30 m*/s at the Islah Bridge,
this might cause dangerous conditions inside the marshes both for the local population (which
gets flooded) and the vegetation (which starts dying due to the excess of water). It should also
be noted that, during December 2004, the local population opened a second breach along the
north embankment ™ so as to modify the amount of water entering Abu Zirig from the Islah
breach.

The third location is the output from upper zone in which there are many output from this
zone (between al-subahaa &al-smesm,al-subahaa and Abu Aljarry)this location represents the
inlet supply water to the lower zone in the marsh.

The forth point represent the output from the lower zone and marsh these pohnts located
in right and left Al-Fhud city

Table (1) presents a detailed description of each everage inlet and outlet discharge in
Abu Zirig marsh for 2004 and 2005,
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Table (1). Water balance between Upstream ,Upper &lower zone.

Average discharge

Upper zone Lower zone
In Out In Out
Apr 04 46.01 32.133 | 18.33 18.33 1.43
May 04 33.28 22.42 14.52 14.52 12.49
June 04 34.23 28.06 | 18.06 | 18.06 16.63
July 04 25.08 24.42 | 16.303 | 16.303 | 15.868
Aug 04 19.28 17.5 15.214 | 15.214 14.703
Sep 04 32.167 28.12 | 16.938 | 16.938 15.62
Oct 04 42.067 31.774 | 25.882 | 25.882 5.877
Nov 04 24.574 18.5 9.278 9.278 6.369
Dec 04 27.45 19.867 | 11.25 11.25 9.375
Jan 05 42.45 33.32 21.75 21.75 17.5
Feb 05 44.56 32 20.55 20.55 17.765
Mar 05 38.65 13.45 13.45 11.45

months Upstream

Table (2). Monthly water quality.

Discharge Dissolved

Q Oxygen
m*/s Ppm

Velociy
m/s

28.08 7.7 0.334

5.506 0.19
0.212 0.012

16.38 : 0.31

7.989 0.27
3.745 0.57

28.06 : 0.46

11.36 1.08
7.8 0.39

21.6 0.28

9.55 0.99
3.637 . 0.24
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Figure (4). Discharge upstream Islah bridge in Abu Lihia river.
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Figure (6). Inlet and outlet discharge from lower zone.

4.2 Dissolved Oxygen

Oxygen is required to support aquatic life and maintain water quality, it is the most
important dissolved gas in water. Water in equilibrium with air at 25°C contains 8.3 mg/L of
dissolved O,. Although water molecules contain an oxygen atom, this oxygen is not available
for aquatic organisms use in natural waters. A small amount of oxygen, up to ten molecules of
oxygen per million of water, is actually dissolved in water. Fish and zooplankton breath

dissolved oxygen, and without sufficient oxygen mortality will occur.

12.0 -

10.0 A1 —

Dissolved
Oxigen
[mg/l]
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6.0
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Figure (7) .Dissolved Oxygen concentration for three parts of Abu Zirig water.
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5. Mass transport terms for deriving the basic model

The 1-D transport equation can be generalized for dissolved oxygen constituent as :

oM a[ADaaCj a(AvVC) dC
- X/ dx - dx + (Adx)— + S (1)
ot OX OX dt
Where:
. M = mass (Kg)

» X = distance (m)

* t =time (Sec.)

« C = concentration (Kg m™)

« Ax = cross-sectional area (m?)

« DL = dispersion coefficient(m?.sec.™)
U = mean velocity (m. sec™)

« S= external source or sinks (m. sec™)

5.1 Assumptions and functional modifications

The basic equation solved in the study was the one dimensional advection-dispersion
mass transport equation as defined by (Eqg.3 and 4). In the study, this general equation was
modified based on the following assumptions:

Because M = VC, we can write

M _aCv’) _-C LoV @
ot ot ot at

. . . 0 oV
e With steady state, non uniform flow velocity i.e EQ =0,—=0.
e No external source or sink therefore, the term (S=0).
e Conservative (non-reactive contaminant) was considered V (jj—ct: =0

Divide equ.(1) by V™ = Adx becomes
a[oacj
o _ ox ) o)

- 3
ot OX OX ®)
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2
€ _pC_y € @
ot OX OX

Clearly, Equation (3) demonstrates the direct dependency of pollutants transport to
longitudinal dispersion coefficient. Owing to the importance of longitudinal dispersion
coefficient in water quality related issues, many studies have been developed to predict
longitudinal dispersion coefficient in surface water after the first study of Taylor in 1953.
When the 1D dispersion model is applied to predict concentration variation in surface water,
the selection of a proper dispersion coefficient is the most important task. When mixing and
dispersion characteristics are unknown, the dispersion coefficient can only be estimated using
empirical or theoretical equations .

According to the comparative examination made on these eight methods, the equation
developed by Deng et al. (2001) is found to be most reliable method for predicting
longitudinal dispersion coefficient

Therefore, in the study the empirical relation developed by Deng et al (2001);

Equation (5), was used for determining the dispersion coefficient of the surface water.

D _%,{ﬂj% *mz (5)
HU 8*¢ (H U
& :0_145+[Lj*[lj*[\’l) (6)
3520) (U H
U =,/gsH (7)
AR (8)
v
9
woV 9)
H
Where:

* H = marsh depth (m)
* W = marsh width (m)
» U = marsh bed shear velocity (m/sec.)

67



Thi_Qar University Journal for Engineering Sciences, Vol. 2, No. 3 November 2011

e 0= gravitational constant.

e S =slope.

5.2. Numerical solution

All the above discussions are aimed on providing the model framework for the marsh
which obtains solutions numerically (or the computational representation of the marsh). Due
to the complexity of water quality modeling, it has been shown that the most appropriate
approach is to utilize numerical solution techniques rather than analytical approaches
(Marquette, 2005).

Therefore, in this study, a forward finite difference scheme based explicit finite
difference discretization method was applied.

The upper limit of the study area is located between latitude N 31° 09' 55" and latitude N
31° 06' 25". The lower limit of the river section was estimated about 10.3 Km downstream
from AZ14 and located between latitude N 31° 02' 31" and latitude N 30° 59' 02".

All the above discussions were aimed to provide the model framework for the marsh.
How the model obtains solutions numerically (or the computational representation of the
marsh) is presented.

To apply the finite difference method, the spatial domain [0, xf was divided into M
sections, each of length Ax = xf/M, and divided the time domain [0, T ] into N segments,
each of duration At =T/N, and then replace the second partial derivative on the left-hand side
and the first partial derivative on the right-hand side of the equation (4) by the central

difference approximation and the forward difference approximation, respectively, so that we

have:
kil _ ~k k _ork k k _ck
Ci CI — D C|+1 2C|2 +C|—1 _V C|+1 CI (10)
At AX AX
C'=@1-2r-a)C* +(r+a)C¥, +rC¥ (11)
i - i i+1 i-1
Which:
_D At2
if (12)
Ax (13)
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Equation (10) represent a set of simultaneous linear equations whose solution provides
the values of for all i's. MATLAB computer language was used for solving this problem.

The model input data has an average values for flow rates, velocity, slope, marsh depth
and width.

Initial concentration of dissolved Oxygen:

C(x,0) = 0 for lower and upper parts if the marsh.

Boundary conditions with average values:

C(0,t) = 7.3 (upper part) and 6.6 (lower part).
C(xf,t) = 6.6 (upper part) and 6.25 (lower part)

6. Result and discussion

The contaminant transport model was solved by implementing the explicit finite
difference numerical scheme, while varying the different parameter values. In general, a
decrease in contaminant concentration was observed. The concentration of the point source
measured for different time periods. The results calculated using the model are displayed in
Figures (8,9,10 and 11).As shown in the figures the peak of the spill spreads as time
progresses and progressively decays due to dispersion. As it was shown in Figure (8), the
peak point reaches about 2 mg/l at t= 10 min.(r=0.1) for upper part and less than 2 mg/l for
the lower part In Figure (10) and (11), after 1/2 hr time (r=0.3), the same effect but more
decay in concentration due to the dispersion of the chemical and this peak point moved to the

last nodal point due to advection mass transport.
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Figure (8).The spatial distribution of D.O conc. in the upper part after 10min .
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As it was shown in all Figures, the concentration of the conservative chemical reaches a
constant concentration level. A transition approaches a constant pattern, which is an
asymptotic shape in which a zero concentration gradient reached with the upstream. The time
required for reaching this onstant concentration point varies from location to location. Such
curves are referred to as “breakthrough” curves and they are used extensively in both surface
water problems context. One of the important uses of these breakthrough curves is in
determining the rivers flow and transport properties, particularly for determining the mean
advective flow velocity and longitudinal dispersion coefficient of marsh and surface water. As

displayed .

7. Conclusion

This paper describes the development of explicit finite difference central scheme for an
advection diffusion method. The final model was\used to predict the dissolved oxygen
concentration. A general one — dimensional computer based mechanistic water quality model
has been developed for the upper and lower sections of the Abu-Zirig marsh water. This
general water quality model can represent the fate and transport of any contaminant transport

in the long sections of the Marsh system.
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Duplex Inhibition of CO2 Corrosion in Iragi Oilfield
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Abstract

New method for inhibition CO2 corrosion in Iraqi oilfield was used in this work. This
new method included using combination of heat treatment of steel and added Aromatic
(Tetrahydronaphthalene) compounds as corrosion inhibitor in different concentration (0.05%,
0.1%, 0.2%, 0.5% and 1%). The results referred that the weight loss was reduced as inhibitor
concentration increased for all conditions of specimens whether, there were heat treated or
not. The combination of annealing heat treatment of samples and using Aromatic compounds
inhibitor offered a better corrosion resistance than the combination of quenching + tempering
(Q+T) samples. The presence of inhibitor improves the corrosion resistance for annealed
samples. For fully annealing, the weight loss was 5 times lesser than that for (Q+T) samples,
while the weight loss of steel (as received condition) was 3 times lesser than that for (Q+T)
samples.

Keywords :Inhibition, Oilfield, CO2 corrosion, heat treatment, Aromatic

(Tetrahydronaphthalene) , annealing, quenching , tempering weight loss, efficiency.
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1. Introduction

Corrosion in the oilfield is defined as deterioration of a metal by chemical or
electrochemical reaction with the environment. Low carbon steel is the most common metal
that is utilized in oil and gas production ¥2. CO2 and H2S gases in combination with water
are the main cause of corrosion in oil and gas production. The most predominant form of
corrosion encountered in Oil and Gas production is the one caused by CO2 ! Carbon steel
has low resistance to CO2 environments, it is widely used in the petroleum industry mainly
due to economical reasons . What makes feasible the use of carbon steels is the natural
precipitation of protective iron carbonate (FeCO3) .

The oil and gas industry has been given much attention in recent years because of an
increased tendency to inject CO2 into oil wells to reduce the viscosity of oil and increase its
production !,

Carbon dioxide that dissolves in water lowers the pH of the water and increases the
corrosion rate. The pH of the water will increase (because of CO2 evolution) at lower
pressures. It should be noted that calcium carbonate and calcium sulfate scales often occur at
points where there is a drop in gas pressure 341 Carbon dioxide dissolves in water to form
H2CO3 carbonic acid (H2CO3) is produced with the characteristic that is more aggressive
than hydrochloric acid at the same pH ). Carbonic acid reacts directly with iron to form
Fe2CO3. The reaction is: H2CO3 + Fe -» FeCO3 + H2

Inhibitor protection seems to be one of the most appropriate and cost efficient ways to
address the CO2 Corrosion problem ® ™ The inhibitors applied during the operation of oil
equipment and pipelines should satisfy a number of engineering requirements: they should be
soluble or dispersible in water or brine, they should be easily separable, they should ensure a
highly protective effect, they should prevent the formation of pitting, they should prevent the
hydrogenation of steel (in the case of the presence of H2S), and they should be non-toxic.

The more the inhibitor is maintained in the solution, the more the corrosion rate decreases
up to a certain concentration which is defined as critical concentration of inhibitor. From the
economical point of view, it is desirable to maintain the inhibitor level just on critical
concentration, but the corrosion rate increases sharply if the inhibitor concentration become
under critical value.

Selection of a particular corrosion inhibitor is usually made based on the f of corrosion,
the type of production, prior experience, and laboratory or field testing . Corrosion

inhibitors which used for oil field applications are very complex compounds. The most
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effective corrosion inhibitors, which have been widely used, when carbon steels are exposed
to CO2 environments, can be sorted into four generic groups: amine imidazoline, amines and
amine alts, quaternary ammonium salts, and nitrogen heterocyclics. Inhibitors fall into four

general categories based on mechanism and composition. These categories are ™ ™

1- Barrier layer formation.

2- Neutralizing.

3- Scavenging.

4- Other environment modification.

Adsorption-type inhibitors are the most common barrier layer inhibitors. These inhibitors
form a stable bond with the metallic surface. Typical examples of this type of inhibitor are
organic phosphates and chromates. In general, these organic compounds are adsorbed and
form a stable bond with the metal surface. The successful application of carbon steels in oil
and gas pipelines and production tubular in CO2 containing environments depends mainly on
the formation of protective corrosion product film or the use of corrosion inhibitors .
Barrier layer formation inhibitors form a layer on the corroding metal surface, modifying the
surface to reduce the apparent corrosion rate. They represent the largest class of inhibitive
substances.

There are three standard treatment methods used for corrosion inhibition in oilfield * .
Continuous treatment, displacement treatment, and squeeze treatment. Continuous treatment
involves continuous injection of corrosion inhibitor into the production stream. Treatment
concentrations normally range between 5 — 15 ppm for liquid production depending on the
concentration of the corroding. The treatment concentration for gas production may be as high
as 100 ppm B,

Displacement treatments involve filling the production tubing with corrosion inhibitor,
allowing it to stay in contact with the tubing for a period of time (up to several hours) and
then producing the inhibitor back through the production equipment. Squeeze treatments are
similar to displacement treatments except that the corrosion inhibitor is pumped into the
formation. These two treatment methods are usually used in wells with lower production
rates.

The use of inhibitor in CO2 corrosion of carbon and low alloy steels with different
chemical composition or different microstructure are not recognized in the literature. These
variables are independent; different inhibition can be obtained for different microstructure

with addition of different inhibitor or different inhibitor concentrations. Some authors & &
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reported the effect of one of these parameters without taking into account that the other & 7+
has been also modified. Also the influence of microstructure on the inhibitors performance is
still lacking.

The aim of the present work is to use new method for inhibition CO2 corrosion in Iraqi
oilfield. The new method included using combination of heat treatment of steel and added
corrosion inhibitor at different concentrations. The effects of water content in oil and the
effects of carbon steel microstructure on the efficiency of corrosion inhibitors in CO2

environments is also considered in this work.

2. Experimental
2. 1 Material & specimen preparation

Carbon steel is the most commonly used materials in the fabrication and manufacturing
of oil field operating platforms because of their availability, low cost, ease of fabrication, and
high strength, therefore rectangular specimens of a carbon steel grade API 5L X65 were used
in this research. These specimens were obtained from Kirkuk oilfield. The chemical

composition of the investigated specimens was given in Table (1).

Table (1). Chemical compositions of carbon steel samples.

Element

Wit% Remains

The specimens were sequentially polished with 240, 320, 420 and 600 grit sandpaper.
Then the specimens wash with running tap water followed by distilled water, dried with clean
tissue paper immersed in acetone & further cleaned successively with in an ultrasonic bath for

2 minutes. The final dimensions of the specimen were 10mm x 20mm x100 mm.

2.2 Heat treatment
The heat treating procedures were as follows:
2.2.1 Annealing; the specimens were heated to 850 °C in a rotary —diffusion vacuum
furnace type (Vacscal VS2) for one hour and then slowly cooled to room temperature.
2.2.2 Quenching; the specimens were heated to 850 °C in vacuum furnace for one hour
and then quickly cooled in water bath to room temperature.
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2.2.3 Tempering; the quenching specimens were tempered by raising the temperature to
430 °C in vacuum furnace for 2 hours and then slowly cooled down to room

temperature.

2.3 Solutions
2.3.1 Solution composition

Table (2) showed the chemical composition of water produced with oil in Kirkuk oilfield
from well no. K184. Sodium chloride concentration varied within the range 26000-27000

ppm. A sketch of oil field gathering system is shown in Figure (1).

Table (2). Chemical compositions of water produced with oil.

Component NaCl CaHCO3 CaSO4 CaCl2 MgClI2

Conc.(ppm) 26500 5670 3450 513 3780

In the present work, water simulation is based only on NaCl concentration of highest
level 27000 ppm in distilled water by using equivalent weight of analar NaCl i.e. 27000 ppm,
the brine solution was prepared by dissolving analar NaCl in distill in distilled water was
being used as the single phase. Different water concentrations of water in oil were used as
following: 15%, 25%, 35% and 45%. The solution was saturated by CO2 with pH =5 and
pCO2 =0.54 bar. The experimental conditions are summarized in Table (3).

2.3.2 Inhibitor addition

The Aromatic compounds are chosen in this work to be good a corrosion inhibitor for
CO2 corrosion % 1. This compounds were imported from " Akzo Nobel Surfactants
company, Stenungsund ,Sweden " .

Aromatic compounds — adsorb onto the steel surface by sharing =-electron density from
the aromatic ring with the metal surface. This binding can possibly decrease corrosion rates or
change the steel-oil interfacial tension. The aromatic chosen for this study is
tetrahydronaphthalene in different concentration 0.05%, 0.1%, 0.2%, 0.5% and 1%.
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Table (3). Experimental conditions and measurements.

Total Pressure 1 bar
pCO2 0.54 bar
Temperature 25+2°C
Water conc. in oil 15%, 25%,35% and 45%
pH 5+0.05
Material X65 steel
Aromatic (1,2,3,4-Tetrahydronaphthalene )

Inhibitor C1ole

(Molecular weight g-mol = 132.2)

Inhibitor concentrations (0.05,0.1,0.2,0.5and 1) %
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Figure (1). A sketch of a typical oil field gathering system.

2.3.3 Inhibitor Efficiency (i)

November 2011

The inhibition efficiency (1) as calculated according to the following equation ™:

» = [(Wu-Wi)/Wu]x 100

Where:
Wu = weight loss of metal in unhibited solution.
Wi = weight loss of metal in inhibited solution.

2.4 Weight loss technique

1)

The glass cell (beaker) was filled with 250 mL of tested solution that was purged with

CO2 during 2 hrs prior the immersion of the metal coupons. After 2 hrs the oxygen

concentration was measured to be less than 10 ppb and the pH was constant (5 £ 0.5) meaning

that the system was in equilibrium and saturated with CO2. The pH of the test solution was

adjusted to the desired pH by adding deoxygenated hydrochloric acid solution (HCI). It is

important to point out that the CO2 injection was maintained during the test with the aim of

avoiding any oxygen contamination. The cleaned specimens were weighed and exposed to the

tested solution. Only one specimen was suspended in each beaker. Test duration was 24 hrs.
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After each test, specimens were visually observed. At the end of the experiment, the
specimens were final cleaning with brush to remove the corrosion products, immersed in 5%
HCI containing hexamine, washed by tap water, rinsed with distilled water, then left to dry
and accurately weighed to the 4™ decimal of gram. A digital balance with 4 decimal points
was used weight the specimens,(type Sartorius BL 2105 Max. 210g, d= 1mg, Germany). The

mean value of the weight loss in milligrams was calculated for three test specimens. .

3. Results and discussions
3.1 Effect of water content

The effect of water content in oil solution was studied for the percentages (15%, 25%,
35% and 45%). The carbon steel was found to corrode in the tested solution as shown in
Figures (2-4). This was evidenced by the decrease in the original weight of the specimens as
the water percent increased. Depending on the water content in oil, the weight loss increase in
order:

45% (H20) > 35 % (H20> 25% (H20) > 15% (H20)

These findings were in agreement with results in works ™ °!. The increase in weight loss
at high water concentration can attribute to mass transfer rate leading to more water bubbles
colliding with the metal surface [\ The water slugs in oil flow pattern appear at high ratios of
water in oil (35% and 45%). The slugs of water make good contact with the metal surface.
Hence the system is controlled by oxygen diffusion rate.

3.2 Effect of inhibitor concentration

It was observed from Figures (2-4) that, in all cases studied the extent of weight loss
decreased with increase in the concentration of the inhibitor. However, the extent of inhibition
did not increase in proportion to the increase in the water content in oil, i.e. the inhibitor
works relatively more efficiently in dilute solutions of 35% water content in oil. At an
inhibitor concentration of 0.05%, the weight loss was 216 mg, whereas when the inhibitor
concentration increased to 1%, the weight loss became 102 mg in the same solution as shown
in Tables (4-6).

According to ™ 1% the inhibitors are believed to be generally molecularly absorbed on the
active centers of the metal surface. Thus an absorbed layer characterized by a high electrical
resistance is formed on the metal surface which may also be responsible for the reduction in

the rate of diffusion of ions necessary for the corrosion process. In the present case also, the
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percentage inhibition vs. inhibitor concentration Figures (2-4) resemble absorption and
therefore, confirm the theory that, an absorption phenomenon is occurring on the metal

surface.

3.3 Inhibitor efficiency

When the extent of inhibition was examined at different concentrations (0.05-1%) in
different water content in oil, it was observed that , the extent of inhibition decreased with
increase in the concentration of the water content in oil at a fixed inhibitors concentration of
all conditions were used. The inhibitive efficiencies of various concentrations of inhibitors
Figures( 5-7) increased in the order:

At 45% H20: 61.2 at 1% Aromatic compounds,56.8 at 0.5% Aromatic compounds, 53.7 at
0.2% Aromatic compounds ,48.2% at 0.1% Aromatic compounds and 47.3% at 0.05%
Aromatic compounds.

The lowest inhibitive efficiency (72%) was obtained with 0.1% concentration whereas
the highest efficiency (86%) was achieved at 1% concentration in solution, containing 45%
water in oil. Tables (7-9) showed the inhibitor efficiency results of API 5L X65 carbon steel
(as received and after heat treatment) in oilfield solution, containing different water content:
X1-15% X 2-25% X3- 35% X4-45% with different inhibitor concentrations ().

The decrease in inhibitive efficiency with increase in H20 content in oil may be
attributed to the high rate of evolution of hydrogen in concentrated solution which may
interfere with the absorption of the inhibitor on the metal surface ® . Further, it is
interesting to note that, in the case of annealing microstructure the inhibition efficiency
remains almost at values about (80.6-84.8%) at all water content with concentrations of
inhibitors equal 1%. This may be due to better absorptivity of annealing structure in

comparison to other structures.

3.4 Effect of heat treatment

The corrosion behavior of used steel was very dependent on the heat treatment. In order
to assess the affectivity of different heat treatment, experiments were carried out at annealing
and quenching and tempering samples. It was observed that in all cases the extent of
inhibition decreased with a rise in water content in oil. The effect being more prominent in the
case of annealing, followed by the received condition and then the samples which quenching
+ tempering. However in the case of quenching + tempering the decrease was not so

perceptible.
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At constant water content the inhibitive efficiency of Aromatic compounds increases with
increase in the concentration of the inhibitor, whereas at constant inhibitor concentration, the
efficiency decreases with increase in the water content in oil.

Annealing condition appears to be good microstructure to decrease weight when an
Aromatic compound was used. For this microstructure, the weight loss decreased from 284
mg without inhibitor addition in 45% water content in oil to 22mg when 1% Aromatic
compounds added to solution, containing 45% H20O in oil, whereas the inhibitor efficiency
reached to 84.8% in solution of 45% H2O in oil when inhibitor concentration was 1%.
Annealing samples reveal better corrosion resistance compared to Q+T samples ( as shown in
Tables (7-9)). Works [9. 10] analyzed the structure of corrosion scales. They described two
types of scales. The primary scale, formed directly on the corroding surface, which is non-
compact, porous, with layer crystals and well adhered. Secondary scale, which can be formed
on the top of the primary scale due to the recrystallization on iron carbonate. The secondary
scale is compact: non-porous & detaches easily. It was concluded that the corrosion products
thickness as well as the adherence to the metal surface depend on the microstructure of the
specimen. The primary iron carbonate scales formed on normalized samples were thicker, less
porous, more tenacious, better adhered than those formed on the samples, which had (Q+T)
ones. Moreover, the crystals forming the scale on normalized steel specimens were found to
be larger & more densely packed than those for the (Q+T) specimens. The secondary scale
has the same characteristics for both types of microstructures.

The combination of annealing heat treatment of samples and using Aromatic compounds
inhibitor offered a better corrosion resistance than the combination of (Q+T) samples.

Annealed samples have better corrosion resistance than the Q+T samples ones. In
annealing condition, the corrosion rate was further decreased as inhibitor content increased. In
Q+T heat treatment. The corrosion rate was higher than that in annealing condition. The
difference in corrosion rate is assigned to the different precipeted phases and their shape &
distribution resulting from different heat treatment. The corrosion rate decreases as the ferrite
increase as shown in condition of steel as received which contain ferrite more than those in
(Q+T) condition of steel.

The microstructure of used steel (as received) presented a weight loss equal to 38 mg in
solution containing 15% water and 1% Aromatic compounds in oil solution. These values
were higher than that values for the microstructure in the annealed condition in which weight
loss equal to 22 mg in the same condition for steel as received. Even more, for (Q+T)

microstructure of steel, weight loss was 102 mg in solution contained 35% H20 and 1%
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Aromatic compounds in oil solution, while in solution contained 15% H20 an 1% Aromatic
compounds, the weight loss was 115 mg. It is necessary to note that, the inhibition action due
to combination of (Q+T) and using Aromatic compounds as inhibitor had independent
relationships.

The adherence of the corrosion product film was higher in the quenched samples and they
were stiff & tough. The annealed samples surface contained large carbides in the corrosion
product therefore; the corrosion rates in this condition were lower than those of Q+T samples.
However, the Q+T lead to a decrease in corrosion rate. No protective film was formed on the
F/P.

Figures (1-3) showed the relationship between Inhibitor concentration and weight loss of
specimens. The inhibitor dosage had been increased from 0.05% to 1%. It should be noted
that the weight loss was reduced as inhibitor concentration increased for all conditions of
specimens whether, there were heat treated or not. These results are attributed to increase the
resistivity of solution and decrease the contact between the metal and the aqueous solution
[1,7,8].

By comparing Figures (1-3) it can be seen that the presence of inhibitor improves the
corrosion resistance for annealed samples. For fully annealing, the weight loss was 5 times
lesser than that for (Q+T) samples, while the weight loss of steel (as received condition) was
3 times lesser than that for (Q+T) samples.

These results could be attributed to the microstructures as shown in Figure (8), when the
samples had annealed ferrite & pearlite were precipeted while for quenching and tempering
samples of temper martensite phase would precipeted ©.The structure of annealed steel
served to show the difference between the phase and constituent concepts. In Figure (8 B) ,
two basic types of structures were clearly evident: the white areas are ferrite and the dark
(black) areas are pearlite. The constituents of these specimens are, accordingly, pearlite and
ferrite.

Steels that have undergone a simple hardening quench are usually mixtures of austenite
and martensite, with the latter constituent predominating. Both of these structures are unstable
and slowly decompose, at least in part, if left at room temperature: the retained austenite
transforms to martensite. A structure, which is almost completely martensite is extremely
brittle and is also very liable to develop quench cracks if aged at room temperature, therefore
steels with a simple martensitic structure are of little useful value, and a simple heat treatment
called tempering is almost used to improve the properties of quenching steels. In this

treatment, the temperature of steel is raised to 430 °C in vacuum furnace, held there for a
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fixed 2 hours, after which the steel slowly cooled down to room temperature. The obvious
intent of tempering is to allow diffusion processes time to produce both a dimensionally more
stable structure and one that is inherently less brittle.

They also observed differences in the inhibitor efficiency Figures (4-6) that were attributed to
variations in the microstructure in the steel Figures (7 and 8).The inhibitor efficiency
increased with an increase in the inhibitor concentration for all microstructures.

In the case of CO2 corrosion the anodic a cathodic reactions are the oxidation of iron and
the reduction of hydrogen, respectively 81 1f it is considered that the active sites on the metal
surface are the same for both reactions before adding the inhibitor. When the inhibitor is
present because its adsorption change those active sites and therefore the anodic and cathodic
reaction rates. Another important aspect is that the change in inhibitor concentration is
proportional to the inhibitor efficiency Figure (3) , Table (2). Higher efficiencies were
observed when the change in inhibitor concentration was toward more values.

Works 1% reported similar results. They attributed the loss of inhibition efficiency, with
the inhibitor concentration, to the tendency of inhibitor molecules to repel each other. When
the inhibitor concentration was greater than 10 ppm, the inhibitor molecules tended to
perpendicularly adsorb on the metal surface due to a repellent function ™. As a consequence,
instead of adsorbing paralleled to the metal surface, decreasing the active sites, the inhibitor
molecules would cover a smaller metal surface area, which resulted in a less corrosion
efficiency.

The adsorption of inhibitors on the metal surface has been studied recently by 7] by
molecular modeling. The inhibitor molecules had larger adsorption energy than the water
molecule. This means that the inhibitor molecules adsorb preferentially on the metal surface

in aqueous medium, justifying the rapid decrease weight loss when the inhibitor is added.

4. Conclusions

1- Weight loss increases as water content in oil solution increases in order:

45% (H20) > 35 % (H20> 25% (H20) > 15% (H20)

2- Inall cases studied the extent of weight loss decreased with increase in the concentration
of the inhibitor but the extent of inhibition did not increase in proportion to the increase in the
water content in oil, i.e. the inhibitor works relatively more efficiently in dilute solutions of
35% water content in oil. .

3- The inhibitive efficiencies of various concentrations of inhibitors increased in the order:
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At 45% H20: 61.2 at 1% Aromatic compounds,56.8 at 0.5% Aromatic compounds, 53.7 at
0.2% Aromatic compounds ,48.2% at 0.1% Aromatic compounds and 47.3% at 0.05%
Aromatic compounds.
4- The corrosion behavior of used steel was very dependent on the heat treatment. The effect
being more prominent in the case of annealing, followed by the received condition and then
the samples which quenching + tempering.
5- The combination of annealing heat treatment of samples and using Aromatic compounds

inhibitor offered a better corrosion resistance than the combination of (Q+T) samples.

5. References

[1] Durnie W. H., Marco R. D., Kinsella B. J., and Jefferson A., 1998 ,“Predicting the
performance of oil field corrosion inhibitors from their molecular properties”,
Corrosion and prevention conference, 23-25th November 1998, Hobart, Australia, pp.
187-192.

[2] Osarolube, E., Owate, I. O. and Oforka, N. C., June 2008," Corrosion behaviour of
mild and high carbon steels in various acidic media”.  entific Research and Essay
Vol.3 (6), pp. 224-228.

[3] Fontana M.G. & N.D. Greene Corrosion Engineering, 3rd ed. Mc Graw-Hill
International Ed. 1987. p.171.

[4] Efird K. D., 1988, “Petroleum”; Corrosion tests and standards metal, American Society
for Testing and Materials, Chap. 36, pp. 350-358.

[5] FarelaslF., Ramirezl A. , 2010, "Carbon Dioxide Corrosion Inhibition of Carbon
Steels Through Bis-imidazoline and Imidazoline Compounds Studied by EIS™ Int. J.
Electrochem. Sci.,VOI. 5, pp.797 — 814.

[6] Marsh J. and Teh T.; lonik Consulting/JPKenny Caledonia , September 2007,"
Conflicting Views: CO2 Corrosion Models, Corrosion Inhibitor Availability
Philosophies,and the Effect on Subsea Systems and Pipeline Design" paper SPE
109209 , Offshore Europe 2007 held in Aberdeen,Scotland, U.K., 4-7.

[7] Durnie W. H., Marco R. De, Jefferson A. and Kinsella J., 2003, “In situ study of the
adsorption of inhibitors of carbon dioxide corrosion”; Surface and interface analysis,
Vol. 35, pp. 536-543.

86



Thi_Qar University Journal for Engineering Sciences, Vol. 2, No. 3 November 2011

[8] Ruslan Vagapov , 2009,"Corrosion Inhibitors for the Protection of Oil Production
Equipment™ Scientific Research Institute of Natural Gases and Gas Technologies. J.
Exploration & production Vol.7, ISSUE 1, pp.66-68.E.

[9] AJ. Szyprowski, 2000, “Relationship between chemical structure of imidazoline
inhibitors and their effectiveness against hydrogen sulphide corrosion of steels”;
British Corrosion Journal, Vol. 35, pp. 155.

[10] M.A. Deyab, H.A. Abo Dief, E.A. Eissa, A.R. Taman, 2007, “Electrochemical
investigations of naphthenic acid corrosion for carbon steel and the inhibitive effect

by some ethoxylated fatty acids”, Electrochimica Acta 52, pp 8105-8110. OLU M
E7IS.

300

1
250

200 \
150 \ —xt
& X2
x3
x4

100

50

Weight loss (mg)

Inhibitor Concentration%o

Figure (2). Variation of weight loss with different inhibitor concentrations for API 5L
X65 carbon steel (as received) in oilfield solution, containing different water content: 1-
15% 2-25% 3- 35% 4-45%.
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Figure (3). Variation of weight loss with different inhibitor concentrations for API 5L
X65 carbon steel (after annealing) in oilfield solution, containing different water
content: 1-15% 2-25% 3- 35% 4-45%.
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Figure (4). Variation of weight loss with different inhibitor concentrations for API 5L
X65 carbon steel (after quenching + tempering) in oilfield solution, containing different
water content: 1-15% 2-25% 3- 35%4-45%45%.
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Figure (5). Effect of concentration of Aromatic compounds on their efficiency as
inhibitors for AP1 5L X65 carbon steel (after annealing) in oilfield solution, containing
different water content: 1-15% 2-25% 3- 35% 4-45%.
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Figure (7). Effect of concentration of Aromatic compounds on their efficiency as

inhibitors for API 5L X65 carbon steel (after quenching + tempering) in oilfield
solution, containing different water content: 1-15% 2-25% 3- 35% 4-45%

90



Thi_Qar University Journal for Engineering Sciences, Vol. 2, No. 3 November 2011

Pearlite Ferrite Temper- Martensite

Figure (8). Optical micrographs of APl 5L X65 carbon steel samples:{Approximately
250X}.
(A) as received (B) after annealing. (C) after quenching + tempering.
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Table (4). The weight loss results of AP1 5L X65 carbon steel (as received) in oilfield
solution, containing different water content: X1-15% X 2-25% X3- 35% X4-45% with
different inhibitor concentrations (Y).

Inhibitor Weight Loss, mg.

Concentration
(Y) X2 X3

Nil
0.05
0.1
0.2
0.5
1.0

Table (5). the weight loss results of APl 5L X65 carbon steel (After annealing) in oilfield
solution, containing different water content: X1-15% X 2-25% X3- 35% X4-45% with
different inhibitor concentrations (Y).

Inhibitor Weight Loss, mg.

Concentration
(Y) X2 X3

Nil

0.05
0.1
0.2
0.5
1.0
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Table (6). The weight loss results of AP1 5L X65 carbon steel (After Quenching +
Tempering) in oilfield solution, containing different water content: X1-15% X 2-25%
X3- 35% X4-45% with different inhibitor concentrations ().

Inhibitor Weight Loss, mg.

Concentration
(Y) X2 X3

Nil
0.05
0.1
0.2
0.5
1.0

Table (7). The inhibitor efficiency results of AP1 5L X65 carbon steel(after annealing))
in oilfield solution, containing different water content:15% X1-X 2-25% X3-35%X4-
45% with different inhibitor concentrations(Y).

Inhibitor Weight Loss, mg.

Concentration
(Y) X2 X3

0.05
0.1
0.2
0.5
1.0
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Table (8). The inhibitor efficiency results of API 5L X65 carbon steel (as received) in
oilfield solution, containing different water content: X1-15% X 2-25% X3- 35% X4-45%

Inhibitor

Concentration

(Y)

with different inhibitor concentrations Y).

Weight Loss, mg.

X2 X3

0.05

54 53

0.1

57

0.2

60

0.5

1.0

70

Table (9). The inhibitor efficiency results of API 5L X65 carbon steel (After Quenching
+ Tempering) in oilfield solution, containing different water content: X1-15% X2- 25%

X3- 35% X4-45% with different inhibitor concentrations ().

Inhibitor
Concentration
(Y)

Weight Loss, mg.

X2 X3

0.05

52 50

0.1

0.2

0.5

1.0
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Abstract

This paper includes a study of the performance of Al-Nassiriyah thermal power plant
condenser. Which includes a calculations of the main variables of condenser (heat transfer,
condensation rate, overall heat transfer coefficient and vapour pressure) by applying two

dimensional mathematical model and depending on the empirical equations of heat transfer.

Comparison was made between the theoretical results for Al-Nassiriyah thermal power
plant condenser before operation it (standard power plant) with practical data which taken
from the plant for the second unit in year 2007. The comparison showed that there was a large
difference between theoretical results and the values taken from the plant as a result to the

effect of operation conditions.

Keywords : Thermal power plant , comparison, condensation.
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1. Introduction

Thermal power plants are responsible for the production of most of the electric power in
the world, and even small increases in thermal efficiency could cause large saving of the fuel
consumption. Therefore, large efforts were made to improve the efficiency of the power plant

and one mean is by proper operation of the condenser. Surface condenser has a shell whose
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ends are covered by the plates with condenser tubes. The ends of tubes are communicated
with water boxes. The water boxes are divided by a partition into two sections of tubes, which
form passes for water. Water is fed into the water boxes through an inlet pipe connection and
first runs through the below partition. In the opposite water box, which has no partition, water
flow is turned and moves in the opposite direction through the upper section condenser tubes,
above the partition. When completing second pass, water enters the first water box and is
drained through the outlet pipe connection ™.

Steam from the final stage of the steam turbine enters into the steam space of the
condenser and moves, in cross flow, over the tubes. With cooling water, steam is condensed
on the outer surface of the tubes causing a sharp drop of the specific volume of steam and, as
a consequence, of low pressure (vacuum) is created in the condenser. The condensate rate

runs down into the lower portion of the condenser and is collected in hotwell 2]

Chisholm et al., 1965, ! developed a numerical method of evaluation heat and mass
transfer coefficient and local heat fluxes in surface condensers. Al-ka’abiy, 2000, [4] Study
The effect of Tigris water quality upon fouling rate in the condenser of Al-Daura power
plant. AL-Chalaby and Rishack, 2001, ! studied the reasons behind the loss in vacuum
pressure of the condenser in Al-Hartha power plant. Tarrad and kamal, 2004, ! studied the
performance prediction of thermal power plant condensers in a quasi-two dimensional model
and the proposed model showed a good agreement with field data. An experimental and
analytical study was performed by Seungmin and Revankar, 2005, [) to investigate the effect

of non-condensable gas in a passive condenser system for three operation modes.

Al-Nassiriyah power plant was constructed by Technoprome (Russian) company which
commissioned in 1979. It consists of four units. The electrical generating power (design
power) for each unit is 210 MW. The unit condenser is of the surface tubular type and
consists of two identical exchangers. Each carrying half load of the cooling water is forced
through 8380 tubes, arranged in two passes and in a staggered configuration, the number of
bays is 9 and the number of rows is 94 for all condenser. The design heat load is 210 MW and
27°C inlet cooling water temperature. The centrifugal pump with a maximum flow rate is
20000 m*h for each pump and 1000 kW power input was used for cooling water. The

condensers of Al-Nassiriyah power plant are surface condenser .
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Table (1). Geometrical input data for condenser of Al-Nassiriyah thermal power plant.

Geometrical input data value
External diameter of tube (m) 0.028
Internal diameter of tube (m) 0.026

Tube pitch (m) 0.035

Width of tube sheet (m) 4.45

Number of bays 9

0.984,
0.876,
1.042,
1.042,

Length of bay (m) 1042

1.042,
1.042,
0.876, 0.984

Number of tubes for condenser 8380

Number of rows for upper pass of condenser 46

Number of rows for lower pass of condenser 48

Number of tubes for upper pass of condenser

Number of tubes for lower pass of condenser

The main objectives of the present work are to:

1. Build a computer program (Fortran 90 language) to study the performance of thermal
power plant condensers by calculating the main variables under various operating
conditions which have direct effect on condenser performance, such as overall heat
transfer coefficient, heat transfer rate and vacuum pressure.

2. Compare the theoretical results with the obtained data from Al-Nassiriyah power plant to

know the reasons of the difference between them.

2. Theory

In the heat transfer analysis of the surface condenser, various thermal resistance in the

direction of heat flow from the vapour to the cooling water are combined into the overall heat

transfer coefficient (Us). This thermal resistance includes cooling water resistance, fouling
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(inside tube) resistance, tube wall resistance, condensing resistance and non-condensable gas
resistance .

The heat flux can be calculated from:
E? = UD LMTD (1)
The overall heat transfer coefficient that refers to the outside tube area may be expressed as:

-
d_Ir {E-Ll]

1 d, p g 1 1
0T A b T e T k., * h, * h, )
Where:

Ryou: fouling resistance inside tube, in the present work, fouling factor is taken as (0.0-0.0005
m* *C | o]

wo
2.1 Forced Convection inside Tube

[11]

Petukhov as cited by presented the results of a theoretical analysis of heat transfer

coefficient in pipes to variable property fluids as:

o, Due. e 5 il
- Ra; Py I:H-'I (E] Win }I
T YA IAT
- 7 | 1 LW/
107+ 12,7 (pv ~1) Jx

(3)
Where:
2y by

RE: ==
[

and
n = (1.82log(Re;) —1.64)7°
Mip : Dynamic viscosity evaluated at bulk temperature.

Miw : Dynamic viscosity evaluated at wall temperature.

2.2 Nusselt equation for a laminar film

The following relation of Nusselt theory for the heat transfer coefficient for circular tube
[12].
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r . 35 14
ocloc—pyd Rfpd hi]

hey = 0.725 ( (4)

Gp e [Tep—Ty)

The cooling of the liquid below the saturation temperature can be accounted by replacing

(he,) by the modified latent heat of condensation (k7 ) which is defined as ™
his — hey +0.68Cp, (T, — T,,) ©)

The condensate heat transfer coefficient can be calculated from Fujii equation as cited by
[14].

0.0¢1 1 6342 | p.72g P .
Ty — ( : a 5311.':{ I:—r

. I
. Loy .
(112,44 FT | Fyiis 2 (6)
Where:
P Lo, &
Pe, = e =0
|'uf
: 1 L
- Lo Mz (.ﬂ;.r] and
he (Tez — Ty Moy b
Fe by, do g
B '“::: Ry (Tee — T

2.3 Effect of inundation in tube banks

During shell side condensation in tube bundles, the conditions are much different than for
a single tube. As condensate flows by gravity to lower tubes in a bundle, the thickness of the
liquid film at lower tubes becomes much bigger, this effect known as inundation effect. Kern
derived a non-dimensional equation which accounted for the predominant physical

mechanism as [*°!:

(7)

2.4 Mass transfer coefficient and Sherwood number

The dimensionless mass transfer coefficient or Sherwood number is defined as ™6I:
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g d,

Sh=
Pmix D (8)

For condensation of vapour in the presence of a non-condensable gas, the condition that the

surface is impermeable to the gas gives:
my = F (Wye — Wyes) /11— wl:r.s:l = f (wy — w:::'-"'rwrs 9)

Where (mc) is towards the surface, total vapour mass flux or condensation rate at the vapour

condensate interface. Equations (8) and (9) give:

m,. d, Wiee
S5h= ( ]
P D W — W (10)

By taking

Combining equations (10) and (11) give:

rr T W

ID .
= By fmix — |——) Sk
@ 'H]".-_:I FPmix d, (V' W, :I (12)
Where (Sh) can be obtained from Rose equation [7):

JTE"

(Wee _“'x]]il.: _ 1_] Wiz 1/3
2wy —wa) T (13)

5h — (1 + 2.28 517

W7

=

Where:

P  Pmix Y= g
Bmix —
Homix

and

Homix

Pmix D

6 =

Assuming vapour as an ideal-gas mixture, the interface equilibrium conditions give ™

Pi"‘i.l.'l:' 'PI.'.'E

e [ (2|2

W —
(14)

The diffusion coefficient is obtained by *™:
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b 0.926( T )
By \T+245 (15)

Where T istakenat (T, + T..}/2 in (K) and P,,;, in (Pa).

2.5 Velocity distribution in shell side of surface condenser

As vapour passes across the tubes in the shell side of the surface condenser, its velocity
would change due to two reasons. Firstly; the reduction in the mass flow rate of vapour where
it condensates around the tubes. Secondly; the change of flow area between the rows.
Accordingly, the vapour velocity for the first row differs from that for other rows below [19].

a) For the tube in the first row:

m, +m,
U, =———
Py Aul (16)
Where:
Apg = Wpg L

b) For the next tube in the other rows:

;mr +m:'-] - £F=1 Ml i

Brmize Ao 17

Unine1y =

Where A

pitch-tube layout, which defined as

is the mean void area of flow in the vapour space for an equivalent triangular
[19].

s

wd
A, = LINTR, — 1) (Pt— 2 }

2\3Pt (18)

The pressure amount at each tube in the column can be calculated from this equation °':

Pruix, oy = P, — [(U'E e %]r, - {(%Jr - (%]HLH (19)

Where:

- = A rad
i Hi"l".l.-

and
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T Fotm — Fiia
-F[_T,_- _ I:'-. i .n T _1..]] . 750
Torm (20)

2.6 Calculation method

The step by step method (this method divides the condenser into a number of bays and a
number of rows, the calculation starts from upper pass where the vapour inlets to condenser
and continuous from row to row towards the bottom in specified bay) is applied to calculate
the performance of power plant condenser, the bays are numbered from cooling water inlet to
condenser and the rows numbered from the top of condenser to the bottom.

Considering the heat flux which includes the convection inside tube, fouling resistance

and wall resistance is:
Q = hypp (T, — Ty 1)

Where:

. -1
g, doln %ﬁ]
h’['l'-'f = di hi + 2 kh_ + H_.I'-Du

(22)
Where (h; ) calculate from equation (3).
Considering heat flux across condensate film as:
@ =h Te —T) (23)
Combining equations (23), (4), (6) and (7) give:
— 2/4
Q@ =0C(T:— L) (24)
Where (C) is parameter defined as:
C=YasZ (25)
Where:
7+ 1/4 1 -D.16

Vv = 0.725 (."J'r ':."-_"r - ':"L:Ih;r_g g kr] (1 N E:i_:1=1. mrr’_i]

dﬁ- M m‘rl'_n -1 (26)

The parameter (Z') is defined as:
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i,

- hew (27)

L _ent 617+ oz ”Erjl

1 Hére \d.
hf.'l.l' |:-1. "'E.']:'E'J"H: +F]1'4 ¢ (28)

Considering heat flux through bulk of mixture as:

Q = hy (T, — T;;) (29)

Combining equations (29), (12) and (13) give:

Q =5(T, —T..)*" (30)
Where (S):

247

5= hj"-.ﬂﬂww % I:Tvi_g-ﬁ]“

1/2
(1 +2.285¢Y? (Tet= “"“‘)) - 1} Re:2 (31)

W

Combining equations (21), (24) and (30) gives:

32 43
S R @

Or

12 13
@iz +'5?|:-m . L
g3t " oafe H’[h'f

Qnew = (Tp — Tm)/

(33)
The overall heat transfer coefficient between vapour and cooling water is evaluated from:

Q
=
¢ TL‘ - ri‘Y. (34)

And The outlet temperature of cooling water (T, ) is evaluated from heat balance over tube as:

m; Cp; (T, - T)=nd, LU, LMTD (35)
Where:
LMTD = T"I.__U;t — L) T;__I}_

i (T: = r;j "”(r: = r;j (36)

Combining equation (35 and 36) gives:
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Iy—1;
er (ta)

T, =T, —
(37)

Calculate effectiveness of condenser which defined by the ratio of cooling water temperature
differential throughout the condenser to the maximum temperature differential ©:

— rn - r'r'
= Tur - T'r' (38)

3. Results and discussion

a. Heat transfer

Figure (1) shows that the general trend of the curves for heat transfer rate with row
number in upper pass, undergoes increasing from the first row to the row number (11),
because of the number of tubes in the first row which have (58 tubes) is less than that in the
row number (11) which have (84 tubes). Then the trend shows after decreasing as going down
across the upper pass. This is because of steam pressure drop between the two rows results in

a reduction in the overall heat transfer coefficient and, hence, a decrease in heat transfer rate.

Figure (2) shows that the heat transfer increases from the first row to the row number 16 in
lower pass, this is because the number of tubes in the first row (78 tubes) is less than that in
row number 16 which have (96 tubes). The trend of the curves is the same. The extreme drop
in curves for lower passes in the rows number (35) and (36), because the number of tubes in
these rows (38 tubes) less than that in the other rows. This makes the quantity of cooling
water less than that in other rows, and that explains decreasing of heat transfer rate. The heat
transfer rate approaches zero at row number (46) because of the condensation of all vapour

and causing subcooling from this row to the last row.
b. Overall Heat Transfer Coefficient

Figure (3) shows the variation of the overall heat transfer coefficient (I/,} across the rows
in the upper pass. The general trends of curves show a reduction in (U,) as going down
across the rows in upper pass. This is attributed to the increase in condensation resistance.
The overall heat transfer coefficient in bay number (1) is larger than that in the other bays

because of the small temperature difference between the vapour and cooling water.

Figure (4) describes the variation of overall heat transfer coefficient across the rows in the
lower pass. There is a decrease in (U,) as going down across the rows. This is due to the

increase in all resistances as going down across the rows in the lower pass. The extreme drop
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in curves for lower pass in the rows number (35) and (36), since the heat transfer in this rows
are less than that in the other rows. The overall heat transfer coefficient in bay number (1) is
larger than that in the other bays because it has the largest heat transfer rate.

c. Vacuum pressure

Figure (5) shows that the curves of vacuum pressure increase from the first row towards
the end of the rows at the same trend for upper pass because of large pressure drop in this pass
and this leads to a decrease in the vapour pressure and an increase in vacuum pressure and a

decrease in the temperature of vapour.

Figure (6) illustrates the distribution of vapour vacuum pressure through the rows for
lower pass. The vacuum pressure curves increases from first row to the vent and then
decreases to the end of the rows because the pressure drop at the vent increases so that the
pressure of vapour decrease and the vacuum pressure increase. The reason of the decrease in

the vacuum pressure after the vent is due to the decrease in mass flow rate of vapour.
d. Comparison of results

Figure (7) shows that the calculated results which obtain from computer program (assume
new power plant with fouling resistance equal to zero) and the operational results which
obtained from the log sheet for Al-Nassiriyah power plant (five days per a month for several
months in year 2007). The average was taken for these days in the month. The figure shows
that the vacuum pressure for performance curve (new power plant) is greater than that for
operational data and the difference between two curves about (20 mm Hg). The reason of this

difference is the effect of operation factors.

Figure (8) illustrates the effectiveness of condenser with inlet cooling water temperature
for calculated and operational curves. The calculated data obtained from computer program
(assume new power plant) and the operational data obtain from the log-sheet for
Al-Nassiriyah power plant. The figure shows that the difference between the two curves about
30 percent as a result to the effect of operational conditions and resistances such as fouling

factor.
4. Conclusions

From study the performance of Al-Nassiriyah thermal power plant condenser can be

noticed:
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1. Heat transfer for the lower pass of condenser, where river water first enters, is higher than
that for upper pass. While the overall heat transfer coefficient is lower, due to the increase
in temperature difference between vapour and cooling water.

2. Comparison of the results shows a difference between the operational data and standard
results (new power plant), this attributed to the age of power plant and due to the effect of
operational factors.
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6. Nomenclature
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Anv : Mean void area in the vapour space
(m?)

Ay . Cross-sectional area of the vapour
duct (m%)

Cp -
(I/kg.K)

cr : Parameter defined by equation (19)

Specific heat at constant pressure

D : Molecular diffusion coefficient (m?/s)
di : Inner tube diameter (m)
do

g : Gravitational acceleration (m/s?)

: Outer tube diameter (m)

h : Convective heat transfer coefficient
(W/m?.K)
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hry : Latent heat of vapourization (J/kg)
t-- Modified latent heat of vapourization
(J/kg)
k : Thermal conductivity (W/m.K)
L : Length of bays (m)
LMTD

difference

. Logarithmic mean temperature

M : Molecular weight (kg/kg mole)

m : Mass flow rate (kg/s)

th, : Mass velocity (kg/m2.s)

NTR : Number of tubes in each row in the
bundle

P : Pressure (Pa)
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Pyac: Vacuum pressure of vapour (mmHg)
Pr : Prandtl number

Pt : Tube pitch (m)

Q : Heat flux (W/m?)

Re : Reynolds number

Rrou : Fouling resistance (m?.K/W)

Sc : Schemidt number

Sh : Sherwood number

T : Temperature (K)

Uo
(W/m?.K)

u : Velocity (m/s)

Overall heat transfer coefficient

w : Mass fraction

Wi Width of tube sheet (m)

B : Mass transfer coefficient (kg/s.m%)
u : Dynamic viscosity(Pa.s)

p : Density (kg/m®)

n : Parameter defined by equation (3)
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eeff - Effectiveness

Subscript

a: Air

atm: atmosphere

CN : Nusselt

c : Condensate

cr : Condensation rate

cs : Vapour/condensate interface
i : Cooling water inside tube

m : Mean water temperature
mix : Mixture

n : Order of certain row

0: outlet

v : Vapour

VCS Vapour at vapour condensate
interphase

w : Tube wall

oo : Free stream
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Study of Mixed Convection Heat Transfer Inside a Vented Square

Cavity with Inner Heated Cylinder
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Abstract

The problem of mixed convection heat transfer for laminar air flow in a square cavity with
inner heated cylinder is numerically analyzed by finite element method using software
package (FlexPDF) to solve the conservation of governing equations. The right vertical wall
is kept at constant temperature and the others are adiabatic. An external flow enters the cavity
through an opening in the left vertical wall and exits from another opening in the right vertical
wall. Results of streamlines, isotherms, average temperature and average Nusselt number of
the heated wall are presented for Ri = 0 to 12, 50 < Re < 200, Pr = 0.71 and inlet position hi =
0.2. From the present analysis it is found that with increases of Re and Ri numbers the
convective heat transfer becomes predominant over the conduction heat transfer. The results
of streamlines and isotherms are compared with available result of Rahman et al.[8], a good

agreement has been achieved.

Keywords : Heat transfer , mixed convection , fluid flow .
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1. Introduction

Mixed convection flows are present in many transport processes in nature and in
engineering devices. Applications of mixed convection flows can be found in heat
exchangers, nuclear reactors, solar energy storage, heat rejection systems, heaters and
refrigeration devices, etc .Various geometries of fluid-filled rectangular enclosures have been
theoretically and experimentally modeled in order to look at the effects of some design
parameters on the thermal performance of simulated systems.

Thermal buoyancy forces play a significant role in forced convection heat transfer

when the flow velocity is relatively small and the temperature difference between the surface
and the free stream is relatively large. The buoyancy force modifies the flow and the
temperature fields and hence the heat transfer rate from the surface. Problems of heat transfer
in enclosures by free convection or combined free and forced convection have been the
subject of investigations for many years. The influence of the physical characteristics of heat
sources on the mixed convection heat transfer performance has been examined by many
researchers. Kumar and Yuan [1] studied the laminar, two-dimensional mixed convection
flow in a rectangular enclosure with inlet and outlet ports. Papanicolaou and Jaluria [2]
investigated mixed convection in a cavity with a localized heat source.
Ajay and Jeffrey [3] studied mixed convection within a recirculating flow in an insulated lid-
driven cavity of rectangular cross section (150mm X 450mm) and depth varying between
150mm and 600 mm ,by appropriately varying the lid speed ,the vertical temperature
differential ,and the depth by taking Gr/Re? ratios from 0.1 to 1000 .The mean flux values
over the entire lower boundary were analyzed to produce Nusselt number and Stanton number
correlations which should be useful for design applications. Raji and Hasnaoui [4] reported
the results of a numerical study of air laminar mixed convection in a rectangular cavity,
including radiation, for 10° < Ra < 5X10° and 5 < Re < 5000.

Mixed convection in an open cavity with a heated wall bounded by a horizontally insulated
plate was studied by Oronzio et al. [5], three basic heating modes are considered: the heated
wall is on the inflow side, the heated wall is on the opposing flow, and the heated wall is the
horizontal surface of the cavity (heating from below). Manca et al. [6] worked out a numerical
investigation of three different cases of mixed convection in a channel with an open cavity for

various ratios of channel opening and cavity height and the range of governing parameters
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were 0.1 < Ri <100, and Re=100 and 1000. Investigated a mixed convection problem in a
two sided lid—driven and differentially heated cubic for Ri number range 0.01 <Ri < 10.

The finite-element procedure based on the projection method for solving the primitive
variables form of the Navier-Stokes equations and energy equation in three dimensions,
proposed by Lo et al [7], used numerical algorithm involves the operator splitting
technique, balance tensor diffusivity (BTD), the Runge-Kutta time-stepping method,
and a bi-conjugate gradient iterative solver. Two benchmark flows, lid-driven cavity
flow and laminar flow over a 3-D backward-facing step, are validated with numerical
solutions. Mixed-convection problem in a two-sided lid-driven and differentially
heated cubic cavity is investigated. The Richardson number in the range 0.01< Ri <
10, serves as a measure of the relative importance of forced- and natural-convection
modes on the heat transfer.

Rahman et al. [8] investigated mixed convection in a vented enclosure. An external fluid
flow enters the enclosure through an opening in the left vertical wall and exits from another
fixed opening in the right vertical wall. For mixed convection, the significant parameters are
Grashof number (Gr), Richardson number (Ri) and Reynolds number (Re) by which different
fluid and heat transfer characteristics inside the cavity are obtained .Results show that with
the increase of Re and Ri the convective heat transfer become dominant. Behzad et al. [9]
studied the numerically investigate the cooling performance of electronic devices with an
emphasis on the effects of the arrangement and number of electronic components. The
analysis uses a two dimensional rectangular enclosure under combined natural and forced
convection flow conditions and considers a range of Rayleigh numbers. Rahman et al. [10]
studied the mixed convection in cavity contains a heat conduction horizontal square block
located inside the cavity. The investigations are conducted for various values of geometric
size, location and thermal conductivity of the block under constant Re and Pr. The results
indicated that the average Nusselt number and the temperature at the center of solid block are
strong dependet on the system configurations studied under different geometrical and physical
conditions. The objective of this study to analyze the effects of Richardson and Reynolds
numbers and the location of the inner heated cylinder on the heat transfer characteristics of
laminar mixed convection. Finite element method has been used to solve the governing

equations by using software package (FlexPDF).
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2. Model Description

Details of the geometry for the configuration are shown in Figure (1). The model
considered here is a square cavity consists of inner isothermal cylinder. The uniform constant
temperature Ty, applied on the right vertical wall while the other walls are assumed to be
adiabatic. The inflow opening located on the left vertical wall at a distance hi=0.2 from the
bottom of the enclosure. The outflow opening of the cavity is fixed at the top of the opposite
heated wall and the size of the inlet port is the same for the exit port which is equal to W =
0.1L. It is assumed that the incoming flow is at a uniform velocity, u; and at the ambient
temperature, T;. Since the boundary conditions at the exit of the cavities are unknown, values
of u, v and T are extrapolated at each iteration step. All solid boundaries are to be rigid no-

slip walls.
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Figure (1). Schematic diagram of the problem
considered and boundary conditions.

3. Governing equations

Mixed convection is governed by the differential equations expressing conservation of
mass, momentum and energy. The present flow is considered steady, laminar, incompressible
and two-dimensional. The viscous dissipation term in the energy equation is neglected. The

physical properties of the fluid in the flow model are assumed to be constant except the
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density variations causing a body force term in the momentum equation. The governing

equations for steady mixed convection flow can be expressed in the dimensionless form as:

ou oV
oX oY
2 2
D NP Lo @
oX oY oX Re oX oY
2, 2
Uﬂ+vﬂ:—ﬁ+i(a—v2+a—\£)+Ri0 3
oX oY oY Re oX oY
2 2
U%ﬁLV%: 1 692+6€ 4)
oX oY PrReloX oY

Where X and Y are the coordinates varying along horizontal and vertical directions
respectively, U and V are the velocity components in the X and Y directions respectively, 0 is
the dimensionless temperature and P is the dimensionless pressure.

The dimensionless parameters in the above equations can be given as:

x=X y=Y y=Y vV eI p_ P
L L u, U, T, - pU;
T T )L
pr=Y |, R =g,8( - ') , Re:—Lu'
u L

Where p, B, v, a and g are the fluid density, coefficient of volumetric expansion, kinematics
viscosity, thermal diffusivity, and gravitational acceleration, respectively. The following
boundary conditions are used:

Inlet: U=1,V=0,6=0

Exit: Convective boundary condition, P =0

At the cavity walls (except the right vertical wall): U=V=0, 08/on=0

At the heated right vertical wall: U=V=0, 6=1

At the cylinder U=V=0, 6=1

The local Nusselt number at the heat wall is defined as:

00
Nu, =— 5
LT (5)
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The average Nusselt number

— 1h
Nu :L—JNuLdS (6)

h o

And the bulk average temperature in cavity is defined as

0 =ji0d\7 )

Where Ly, is the length of the heat wall and V is the cavity volume.

4. Numerical solution

The code FlexPDE is used to perform the numerical calculations using finite element
method to analyze the laminar mixed convection heat transfer and fluid flow in a vented
square cavity contain of inner heated cylinder. It is well known in the numerical solution field
that the set of equations above (1-4) may be highly oscillatory or even sometimes
undetermined because of inclusion of the pressure term in the momentum equations. In finite
element method there is a derived approach with purpose of stabilizing pressure oscillations
and allowing standard grids and elements. This approach enforces the continuity equation and

the pressure to give the following, what called, penalty approach [11].

Vzp:y(£+ﬁJ ®)
oX oY

Where y is a parameter that should be chosen either from physical knowledge or by other

means [11]. A most convenient value for * was attained in this study to be 1E5u/L>.

Hence, the continuity eq. (1) is excluded from solution system and replaced by eg. (8).

5. Validation

5.1 Software validation
The grid dependency is checked together with continuity equation and obtained results

showed an exactly validation of the velocity distribution for a grid size obtained by imposing

118



Thi-Qar University Journal for Engineering Sciences, Vol. 2, No. 3 November 2011

an accuracy of 10™. This accuracy is a compromised value between the result accuracy and
the time consumed in each run. The girded domain for Ri=1, Re=100 is shown in Figure (2a)

and the distribution of (Z_iJrZ_Xj over the domain is presented in Figure (2b).

max 81_3
I 300

O € -180
d -210
c -240
b -%'O
:uin 315.
Scale = E-2

@ (b)
Figure (2). (a) grid distribution over the domain (b) validation of continuity

equation .

5.2 Numerical results validation

A computational model is validated for mixed convection heat transfer by comparing the
correlation of mixed convection in ventilated cavity with uniform heat flow in left wall
performed by Rahman et al. [8]. Figure (3) shows the comperasion of the flow and thermal
fields between the present investigation and Rahman et al.[8]. Figure (4) also shows another
comparison of average dimensionless temperature as a function of Richarson numbers at
Re=100, hi=0.2 and Pr=0.71. The results show a good agreement and from these comparisons
it can be decided that the current code can be used to predict the flow field for the present

problem.
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6. Results and discussion

A numerical study has been performed to analyze the laminar mixed convection heat
transfer and air flow in a vented square cavity consist of a horizontal rod . Effect of the
parameters such as Richardson number Ri, Reynolds number Re and the location of the inner

cylinder on the heat transfer and fluid flow of the enclosure have analyzed.

6.1. Flow and temperature fields
Figure (5) show distribution of streamlines (on the left) and isotherms (on the right) for
various locations of the inner heated cylinder at Ri=1 and Re=100.1t can be seen from this
figure that two circulating cells are formed, one is located at the top of the inlet port and the
other cell at the bottom. The size of the upper cell is decreases when the inner cylinder
location is moved from the lower part of the cavity e1=0.25 toward the upper part €3=0.75.
Also figures show that for e1=0.25,the streamlines are arranged in parallel lines and cover all
the surface of the cylinder while its cover the lower space of the cavity when the cylinder is
moved toward the upper part of the enclosure. The formation of circulating cell is because of
the mixing of the fluid due to buoyancy driven and convective current
Similarly the isotherms (on the right) are shown in the Figures (5a), (5b) and (5c) for
different locations of inner heated cylinder e1=0.25, e2=0.5 and e3=0.75 respectively. For
e1=0.25 (the heated cylinder is located at the bottom part of cavity) the wide heated region is
concentrated at the space between the cylinder and the left vertical wall of the cavity. With
moving the inner cylinder toward the upper, the isotherms are observed to have plum like
distribution and occupy the upper part of the inner heated cylinder due to the growth of the
thermal boundary layer. Because the effect of the location of inner heated cylinder, the
isotherms show wavy variation and no vortices are observed contours.

Figure (6) shows the effect of Reynolds number on flow and isothermal fields at Ri=1
and the location of the inner cylinder at the center of the cavity (e2=0.5). It can be seen from
Figure (6) (left) the intensity of the streamlines is increased with increasing of Re. Also with
increases Re a bi-cellular vortex is seen just above and bottom the inlet port and occupies the
left top and bottom space of the cavity. For isotherms this Figure show that with increasing of
Reynolds number, the curvature of the isotherms lines is increased at the region which cover
all the space between the heated walls due to dominant of forced convection. For a low value
of Re a plum like distribution of isotherms is formed near the upper part of the heated

cylinder and its direction is inclined to the right. As Re increases, the direction of the plum is
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changed to the left. This indicated that with low Re the effect of the buoyancy is increased
leading to reducing the air density and induced the flow toward the exit.

Figure (7) shows the effect of Richardson number on the distribution of streamlines
and isotherms at Re=100. Figure (7) (left) is depicted that the cellular motion just above the
inlet port and the intensity of the stream lines are increased with increasing of Ri. It can be
seen from this figure the plum like distribution of the hot isothermal lines is increased with
increasing of Ri and cover most the space between the heated surfaces. The distribution of
isotherms in the cavity at higher Ri is significantly different from that at lower values of Ri,

because the buoyancy induced convection becomes more dominant.

6.2 Heat transfer characteristics

Plot of the average temperature (0,) of the fluid in cavity as a function of Re, at Ri=1 for
different locations of inner cylinder is shown in Figure (8). It can be seen that the average
temperature (0,) is decreased with increasing of Re due to the dominant of forced convection.
It is clearly from this figure that the maximum values of average temperature of fluid is
occurred when the inner cylinder is located at the center but when it moves toward the upper
the values of the average temperature is decreased. This is because a significant effect of free
convection when the inner cylinder is located at the center. This is because of a large heated
area is cover most space of the cavity.

Figure (9) illustrate the variation of 6av with Ri at Re=100. It has been observed that the
average temperature of the fluid increases with increasing of Ri. When the cylinder moves
closer to the upper cavity that transfers less than when it moves to the lower due to the
secondary heat source that enhanced the natural convection at the lower part of the enclosure.
The average Nusselt number at the hot wall of the enclosure as a function of Reynolds

number for different locations of inner cylinder is shown in Figure (10). It observed that the

value of Nusselt number increases with increasing of Re, also the Nu increases with moving
the inner cylinder toward the upper location due to dominant of forced convection .

The effect of Richardson number on the average Nusselt number at heated vertical wall
for different locations of inner cylinder at Re=100 is shown in Figure (11). For all locations of
cylinder when Ri increases the average Nusselt number is gradually increases and the higher
values of Nusselt number are observed for the upper location of heated cylinder. The
behaviors results due to decrease of the average bulk fluid temperature when the heated
cylinder in the upper location.
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7. Conclusion
A numerical investigation is made of laminar mixed convection in a square cavity with
concentric heated horizontal cylinder. The results are obtained for wide ranges of Richardson
number (Ri) from 0 to 12 and range of Reynolds number (Re) from 50 to 200.
In view of the obtained results, the following findings have been summarized:
e The location of the solid cylinder has significant effect on the flow and thermal fields.
The value of average Nusselt number is the highest in the mixed convection when the

cylinder is located near the top wall of the cavity.

e The values of 8_.. decreases with the increasing Re and with decreasing of Ri for
different locations of the cylinder.

e The average Nusselt number at the heated surface is the highest for the highest value
of Re and RIi.

123



Thi-Qar University Journal for Engineering Sciences, Vol. 2, No. 3 _

psi T
max 541 g -3.90 max 1.00 o 0.06
A0 f: -4.20 Hi 0.99 b: 0.03
K 510 e: -4.50 G: 096 a: 0.00
T 480 d: -4.80 F 093 min 0.00
I 450 - -5.10 E 0.90
H 420 b: -5.40 I 0.87
(¢ 390 a: -5.70 ( 0.84
I 300 min -5.93 E 0.81
Scale =E-2
B 24 g 0.69
A 210 w 0.66
z 1.80 v 0.63
¥ 1.50 u 0.60
x 1.20 t 0.57
w 0.90 0.54
v 0.60 T 0.51
u 0.30 q 0.48
t 0.00 P 0.45
0.30 o 0.42
1 -0.60 n 0.39
q -0.90 m 0.36
h 120 1 033
o -1.50 k 0.30
n: -1.80 i 027
m: -2.10 1 0.24
I -2.40 h: 0.21
Tz -2.70 o 0.18
j: -3.00 f: 0.15
1: -3.30 i 0.12
h: -3.60 d: 0.09
5 T
psi
max 498 f: -4.50 ol L0 g 000
K: 150 e 480 i Q89 b 0.0
T : i G 096 a: 0.00
1 540 ) 093 mm 0.00
i <70 E 090
G 6.00 L 08
F 6.27 ( 0.84
B 0.81
) Scale =E-2
0
b \ L3 0.6
pe 150 v 0.66
E 1.20 0.63
s 0.90 u .60
W 0.60 t 0.57
¥ 0.30 0.54
u 0.00 1 0.51
t -0.30 q 0.48
-0.60 P 045
1 -0.90 o 042
q -1.20 n 0.39
» -L.50 m 0.36
3 -1.80 1 0.33
n 210 k: 0.30
m 240 g2 0.27
i: -}03 i 024
i h: 0.21
i 3.30 e 0.18
i 3.60 ¥ 0.15
h 3.90 et 012
¢ =20 d: 0.00
. T
psi
max 100 ¢ 0.06
max §.22 g H 099 b: 0.03
L: 5. G- 096 a: 0.00
K: 4.80 F 093 min 0.00
T: 4.50 E 0.90
I 4.20 D 087
H f / el 0.84
G ¢ N B 0.81
- i 0.7.
: ‘ — A \ 06
B 2.10 /’\dm w7 0.66
A 1.80 — i \ v 0.63
4 1.50 u 0.60
y 1.20 % i t 0.57
x 0.90 = 0.5
W 0.60 =z _ & ; 0 ;:
v 0.30 e 048
u 0.00 d 1 ;3 0 ﬁ
t 030 042
s -0.60 e n 0.39
! -0.90 m 0.36
q i 20 1: 033
y -1.50 o 1 3
5 -1.80 y N : 8'29
u -2.10 f /‘ | i 024
w -2.40 b: 021
1: 2.70 o 01z
. ks -3.00 h : 0.15
i -3.30 e: 0.12
Streamlines I i Isotherms c: o1
bt -3.90
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Figure(6). Streamlines (left) and isotherms (right) at Ri=1, (a) Re =50, (b)
Re=100, (c) Re=200 .
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Figure (7). Streamlines (left) and isotherms (right) at Re =100, (a) Ri=0, (b) Ri=1, (c)
Ri=12.
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Figure (9). Variation of average fluid temperature with Richardson numbers at
Re=100 for different location of inner cylinder.
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Figure (10). Variation of average Nusselt number with Re for different
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9. Nomenclature

Cp specific heat of the fluid at constant pressure (Jkg-lK-l)
gravitational acceleration (ms_z)
inlet port location

o> @

non-dimensional inlet port location

height of the inflow and outflow openings (m)
thermal conductivity of the fluid (Wm K )
length of the cavity (m)

length of the heated wall

Nu Average Nusselt number

-~ = I

%]

N non-dimensional distance
2
pressure (N/m )
2

P non-dimensional pressure, p/pui
Pr Prandtl number, v/a
Ra Rayleigh number, Gr-Pr
Re Reynolds number, u; L /

. 2
Ri Richardson number, Gr/Re
T temperature (K)
Th Hot temperature (K)
T; Inlet temperature (K)
0 non-dimensional temperature, (T-Ti)/(Th-Ti)
0, average non-dimensional temperature

-1

u, v velocity components (ms )
U,V non-dimensional velocity components, u/ui, v/ui
\ cavity volume
X, Yy Cartesian coordinates (m)
X, Y non-dimensional Cartesian coordinates, x/L,y/L
Greek symbols
o thermal diffusivity, k/pCp (m*s™)
B thermal expansion coefficient (K™)
p density of the fluid (kgm™)
v kinematic viscosity of the fluid (m°s-1)
Subscripts
av average
S heated surface

i inlet state
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