Number 8 Volume 21 August 2015 Journal of Engineering

Determination of the Optimum Conditions in Evaluation of Kiwi Juice as
Green Corrosion Inhibitor of Steel in Hydrochloric Acid

Khalid Hamid Rashid
Lecturer
Chemical Engineering Department-University of Technology-Baghdad
Email: alhadidikhalid@yahoo.com

ABSTRACT

T he corrosion protection of low carbon steel in 2.5 M HCI solution by kiwi juice was studied

at different temperatures and immersion times by weight loss technique. To study the
determination of the optimum conditions from statistical design in evaluation of a corrosion
inhibitor, three variables, were considered as the most dominant variables. These variables are:
temperature, inhibitor concentration (extracted Kiwi juice) and immersion time at static
conditions.
These three variables are manipulated through the experimental work using central composite
rotatable Box — Wilson Experimental Design (BWED) where second order polynomial model
was proposed to correlate the studied variables with the corrosion rate of low carbon steel alloy
to estimate the coefficients by nonlinear regression analysis method based on Rosenbrock and
Quasi-Newton estimation method in as few experiments as possible to determinate of the
optimum conditions of the proposed polynomial adopted via STATISTICA software. The
parametric study on corrosion inhibition process using response surface methodology (RSM) is
presented in this paper.

The study shows that the immersion time and temperature of corroding medium had shown
negative dependence of great significance in increase the corrosion rate while the other studied
variable (i.e. inhibitor concentration) had shown large positive dependence in reduce the
corrosion rate of low carbon steel alloy.

Optimum conditions for achieving the minimum corrosion rate are obtained from optimizing
the above correlation and are found as follow: 42.86 °C temperature of corroding medium, 29.29
cm®/L inhibitor concentration and 2.65 h immersion time. In these circumstances, the value of
inhibition efficiency obtained was 96.09 %. It could be concluded that Box-Wilson experimental
design was adequately applicable in the optimization of process variables and that kiwi juice
sufficiently inhibited the corrosion for low carbon steel at the conditions of the experiment.

Keywords: RSM; corrosion inhibition; kiwi juice; hydrochloric acid solution

(b JSU a5 58l s a4 STial) g B Aoy
)5S g ougdl paala (2 aaall

M\).\Abﬁﬁ
HoRa
Aoy — Ao SIS ralall - 4 glia Sl duigh) o
AaNAl
95}7\55‘):\.AACe\diza&ig(g)y‘yz_s)ﬂg‘))ﬁj‘)%\uﬂbd)&&dﬁ)&\d&ﬂﬂlﬂhd&h%&;h‘)ﬁé
S Y e Gl )51 olae 4 sty jae ey 853l jal) s o Calidg aie JSU Alead LaiaS
Gl paaia 4320 Jliie V) Hday cdAl JSU A lee Jagtia ool a8 Slas) areaill (o Liall Cag plall a4l

22


mailto:alhadidikhalid@yahoo.com

Number 8 Volume 21 August 2015 Journal of Engineering

G 5 (58N paac) bl 5.8 55 5550 pall Ay o8 8 il Jal sall (JSUN Alee e 1500 SISV @ e
ASls gk die et
(BoX- s S all S all )l sl apaaill A8yl alasiulls dlead) el asacad A (o Liallas i 235G <l ygial
Jaza 5 3NN &l yuaial) (e A83ll ) Hadis Al AU As all (e 3 gaad) 3a0ate Aalaay el il juaiall Jay )l Wilson)
saainall Jad3U s,V e Al Jlasdg Hha eh;_uh O lalaall Ay JYA (e ) s S addie paal) A0 JSU)
bl Bl o Ll apaad (Sas o jlas aae J36 (Rosenbrock and Quasi-Newton) cluws 48 )l e
Jeul) lagii dlee Ao Jual gall Al 2 & <3 (STATISTICA software) ddaul s saizall 3 sasll saaxiall 4 jidall
RUEN PRV At C—Lu-u e\mh

)).;‘}]\ _)_uud\u\uusadsu\ d.\:.naib‘)ssh.\h\)uhl.@dsu\ d};.na)b;é.;)d;).uj\ L)A‘)ULJUJ.UM‘JJ\
el g Al A a0 s LS iadie apaa A JSB Jaae Qi 8 1S Lbal 1,805l OIS (Jadiall 38 5
529.29 cm3/L Lidll 3.8 55, 42,86 °C S Jplaa syl ya da pa: (85 JSB Jaee J81 e J geanll G jlasl
avanaill (L ) (e gl 96,09 % culS JSUl Aaslall salall 5 LiS dad | s Hhall 038 e 5 2,65 T e (3a)
g ‘;sﬁ“td| 4l S pac Alaall @) juaial JumdY) sl PP PISER S Gnlaill J8 Box-Wilson ‘EA»J\
Al gl e () g I mddie sl JSG Dl & AS

By 15l (mela Ul ¢ (558 peme ¢ IS5 i « RSM sgaati ) clalS)
1. INTRODUCTION

In the chemical and engineering industry experimental designs are particularly applied to
study of process variables and how they affect on the product, Perry, and Green, 2000.

Three basic types of statistically designated experiments are most often used in chemical and
engineering industry. These are 1. Fractional-Factorial design. 2. Box-Wilson design. 3. Factorial
design. Box-Wilson designs and, in particular, the two-level Box-Wilson design, have been
treated in the literature both theoretically and from application point of view, Box and Hunto,
2005. However, it's desirable here to review briefly their major characteristics:

Consider the weight loss resulting from corrosion of a low carbon steel specimen has to be
determined as function of temperature, inhibitor concentration and immersion time, and let the
two levels of temperature, inhibitor concentration and immersion time. The experiments carried
out under these conditions are presented in the experimental design.

Many metals and alloys which used in different human activities are susceptible to different
mechanisms of corrosion due to their exposure to different corrosive media. Among these, low
carbon steel is very important. One of the methods used to reduce the rate of metallic corrosion
is addition of inhibitors. Many studies have been carried out to find suitable compounds to be
used as corrosion inhibitors for this metal in different aqueous solutions. These studies reported
that there are a number of organic and inorganic compounds which can inhibit corrosion of steel,
Musa, et al., 2010, Khadom, et al., 2009, Yaro, et al., 2000. Many researchers were conducted
to examine some naturally occurring substances as corrosion inhibitors for different metals in
various environments, EI-Etre, et al., 2005, El-Etre, 2003.

The use of inhibitors is an important method of protecting materials against deterioration.
Inhibitors are chemicals that often work by adsorbing themselves on the metallic surface by
forming a film, Ebenso, et al., 2009, Noor, 2008, Ebenso, et al., 2008, Oguzie, 2006, Gazquez,
2006. Most corrosion inhibitors are either synthesized from cheap raw materials or are chosen
from organic compounds containing electronegative functional groups and n-electrons in triple
or conjugated double bonds. The sites of aromatic rings and hetro atoms (such as S, N, O and P)
are the major adsorption centers for these inhibitors, Dubey, and Sing, 2007. Broad spectra of
organic compounds are available as corrosion inhibitors. Of these, only very few are actually
used in practice. This is partly due to the fact that desirable properties of an inhibitor usually
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extend beyond those simply related to metal protection. Considerations of cost, toxicity,
availability and environmental friendliness are of considerable important. Accordingly, the
replacement of some toxic, expensive chemical inhibitors by inhibitors obtained from natural
sources is necessary. Apart from being readily available, cheap and a renewable source of
materials, naturally occurring substances are eco-friendly and ecologically acceptable. Naturally
occurring substances are biodegradable and do not contain heavy metals or other toxic
compounds. Among the so-called “green corrosion inhibitors” are organic compounds that act by
adsorption on the metal surface, such as extracts of natural substances, Raja, and Sethuraman,
2008. The efficiency of these organic corrosion inhibitors is related to the presence of polar
functional groups with S, O or N atoms in the molecule, heterocyclic compounds and -
electrons. The polar function is usually regarded as the reaction center for the establishment of
the adsorption process, Roberge, 1999. One of these natural compounds is fruits. Fruit is a rich
source of chemicals such as vitamins, minerals, organic acids and phenolic compounds. The Kiwi
juice includes different level of phenolic compounds. The hydroxybenzoic acids and
hydroxycinnamic acids are the most common compounds in kiwi fruits, Keith, 2012. Note that
the Kiwi juice extract use for the first time as natural inhibitor in this article to the corrosion of
low carbon steel alloy in hydrochloric acid solution. Alaneme, and Olusegun, 2012 have studied the
inhibitive property of lignin extract of sun flower (tithonia diversifolia) as green corrosion inhibitor in 1
M H,SO, solution using experimental design. Da Rocha, et al., 2012 have studied the inhibitive
action of grape pomace extract as green corrosion inhibitor against the corrosion of carbon steel
in a 1 mol L™ HCI solution using weight loss measurements. Afia, et al., 2014 have studied the
inhibitive property of acid garlic essential oil as a green corrosion inhibitor in a 1 M HCI solution
by weight loss method of monitoring corrosion rate.

Therefore, the present study of inhibition of kiwi juice on low carbon steel corrosion and the
optimization of the independent variables is necessary, as well as important to the environment.

The experiments discussed in this work were designed to optimize the inhibition of low
carbon steel by extracted Kiwi juice where several variables, including temperature, inhibitor
concentration and immersion time would influence the corrosion rate.

Design of experiment is a statistical procedure that can reduce significantly the number of

experiment, keeping however, the reliability of the conclusions at high standard. The traditional
experimental method, one factor at a time approach can hardly be used to establish relationships
among all the experimental input factors and the output responses. Even though the traditional
approach can be useful in finding predominate factors in this situation, it is difficult to observe
the optimum value of the working parameters as no interaction among them is considered. To
solve this problem and obtain a probable optimum, design of experiment (DOE) offers a better
alternative to study the effect of variables and their responses with minimum number of
experiments, Giovanilton, et al., 2011, Montgomery, 2005. A Box-Wilson is used to evaluate
two or more factors simultaneously. The treatment is combination of level of the factors. The
advantages of Box-Wilson design over one-factor-at-a-time experiment are that they are more
efficient and they allow interactions to be detected. .
The aim of the present work is to investigate the influence of the operating parameters
(temperature, inhibitor concentration of extracted Kiwi juice and immersion time) on corrosion
rate of low carbon steel alloy in hydrochloric acid solution under optimum conditions that are
obtained by using Box-Wilson techniques, then estimation of the inhibition efficiency of
extracted kiwi juice as green corrosion inhibitor in order to find a naturally, cheap and
environmentally safe substance that could be used for inhibition purposes.
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2. EXPERIMENTAL WORK
2.1 Metal Preparation

The material of working electrodes used in this study is low carbon steel in foil coupons of a
tag shape were used as specimens. This material is cut of specimens by dimensions of (2x3x0.2
cm). Analysis of these specimens was carried out at National Center for Construction
Laboratories and Research /Baghdad/lraq. Table 4 shows the nominal and the analytical
chemical compositions of material used in this work. This analysis indicates that the main
elements of material are within the standard limits.

2.2 Extraction of Inhibitor

Completely fresh ripe kiwi fruit weighing 2 kg was purchased from the local market
(Baghdad-Iraq). The fruits washed in cold running tap water followed by distilled water, dried
with clean tissue, and extracted the crust from it and then was squeezed mechanically to get
corresponding juice. The resulting juice nomination in order to get a homogeneous solution. In
this process, 1/2 liter of kiwi juice was obtained. The extracted juice was kept frozen at - 4 °C in
glass graduated cylinder until further experiment. The concentrations of inhibitor were closer as
5, 15, 25, 35 and 45 cm®/L kiwi juice concentration.

2.3 Box-Wilson Experimental Design (BWED) and Optimization of Variables

The running expense for each experiment is relatively high which leads to need of design of
experiment. The design of experiment is a statistical tool which helps to minimize the number of
experiments so that appropriate data will be collected, the minimum number of experiments will
be performed to acquire the necessary technical information and suitable statistical methods will
be used to analyze the collected data. The initial task of this stage is to find out the key process
control parameters with their ranges and performance evaluation parameter (output) that is to be
measured. The levels of each variable represent the range for which the effect of that variable is
desired to be known.

Box-Wilson experimental design is easy to apply to many engineering situations, making it a
powerful yet simple tool and a series of tests for characterizing a physical mechanism. These
series of experiments have been developed which efficiently serve as a basic deriving the
mathematical model of process, Jeff, and Michael, 2009. For three variables, the quadratic
polynomial equation can be represented as follows:

Y = By + B X; + ByX, + B3X3 + B11X? + Byy X2 + B33 X2 + B1pX X, + By X, X3 +
B3 X, X5 €y

A preliminary step is to set up the relationships between the coded level and the corresponding
real variables, which are required in the determination of experimental range by the following
equation.

_ Xrear — Xcenter
Xcoded - X

(2)

center X min

vk

The coded variables take the value between -2 and 2 in accordance with the central composite
rotatable suggested by Tarantino, Tarantino, 2010.

The range of real variables for the system could be represented in Table 1.

The expression of coded level for the system is estimated from Eqg. (2)
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X T —45 ;
1™ 8.66 ()
X _C-25 .
27 1155 @)
x. =73 5
37115 ©
Where:

T = Temperature of corroding medium (°C)

C = Inhibitor Concentration (cm*/L)

t = Immersion Time (h)

Table 2 shows the relationship between the coded level and corresponding real variables.
The number of experiments that must be done shown in Table 3.

2.4 Experimentation

The cleaning procedure was as follows: The specimens were first degreased with analar
benzene and acetone at 25 °C, and then annealed in a vacuum oven at 550 °C for 1.5 h and
cooled to room temperature. Specimens were abraded in sequence under running tap water using
emery paper of grade numbers 220,320,400 and 600, rinsed with running tap water followed by
distilled water, dried with clean tissue, immersed in acetone and benzene, and kept in desiccator
over silica gel bed until time of use. The specimens were completely submerged in 200 cm?
corrosion solution at 2.5 M HCI, 30, 37.5, 45, 52.5 and 60 °C, and 5, 15, 25, 35 and 45 cm®/L
Kiwi juice concentration for a period of time 1, 2, 3, 4 and 5 h. After each experiment the
specimens were washed with running tap water followed by distilled water, dried with clean
tissue, immersed in acetone and benzene, and kept in desiccators over silica gel bed to dry, then
weighed by high accuracy electronic balance.

3. RESULTS AND DISCUSSION

The corrosion of low carbon steel in 2.5 M HCI solution containing various concentrations
of inhibitor at different temperatures and immersion times was studied by weight loss
measurments. The corrosion rate of low carbon steel was determined using the relation:

C.R = Weight loss (g)
"7 Area (m?) x Time (day)

(6)
C.R: Corrosion rate (g/m?. day) (gmd)

The percentage inhibition efficiency (IE (%)) was calculated at optimum conditions using the
relationship, Alaneme, and Olusegun, 2012:

[E% = Wayninhibt —Winnibit % 100 (7)

Wyninhibit

Where W, innipe @and Wianinic are the corrosion rates in absence and presence of inhibitor
respectively.
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Table 5 will be first fitted through nonlinear regression analysis to estimate the coefficients
of the proposed model. Table 5 also shows the corrosion rate of the specimens that reached
through the experimental work and the predicated corrosion rate, which are designed according
to the central composite rotatable design method.

3.1 Response Surface Methodology:

Response Surface Methodology (RSM) can be regarded as a statistical technique for

optimizing the objective functions through some mathematical methods. Basically, this involves
doing several experiments. Using the result of one experiment, direction for what to do next is
provided, Lenth, 2010. The field of RSM consists of the experimental strategy for exploring the
space of the process or independent variables, empirical statistical modeling to develop an
appropriate approximating relationship between the yield and process variables and optimization
methods for finding the values of process variables that produce desirable values of the response,
Acherjee, et al., 2009. The main objective of RSM is to find the combination of factor levels to
achieve the optimal response.
In the present work the RSM is used to study the parametric effect of process parameters on
corrosion rate. The result of experiment is used to develop the regression model as discussed in
the following section. The effect of temperature, inhibitor concentration and immersion time on
corrosion rate is shown graphically in Fig. 3 through Fig. 5 by constructing the response surface
and contour diagram.

Multiple regression analysis (MRA) is one of the most widely used statistical techniques for
analyzing multifactor data, Davim, et al., 2008. In the present work a regression model is
developed by establishment of correlation between the process control parameters such as
temperature, inhibitor concentration and immersion time with the output parameter namely
corrosion rate, one can use this relationship in various algorithms. A quadratic regression model
for response corrosion rate (C . R) is developed based on experimental results using the coded
data of the central composite rotatable design, Table 6 the coefficients of the 2" order
polynomial were estimated by implementing nonlinear least squares regression analysis
technique based on Rosenbrock and Quasi-Newton estimation method via the STATISTICA
software of version 10.1 can be used for estimation of coefficients Bo, By,...., B2s. This model
will help to predict the response as a function of independent variables and their interactions.

In order to obtain the second-order response surface model equation the following equation
may be assumed:

n n n
Y:BO-I_ZBLXL-I_ZB”XlZ+ZBUX1X]+el (8)
i=1 i=1

i<j

Where Y is the predicted response, B, the intercept coefficient, B; the linear terms, B;; the
squared terms, B;; the interaction terms, X; and X; are coded levels of the process control
variables, the residual, e; measures the experimental error of the observation number and n is the
total number of designed variables, Jian-Ping, et al., 2007, Montgomery, 2005. The
coefficients of the model for the corresponding response are estimated using multiple regression
analysis technique included in RSM. The response surfaces of corrosion rate can be expressed by
the following quadratic equation in terms of coded values and real units.

C-Rueignt loss (gmay = 7041 + 8.73 T — 18.44 C + 1042 t + 10.24 T* + 22.34 C* +
12562 —034T x C+742T X t+1.11C Xt 9)
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Where, T = Temperature (°C)
C = Concentration of Inhibitor (cm®/L)
t = Immersion Time (h)

3.2 Statistical and Mathematical Analysis:

From Table 5:

e; = (C.Ry — C.Rp)

An estimation of the experimental error variance (S?2) is obtained by dividing the residual sum of
squares (e;) by number of degree of freedom(y); where:

¥ = N;i — Neoge (10)
Where:

N;: No. of experiments

Nof: No. of coefficients in the model

y=18-10=38 (11)
St=Xelly (12)
The estimated variance of coefficients (SZ) is then calculated by the following formula:

5t = s2/5° (1)

The significant coefficient can be estimated by comparing the value of (B%/S?) to the critical
value Fjgs5(1,8) = 0.29 of the F-distribution at 95% level of confidence, Jeff, and Michael,
2009. The results of these calculations are shown in Table 7 for low carbon steel alloy. The final
form of the proposed model was as follows:

C.Rueight 1oss (gma) = 70.41 +8.73T —18.44 C + 10.42 t + 10.24 T? 4+ 22.34 C* +
12.56t2 +7.42T X t (14)

The accuracy of an empirical model can also be done by means of statistical parameters, for
example, correlation coefficient. The correlation coefficient (R?) is a statistical measure of the
strength of correlation between the predicted and measured values, Devore, 2005. For the
current problem, the following result is obtained: R? = 0.895. Fig. 2 shows predicted corrosion
rate by Eq. (14) against experimental one.

3.3 Inhibition Optimization Result and Estimating the Percentage Inhibition Efficiency:

According to Eqg. (14), using POLYMATH software version 4.02 in terms of minimum
corrosion rate, the optimum values were obtained. The optimum values of the studied variables
in coded and real form are listed in Table 8 below for low carbon steel alloy. A validation
experiment was conducted at the specified optimized values and the results were used to
calculate the response (corrosion rate). The practical value of the corrosion rate at the optimum
conditions was comparable with the theoretical value and the result was closed.

The percentage inhibition efficiency at the optimum conditions can be calculated from the

Eq. (7).

1£9 = 2102 ~ D00 100 = 96.00 %
° T 01049 IR
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3.4 Influence of Process Parameters on Corrosion Rate:

The aim of this study was to find a corrosion rate whose features would have been

previously defined from the operative conditions extracted from the quadratic mathematical
model.
Because the direct exploitation of the equation was delicate, it was convenient to restore it under
a graphic representation; while fixing one of the three factors of the survey, it was possible to
represent the response surface materializing the surface of regression in a three-dimensional
space. It was also possible to project the equation in a design under isoresponse curves,
interpreted as card curves level.

A. Evolution of corrosion rate as a function of the temperature and the concentration of
corrosion inhibitor:

Fig. 3 shows the evolution of the corrosion rate as a function of the temperature and the
concentration of corrosion inhibitor (extracted kiwi juice). It can be seen that the inhibitor
concentration has a strong influence on the tentative response. The minimal corrosion rate is
obtained for an inhibitor concentration of 0.37 in coded variable, i.e., 29.29 cm®/L in real
variable. Considering simultaneous effects of temperature and inhibitor concentration is
presented in Fig. 3 contour plot. The figure shows, in high temperature (60 °C), the increase of
corrosion rate is higher than in lower temperature (30 °C). This is also in close agreement with the
research done by, Da Rocha, et al., 2012,

B. Evolution of corrosion rate as a function of the temperature and the immersion time:

Fig. 4 shows the synergism between the two factors: the temperature and immersion time in
corrosion rate at inhibitor concentration 29.29 cm®/L. It can be noted that the effect of the
immersion time differed according to the corrosion rate’s variation. This effect becomes positive
and even more important when the corrosion rate is degraded (reduced). Analysis of corrosion
rate as effects of interaction between temperature and immersion time is shown in Fig. 4 contour
plot. The model shows a decrease followed by growing of corrosion rate due to temperature and
immersion time at the optimum condition of inhibitor concentration 29.29 cm®*L and this in
agreement with, Alaneme, and Olusegun, 2012.

C. Evolution of corrosion rate as a function of the concentration of corrosion inhibitor and
the immersion time:

Fig. 5 represents the evolution of the corrosion rate as a function of the inhibitor
concentration and the immersion time. This figure shows that the corrosion rate initially
decreased when the inhibitor concentration and immersion time increased. This evolution was
however more accentuated up to a concentration of 29.29 cm®/L kiwi juice until it reaches a
minimum value of corrosion rate at 2.65 h, which contributes to the great tendency of corrosion
protection causes decrease in corrosion rate then it begins to increase again with increasing the
inhibitor concentration and immersion time. Fig. 5 contour plot presents a polynomial surface
response relating to effect of inhibitor concentration and immersion time on corrosion rate. It is
shown that different corrosion rate is observed for inhibitor concentration and immersion time.
Immersion time increased corrosion rate from 70-220 gmd along the immersion time setting (1-5
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h). Concentration of inhibitor from 5-45 cm®/L has decreased corrosion rate from 270-70 gmd.
This is also in close agreement with the research done by, Afia, et al., 2014.

4.

1.

CONCLUSION

The results of experiment are extended to develop the second order polynomial regression
model of the objective function (corrosion rate) in terms of three variables (i.e., temperature
of corroding medium, inhibitor concentration and immersion time) using response surface
methodology (RSM) gives Eq. (14), which adequately describes the behavior of the process
throughout the studied range.

. The three variables effect on the corrosion rate in following order:

Inhibitor concentration > Immersion time > Temperature.

. The green corrosion inhibitor made up the kiwi juice extract successfully reduced the

corrosion rates of low carbon steel alloy in 2.5 M HCI solution.

. The optimum conditions as predicted from Eq. (14) is 42.86 °C temperature of corroding

medium, 29.29 cm®/L inhibitor concentration and 2.65 h of immersion time for low carbon
steel alloy.

. Kiwi juice extract acts as a corrosion inhibitor of low carbon steel with inhibition efficiency of

96.09 % under the optimum conditions.

. The corrosion rate of low carbon steel alloy in 2.5 M HCI solution in presence of kiwi juice

extract, increases with increasing temperature and immersion time, and decreased with
increasing concentration of inhibitor.

. The analysis of statistical central composite rotatable Box—Wilson Experimental Design

(BWED), generally, shows that the interaction effects on the corrosion rate by weight loss
technique (within the studied range) is less pronounced compared with the main and square
variables except the interaction effect of (T X t) in presence of extracted kiwi juice.

ACKNOWLEDGEMENT

The author would like to thank National Center for Construction Laboratories and Research
/Baghdad/Iraq for financial support.

5.

REFERENCES

» Acherjee, B., Misra, D., Bose, D. and Venkadeshwaran, K., 2009, Prediction of Weld
Strength and seam Width for Laser Transmission Welding of Thermoplastic using
Response Surface Methodology, Optics & Laser Technology, No. 41, PP. 956-967.

» Afia, L., Benali, O., Salghi, R., Ebenso, E. E., Jodeh, S., Zougagh, M. and Hammouti, B.,
2014, Steel Corrosion Inhibition by Acid Garlic Essential Oil as a Green Corrosion
Inhibitor and Sorption Behaviour, Int J. Electrochem. Sci., Vol. 9, PP. 8392-8406.

» Alaneme, K. K. and Olusegun, S. J., 2012, Corrosion Inhibition Performance of Lignin

Extract of Sum Flower (Tithonia Diversifolia) on Medium Carbon Low Alloy Steel
Immersed in H,SO,4 Solution, Leonardo Journal of Sciences, Vol. 20, No. 1-6, PP. 59-70.

30



Number 8 Volume 21 August 2015 Journal of Engineering

ASTM, Annual book, 2004, Engineering Handbook-Technical Information, 1* Edition,
Huyett.

Box, H. and Hunto, 2005, Statistics for Experiments, 2" Edition, John-Wiley and Sons,
Inc., New York, USA.

Da Rocha, J. C., Ponciano Gemes, J.A.C., Delia, E., Gil Cruz, A. P., Cabral, L. M.C.,
Torres, A. G. and Monteiro, M. V. C., 2012, Grape Pomace Extracts as Green Corrosion
Inhibitors for Carbon Steel in Hydrochloric Acid Solutions, Int. J. Electrochim. Sci., Vol.
7. PP. 11941-11956.

Davim, J.P., Oliveira, C. and Cardoso, A., 2008 ,Predicting the Geometric form of Clad
in Laser Cladding by Powder Using Multiple Regression Analysis (MRA),Materials and
Design, No.29, PP.554-557.

Devore, P., 2005, The Exploration and Analysis Data, 5" Edition Thomson Learning,
Belmont, USA.

Dubey, A. K. and Sing, G., 2007, Corrosion Inhibition of Mild Steel Using Brijj-30,
Portugaliae Electrochimica Acta, Vol. 25, PP. 205-2109.
http://dx.doi.org/10.4152/pea.200702205

Ebenso, E.E., Eddy, N.O. and Odongenyi, A.O., 2009, Inhibition of the Corrosion of
Mild Steel by Methocarbamol, Portugaliae Electrochimica Acta, Vol. 27, PP. 13-22.

Ebenso, E.E., Eddy, N.O. and Odongenyi, A.O., 2008, Corrosion Inhibitive Properties
and Adsorption Behaviour of Ethanol Extract of Piperguinensis as a Green Corrosion
Inhibitor for Mild Steel in H2SO4, African Journal of Pure and Applied Chemistry, Vol.
4, PP. 107-115.

El-Etre, A. Y., Abdallah, M. and El-Tantawy, Z. E., 2005, Corrosion Inhibition of Some
Metals Using Lawsonia Extract, Corros. Sci., No. 47, PP. 389-395.

El-Etre, A. Y., 2003, Corros. Sci., No. 45, P. 2485.
Gazquez, J. L., 2006, Quantum Chemical Study of the Inhibitive Properties of 2-Pyridyl-

Azoles, The Journal of Physical Chemistry, Vol. 110, PP. 8928-8934.
http://dx.doi.org/10.1021/jp057143y

Giovanilton, F. S., Fernando, L. C. and Andrea, L.O., 2011, Application of Surface
Methodology for Optimization of Biodiesel Production by Trans esterification of
Soybeam Oil with Ethanol, Fuel Processing Technology, Vol. 92, PP. 407-413.
http://dx.doi.org/10.1016/j.fuproc.2010.10.002

Jeff Wu, C. F. and Michael, S.H., 2009, Experiments: Planning, Analysis and
Optimization, 2™ Edition, John-Wiley and Sons, Inc., New York, USA.

31



Number 8 Volume 21 August 2015 Journal of Engineering

Jian-Ping, W., Yong-Zhen, C., Xue-Wu G. and Han-Qing, Y., 2007, Optimization of
Coagulation-Flocculation Process for A Paper-recycling Wastewater Treatment Using
Response Surface Methodology, Colloids and surfaces A: Physicochem. Eng. Aspects,
No. 302, PP.204-210.

Keith, S., 2012, Kiwi fruit Overview of Potential Health Benefits, Nutrition and Food,
Vol. 47, No. 3, PP.133-147.

Khadom, A. A., Yaro, A. S., Al Taie, A. S. and Kadum, A. A. H., 2009, Electrochemical,
Activations and Adsorption Studies for The Corrosion Inhibition of Low Carbon Steel in
Acidic Media, Portug. Electrochim. Acta, Vol. 27, No. 6, PP. 699-712.

Lenth, R. V., 2010, Response-Surface Methods in R Using RSM, Journal of Statistical
Software, No.28, July.

Montgomery, D.C., 2005, Design and Analysis of Experiments, *" Edition, John Wiley
and Sons, New York, USA.

Musa, A. Y., Khadom, A. A., Kadhum, A. A., Mohamad, A. B. and Takriff, M. S., 2010,
Kinetic Behavior of Mild Steel Corrosion Inhibition by 4-Amino-5-Phenyl-4H-1,2,4-
Trizole-3-Thiol, J. Taiwan Inst. Chem. Eng., No.41, PP. 126-128.

Noor, E. A., 2008, Comparative Study of Corrosion Inhibition of Mild Steel by Aqueous
Extract of Fenugreek Seeds and Leaves in Acidic Solution, Journal of Engineering and
Applied Sciences, Vol. 4, PP. 23-30.

Oguzie, E. E., 2006, Adsorption and Corrosion Inhibitive Properties of
Azadirechtaindica in Acid Solution, Pigment and Resin Technology, Vol. 35, PP. 334-
340. http://dx.doi.org/10.1108/03699420610711335

Perry, R.H. and Green, D.W., 2000, Chemical Engineering Handbook”, 8" Edition,
McGraw-Hill, United States.

Raja, P. B. and Sethuraman, M. G., 2008, Natural Products as Corrosion Inhibitor for
Metals in Corrosive Media-A review, Mater. Lett., VVol. 62, PP. 113-116.

Roberge, P. R., 1999, Corrosion Inhibitors, in: Handbook of Corrosion Engineering,
McGraw-Hill, New York, PP. 833-862.

Tarantino, L., 2010, Design and Analysis of Industrial Experiments”, 1* Edition, Tetra
Pak.

Yaro, A. S., Abdul Masih, N. Sh. and Khadom, A. A., 2000, The Influence of

Temperature on Corrosion Inhibition of Carbon Steel in Air —Saturated 7N H3PO4 by
Potassium lodide, Iraqi, J. Chem. Petrol. Eng., No. 1, PP.83-87.

32



ff?,§ Number 8 Volume 21 August 2015 Journal of Engineering

Table 1. The experimental range of variables.

o Inhibitor Concentration Immersion Time
Temperature (°C) (cm*/L) (h)
30-60 5-45 1-5

Table 2. Real and coded of the independent variables used in RSM study.

Variables Levels
Xl’ Xz, X3 '2 '1 O 1 2
X; = Temperature (°C) 30 || 37.5 || 45 || 52.5 | 60
X, = Inhibitor Concentration
(cm?/L) 5 15 | 25 | 35 || 45
X3 = Immersion Time (h) 1 2 3 4 5

Table 3. Sequence of experiments according to central
composite rotatable experimental design.

Coded ]
. Variables Real Variables
Ncl)o.. Tem Inhibitor | Immersion
X | X5 || X3 (°CF)J. Conc. Time
(cm®/L) (h)
1 11 -1 375 15 2
2 10-1-1 525 15 2
3 1] -1 375 35 2
4 1011 -1 525 35 2
5 111 375 15 4
6 1f-1( 1 52.5 15 4
7 17 1 1 375 35 4
8 1 1 525 35 4
9 20101 0 30 25 3
10 20101 O 60 25 3
11 Of-21 O 45 5 3
12 Of 21 0 45 45 3
13 offof-2 45 25 1
14 oOofof 2 45 25 5
15 Ofof o 45 25 3
16 Ofof o 45 25 3
17 ofoflo 45 25 3
18 Ofoflo 45 25 3
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Table 4. A nominal, Astm, 2004 and analytical chemical
composition (wt. %) of low carbon steel alloy.

Metal Fe C Mn Si P S Cr Mo Ni Al
Nominal [| Rem. || 0.02-0.13 || 0.3-0.6 || 0.002 || 0.004 || 0.005 || 0.024 || 0.0008 || 0.014 || 0.003
Analytical || Rem. || 0.040 0.309 || 0.004 [| 0.005 || 0.007 || 0.021 || 0.0009 || 0.010 || 0.004

Table 5. Two-level central composite rotatable experimental design of the independent variables
with the observed, predicted values and experimental error for the response.

Exp. Predicted
Vgr(i)ggfe S Real Variables CorroFs)ion Corrosion Corrr:ssi%%r;?ing
EXp. Rate Rate
No. Inhibitor || Immersion
X | X, || X3 T?onég. CO?C. Time (E]:r.‘r?dE) (gr.ch;)) e; = C.Rz — C.Rp
(cm’/L) (h)
1 L1l -1 375 15 2 100.53 123.04 -22.51
2 -1 -1f 525 15 2 125.88 126.33 -0.45
3 L 11 375 35 2 110.17 84.61 25.56
4 1f21f-1f 525 35 2 111.45 86.54 24.91
5 -1y 1 37.5 15 4 130.44 126.81 3.63
6 1 (-1 1 52.5 15 4 162.76 159.79 2.97
7 11 37.5 35 4 121.82 92.83 28.99
8 111 52.5 35 4 175.49 124.45 51.04
9 2104 0 30 25 3 90.35 93.92 -3.57
10 21010 60 25 3 103.87 128.84 -24.97
11 0Of-29 0 45 5 3 219.09 196.64 22.45
12 Ofj21)20 45 45 3 71.89 122.87 -50.98
13 oOfjojf-2 45 25 1 100.33 99.82 0.51
14 ooy 2 45 25 5 112.44 141.49 -29.05
15 Ofof O 45 25 3 63.45 70.41 -6.95
16 Ofofo 45 25 3 65.32 70.41 -5.09
17 OjJojo 45 25 3 61.87 70.41 -8.54
18 Ojoyjpo 45 25 3 62.45 70.41 -7.96
Table 6. The coefficient values of the predicted correlation.
Coeff. Bo B: B, Bs Bu Bo> Bas B1, Bis Bas
Value || 70.41 8.73 || -18.44 || 10.42 | 10.24 || 22.34 || 12.56 || -0.34 7.42 1.11

Correlation Coefficient

(R) 0.895 Proportion of Variance 0.67
Final Valug of loss 10042.18
function
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Table 7. Analysis of variance (ANOVA) for the fitted model.

Engineering

Co_nstant G Est!mated Variance F-value Fo95(1,8)

Estimated Coefficient (B) || Sb? = Sr?2/xX? | = B?/Sb?> | =0.29
B, 16 8.73 78.4539 0.97 S
B, 16 -18.44 78.4539 4.33 S
B, 16 10.42 78.4539 1.38 S
By 16 10.24 78.4539 1.34 S
B, 16 22.34 78.4539 6.36 S
Bas 16 12.56 78.4539 2.01 S
Bi, 8 -0.34 156.9078 0.001 NS~
Bis 8 7.42 156.9078 0.35 S
Bus 8 1.11 156.9078 0.01 NS

) Significant

) Non-significant

Table 8. Optimum values of the process variables for minimum corrosion rate.

Optimum Values

Variables (low carbon steel alloy)
Coded Real
X; = Temperature (°C) -0.25 42.86
X, = Inhibitor Concentration (cm3/L) 0.37 29.29
X3 = Immersion Time (h) -0.30 2.65

Function Minimum (Corrosion rate, gmd)

62.35
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Mask Thermometer
Stand
Teflon Rod Glass Funnel
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Figure 1. Experimental set-up for weight loss investigation.
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Figure 3. Response surface plot (top) and contour plot (bottom) showing
the variation of corrosion rate as a function of the temperature and
extracted Kiwi juice concentration at the optimum value (2.65 h).
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Figure 4. Response surface plot (top) and contour plot (bottom) showing
the variation of corrosion rate as a function of the temperature
and immersion time at the optimum value (29.29 cm®/L).
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ABSTRACT

One of the most important problems that faces the concrete industry in Iraq is the

deterioration due to internal sulfate attack , since it reduces the compressive strength and increases
the expansion of concrete. Consequently, the concrete structure may be damage .The effects of total
and total effective sulfate contents on high strength concrete (HSC) have been studied in the present
study.

The research studied the effect of sulfate content in cement , sand and gravel , as well as
comparing the total sulfate content with the total effective SO3; content. Materials used were divided
into two groups of SOz in cement ,three groups of SOz in sand ,and two groups of SO3 in gravel.

The results show that considering the total effective sulfate content is better than the total
content of sulfates since the effect of sulfate in each constituent of concrete, depends on it's granular
size .The smaller the particle size of the material the more effective is the sulfate in it. Therefore, it
is recommended to follow the Iraqi specification for total effective sulfate content, because it gives
more flexibility to the use of sand and gravel with higher sulfate content.

The results of compressive strength at 90-days show that the effect of total effective SO3
content of ( 2.647% , 2.992% , 3.424% ) that correspond to total sulfate of ( 3.778%, 3.294%,
4.528%) decrease the compressive strength by (7.53%, 11.44%, 14.59%) respectively.

Key words: internal sulfate attack, total effective sulfate content, high strength concrete, total sulfate
content, particle size.
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1. INTRODUCTION

High strength concrete is a type of high performance concrete generally with a
specified compressive strength of (40MPa) or higher, the production of high strength concrete
requires a comprehensive research and more attention to quality control than the conventional
concrete ACI 363.2R, 1998. High strength concrete is needed to implement the structural elements
into service at much earlier age, such as maximize the spaces , construction of long span structures
such as bridges and enhance the durability of bridge decks ACI 363.2R, 1998. New vanguard
producers of ready mixed concrete are directing their promotion efforts toward commercialization
of high strength concrete ( 60MPa and more).Some of the basic concepts that need to be understood
for high strength concrete are ; The aggregate should be strong and durable, the aggregate need not
necessarily be hard and of high strength but need to be compatible, in terms of stiffness and
strength, with the cement paste, high strength concrete mixtures , generally , need to have a low
water-cementitious material ratios (w/cm). W/cm ratios can be in the range of(0.23 to 0.35) and the
use of air entrainment in high strength concrete will greatly reduce the strength potential James,
1989, and Ron Burg, 1993. Internal sulfate attack results from the reaction between sulfate in
concrete constituents ( water , cement , sand and gravel ) .The reaction between these constituents,
which have calcium aluminates, and water forms calcium sulphoaluminate . The hazard is
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illustrated in the materials which cause high tensile stresses leading to expansion and
disruption of concrete Skalny, and Odler, 2002.

Raof, 1970 considered Calcium sulfate ( gypsum ) more dangerous for this type of
attack , because of the addition of gypsum to the cement at the grinding stage to control
the hydration speed and setting of cement paste .

The deleterious action of internal sulfate attack is brought about by an excessive SOz content
in the finer material or, less often, in the aggregate used. Under these conditions , the whole volume
of the material is affected more-or-less uniformly. The extent of damage depends on the
composition of the mixture, the curing conditions, and the environment to which the object of
concern is exposed Skalny, and Odler, 2002.

The optimum SOj3 content, at which higher mechanical properties and little tendency to
expanding are obtained, is at SO3 equal to 5 (% by weight of cement).Further increase in sulfates
content in concrete after this optimum value shows a considerable reduction in mechanical
properties; compressive strength, flexural strength , U.P.V and rebound number. Nonetheless, there
is some recovering with advance in age at which the affected mixtures retrieve some of their lost
strength Al-Ameeri, and Issa, 2013.

The cement made with clinker containing somewhat high percentages of SO3 and low alkali
had relatively slower strength development and higher resistance to sulfate attack than classical
cement with similar chemical composition Sayed Horkoss, et al., 2011.

Al-Rawi, et al., 2002 found that the allowable sulfate content in sand could be increased
without a significant loss in strength provided that sulfate content in cement is reduced . They
presented the theory of effective sulfate content in concrete constituents and developed the
following Eq.(1) which is based on this theory :

SOs(effective) =0.9-0.25 vVFM 1)

This theory implies that sulfates in cement are more effective than sulfate in sand and
sulfates in sand are more effective than that in coarse aggregates. Sulfates in cement could be more
than double as effective as sulfates in sand, the same is applicable with the case of sulfate in sand
compared with sulfate in coarse aggregate .It will also be used to calculate the effective SO3 content
in the present work Al-Rawi, et al., 2002.The different between al-Rawi work and the present work
is the method of sulfate content in constituents of concrete which is used naturally contaminated in
the present work.

Sulfate problem in fine aggregate increases with time in Irag and the construction companies
face several difficulties to find fine aggregate within the specification with regard to sulfate content.
The possibility of adjusting fine aggregate content in concrete mixes is studied to facilitate using
fine aggregate with sulfate content higher than that studied by the Iraqgi Specification limit to
(0.5%), but the total sulfate content of the mix is to be within the 1QS, No0.45, 1984.

In coarse aggregate, the presence of gypsum coatings is the major source of contamination
Saco, and Rassam, 1989. Work done by Sharif, et al., 1993 indicates that no gypsum exists in the
interior mineral composition of coarse aggregate .By using X-ray Microscopic atomic absorption ,
and Auto analyzer they found that the gypsum exists only at the external surface of coarse
aggregate.

The quality of mixing water plays an important role in the strength of the resulting concrete .
Impurities in water may interfere with the setting of cement and adversely affect the strength and

3
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may lead to corrosion of reinforcement . Drinking water satisfies specification of quality assurance
for mixing and curing of concrete, most specification BS 3148, 1980 put an upper limit for sulfate
not exceed (1000 ppm), The ASTM C94, 2003 gives the use of the wash water (SO3; not exceed
3000 ppm )and the 1.Q.S 1703, 1992 limited (SO3 not exceed 100 ppm) in water as SO3% (by
weight ) as reported by Al-Salihi, 1994.

1.1 Objectives

The objectives of this research can be summarized as follows:

1. The research is conducted to produce high strength concrete according to ACI
211.4R(2008) .

2. It also demonstrates the correlation between the total and total effective SO3% content with
(HSC) at different ages.

2. MATERIALS CHARACTERISTICS
2.1 Cement

Ordinary Portland cement (OPC) (Type 1) as (cement 1 and cement 2) under commercial
name of (Al-Kufa) was used for HSC mixes throughout work. The chemical analysis and physical
properties of the cement used are given in Tables 1 and 2. The results conform to, 1QS, No.5, 1984.

2.2 Fine Aggregate

Al-Obeidi (sand 1) , Al-Ekhaider (sand 2) and sand 3 which mixed from (sand 1 and sand 2)
natural sands of 4.75 mm maximum size was used as fine aggregate in HSC mixes. Some properties
of the three natural fine aggregates are illustrated in Table 3 according to 1QS, No.45, 1984.The
grading of fine aggregates is shown in Fig 1.

2.3 Coarse Aggregate

Aggregate predominately retained on the No.4 (4.75mm) sieve, in this work crushed coarse
aggregate with a nominal size of (19 mm) was used and it was obtained from Al-Nibaai region as
(gravel 1 and gravel 2). Some properties of coarse aggregate are illustrated in Table 4 according to
1QS, No.45, 1984 Fig. 2 illustrate the gradation used throughout the investigation.

2.4 High Range Water Reducing Admixture (HRWRA)

A super plasticizer which is known commercially as Flowcrete PC-200 was used as a
high range water-reducing agent . It is a highly effective superplasticizer with a slight set
retarding effect which produces free-flowing concrete in hot climates . Also a substantial
water reducing agent promotes high, early and ultimate strength .

The dosage of this superplasticizer that was recommended by the manufacturer was
(0.7-2.5) % by weight of cement. Exact dosage rates depend on type of the effect required,
quality of cement , aggregate , water cement ratio and ambient temperature therefore , in
many cases, it is advisable to carry out trial mixes . This admixture conforms to the ASTM
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C494, 2006 type G .Table 5 shows some physical and chemical analysis of the superplasticizer
(PC-200).

2.5 Water
The water used in HSC mixes was potable water for both casting and curing of specimens.

3. PREPARATION OF CUBE SAMPLES
3.1 Mix Design

The design of concrete mixes to achieve characteristic compressive strength of (60) MPa at
28 days is made according to the American Method ACI 211.4R, 2008. Cement content is (512.5
kg/m3) and W/C ratio is 0.32. The slump required for all mixes is (75-100 mm). According to the
mix design procedure, the mix proportion is (1: 1.44: 1.87). Mixes of HSC have been investigated
by using two percentages of SO3 in cement (type | with SOj3 content =2%) and (type | with SO;
content=2.75%) ,These mixes have been studied by using different percentages of sulfate in fine
aggregate of (0.3, 3.1, 5.3)%, and in coarse aggregate of (0.06,0.72)% and then its effect on the
compressive strength, flexural strength, ultrasonic pulse velocity, density, and absorption at the
age of 7, 28, and 90 day.

3.2 Measurement of Workability of the HSC

Workability is one of the most important features defining the fresh properties of concrete
and can be defined as a measure of the ability of concrete to be mixed, handled, transported and
most important its ability to be placed without loss in homogeneity and with less air voids. A slump
test is a suitable test to determine the workability for all types of concrete mixes ; This test is
performed according to ASTM C143, 2006.

Several slump tests have been carried out to choose the appropriate dosage of HRWRA to
give workability of (75 -100 mm) slump for all mixes.

3.3 Cube Mould and Curing

Mixing process was performed by manually operated mixer according to ASTM C192,
2006. Firstly, sand was well mixed with the cement to attain a uniform mix. then, gravel was
added to the mix and the whole dry materials were well mixed for about (2) minutes. The required
amount of tap water and HRWRA were then added gradually and the whole constituents were
mixed for further (2) minutes to get a homogenous mix.

After mixing, the concrete mix was placed in the standard cubic steel moulds Specimens
(100*100*100) mm which used for compressive strength , ultrasonic , absorption , and density
test. The specimens were compacted using a vibrating table for sufficient period about (20 sec), in
addition to the use of a metal rod to remove any entrapped air as much as possible. Then , the
concrete surface was leveled and smoothed by means of trowel, and the specimens were covered
with nylon sheet for 24 hrs at laboratory temperature to prevent evaporation of moisture from the
fresh concrete. After, moulds were opened and cured permanent (continuous) water curing until
testing date.
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4. DETERMINATION OF THE TEST RESULTS
4.1 Compressive strength
Compressive strength test was measured on 100 mm cube for the determination of average
compressive strength according to, B.S. 1881: part 116, 1983 using a compression testing machine
with a capacity of (2000 KN).
Specimens were kept under curing method conditions until testing. The loading rate used in
the test was 0.3 N/mm2 per second. The test was conducted at ages of 7, 28 and 90 days.

4.2 Flexural strength (Modulus of rupture)

The (100*100*400) mm concrete prisms were used for flexural strength. Test was carried
out according to ASTM C293, 2006 .The flexural strength (modulus of rupture) is calculated using
the formula:

Fr=3PL/2BD2 ()

4.3 Ultrasonic Pulse Velocity

The ultrasonic pulse velocity (U.P.V.) is one of the non-destructive tests of concrete.
Samples of (100*100*100) mm were used in the test according to ASTM C597, 2006 using a
device commercially known as (PUNDIT). The ultrasonic pulses have a wide range frequencies
between (24-200) kHz, although the (55 kHz ) and the (82 kHz ) versions will normally be used for
site or laboratory testing of concrete Bungey, and millard, 2010.

4.4 Density
Density test was performed on a (100*100*100) mm concrete cubes according to ASTM
C642, 2006. The density of concrete cubes is determined in dry air by measuring the dimensions

and weight of specimens using the measurement device (vernier) and the electrical scale.

4.5 Water Absorption

This test was carried out on (100*100*100) mm samples according to British Standard B.S.
1881-part 122, 1983. Three specimens are placed in a drying oven. So that each one was not less
than 25 mm from any heating surface or from each other.

5. DISCUSSIONS of TEST RESULTS

Table 6 shows the mix designation and sulfate content for all HSC mixes. Table7 shows the
compressive strength and flexural strength results for all HSC mixes at different ages . Fig.3 and
Fig.4 shows the relation between the reduction in compressive strength with the total effective
S0O3% and total SO3% at different ages. Fig.5 , Fig.6 and Fig.7 shows the relationships between the
compressive strength and age of the HSC specimens for different percentages of sulfate content in
cement, sand and gravel at 7 , 28 and 90 days . Fig.8 and Fig.9 shows the relation between the
reduction in flexural strength with the total effective SO3% and total SO3% at different ages. Fig.10
, Fig.11 and Fig.12 shows the relationships between the flexural strength and age of the HSC
specimens for different percentages of sulfate content in cement, sand and gravel at 7 ,28 and 90
days .The HSC specimens having low sulfate content such as reference mix exhibit an increase in
compressive strength with increasing of curing age, while concrete specimens having the higher
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percentages of sulfate content such as (MCSHG) mix exhibit slight increase in compressive strength
with increasing of curing age .This complies with studies carried out by, Al-Rawi, et al., 2002, and
Al-Salihi, 1994,

In general, the results show that concrete mixes with the lower sulfate content gives a good
results for compressive strength due to fill voids by hydration products and increase the density and
decrease permeability of concrete .This complies with studies carried out by Samaa ali, 2010.

The highest percentages of sulfate content decreasing the compressive strength values at
different ages from (5-40)% at 7 days, (6-41)% at 28 days , and (7-42)% at 90 day and decreasing
the flexural strength values at different ages from (3-28)% at 7 days, (4-29)% at 28 days , and (6-
32)% at 90 day with the increase in the values of total SO3% and total effective SO3%,but total
effective SO3% show a good correlation with the decreasing in compressive strength and flexural
strength than the total SO3% content. The trend of (Ultrasonic pulse velocity and density) is
compatible with the compressive strength . The trend of absorption results is adverse with the
compressive strength results because of sulfate action which absorb more water when the
concentration of it increase Fig.13 shows the effect of total effective SO3% sulfate content on
U.P.V ,density & absorption at 7,28 and 90 days .This fact according to the particle size of concrete
constituent, the cement which has the higher fineness than sand and coarse make high surface area
causing high reaction and high solubility with the sulfate Al-Rawi, et al., 2002.

There exist several factors that affect the strength development of concrete having different
mixes. These factors are: fineness of the particles of the concrete constituent which are related to the
effective SO3% in materials, The percentages of SO3% content in cement , in coarse and in fine
aggregate, the size and shape of aggregate, concrete porosity, and chemical attack.

Concerning the above factors, the reference mix whose sulfate contents SOz (2%) in cement
showed higher values of compressive strength , flexural strength , U.P.V and density when the
(OPC) is of a low SOj3 in cement ,Thus, the quantity of expansive ettringite becomes less in the
cement paste of concrete Neville, 2010.

In the fine aggregate when (SO3%) content increases, the compressive strength of concrete
decreases as compared to the reference HSC with SO3; (0.3%), this is complies with the results of
Al-Salihi, 1994.The (SOs) ions which react with C3A in cement to produce calcium sulphoaluminate
causes expansion of concrete which therefore , may reduce the strength.

6. CONCLUSION

Depending on the results of the experimental work which has been done to investigate the
effect of internal sulfate attack on HSC, the following conclusions can be drawn from analysis of
these results:

1. The increase in total effective sulfate content in concrete causes an decrease in density of
concrete about (0.38 - 4.8) at 90 days, but total effective sulfate content is more related linearly
with this decrease than the total sulfate content.

2. The reduction in the SO3 content in cement would allow using higher percentages of sulfate in
aggregates used in concrete.

3. The total effective SO3 shows a good correlation with the conducted result of all tests as
compared with the total SO3, so that the total effective SOz gives a good indication of the
possibility of using material in concrete.
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4. The reduction in the compressive strength ranged about ( 7-40%) at 7-days for mixes with total
effective SO3 content of (2.6-6.9%) and with total SO content of (3.77-11.72%) (by weight), and
the reduction is about (11-42%) in the compressive strength at 90-days of test, these result show a
good resistance in HSC to the sulfate action at different ages.

5. Increasing the SO3; content in cement has a more significant effect than increasing the SO;
content in fine aggregate, fine aggregate has a more significant effect than increasing the SO3
content in the coarse aggregate on the properties of concrete .This reduction is due to the surface
area and fineness of cement .The total effective SO3; which depends on the particle size of the
materials shows a good trend with the increment in sulfate content in concrete constituent.HSC
mixes suffer significant deterioration in all its properties.

6. The compressive strength, flexural strength ,U.P.V, and density results decrease at early ages
about (5-40)% ,(3-28)% ,(1-10)% ,(0.38-4.8)% respectively with the increase in total effective
SO; content of (2.6-6.9%) .

7. The absorption results increase about (-7 to -68)% with the increase in total effective SO3;
content of (2.6-6.9%) .
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NOMENCLATURE

F.M = fineness modulus of aggregate.
Fr = flexural strength, (MPa).

P = maximum applied load indicated by tested machine, (N).

L = average length of specimen, (mm).
B = average width of specimen, (mm).
D = average depth of specimen, (mm).

Table 1. Chemical composition and main compounds of cement 1& cement 2*

Oxide composition %Cle;r;/qs\?etiéht %ngs\?etight 1QS (N0.5:1984) limits
Lime (CaO) 62.14 61.55 -
Silica (SiO,) 20.70 20.24

Alumina ( Al,O3) 5.96 6.25

Iron oxide (Fe;0s) 3.34 3.39 ----

Sulfate ( SO3) 2 2.75 <2.8%
Magnesia ( MgO ) 3.94 3.96 < 5%
Loss on Ignition (L.O.1.) 1.07 0.95 <4%
Lime saturation Factor ( L.S.F.) 0.90 0.90 0.66-1.02
Insoluble residue ( I.R.) 0.60 0.40 <1.5%
Main compounds ( Bogue’s equations ) **
CsS 38.49 41.71 ----
C,S 28.99 27.88
C:A 10.83 10.64
C,AF 10.32 10.16

* The tests were carried out in the Laboratory of the Kufa Cement Plant ..

** According to, ASTM C 150, 2006.

10




-

Number 8

Volume 21 August 2015

Journal of Engineering

Table 2. Physical properties of cement 1& cement 2

Test Result Test Result
Properties Physical cement 1** cement 2** 1QS (N0.5:1984) limits
Specific surface grea,*BIame method, 313.1 3915 > 230
m-/kg
Setting time , Vicat’s Method
Initial setting , hr : min 90 90 > 45 minutes
Final setting , hr : min 2:30 2:30 <10 hours
Compressive strength MPa
3-days 27.2 28.4 >15
7-days 35 35.2 >23

* The tests were carried out in the Laboratory of the Kufa Cement Plant .
** cement 1= SO; %(2) , cement 2 =SO; %(2.75).

Table 3. Properties of fine aggregate*

Sieve size Passing% Passing% Passing% Limits of Iraqi spec.
(mm) of sand 1** of sand 2** of sand 3** No.45/1984/Zone 2
10 100 100 100 100
4.75 95 92 91 90-100
2.36 79.29 83.7 85.1 75-100
1.18 65 73.8 70.7 55-90
0.6 45.43 49.2 48.6 35-59
0.3 13.71 19.3 21.6 8-30
0.15 2.71 4 3 0-10
Physical Physical properties Physical properties Physical properties Limits of Iragi spec.
properties of sand 1 of sand 2 of sand 3 No0.45/1984
Fineness 2.98 2.78 2.8 -
modulus
Specific 2.76 2.53 2.6 -
gravity
Absorption% 1.2 1.21 1 -
SO:% 0.3 5.3 3.1 <0.5%
Dry rodded 1680 1675 1672 -
density kg/m?

* Performed in laboratory of Building Materials-University of Baghdad.
**sand 1 = SO;%(0.3) , sand 2 = SO3%(5.3) , sand 3 (mix sand 1 & sand 2) = SO; %(3.1).
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Passing % Passing % Limits of Iraqi spec.
Sieve size (mm) of gravel 1** of gravel 2** No0.45/1984 (5-20)mm
375 100 100 100
20 95.35 96.13 95-100
10 31.38 33.9 30-60
4.75 2.48 34 0-10
Physical Physical properties Physical properties Limits of Iraqi spec.
properties of gravel 1 of gravel 2 No0.45/1984
Specific gravity 2.56 2.57 -
Absorption % 0.56 1.14 -
SO; % 0.06 0.72 <0.1%
Dry rodded 1600 1550 -
density kg/m3

* Performed in laboratory of Building Materials-University of Baghdad.
** gravel 1 = SO3%(0.06) , gravel 2 = SO;%(0.72)

Table 5. Technical description of superplasticizer (PC-200) *

Properties Technical description
Type Synthetic dispersion
Colour Light yellow liquid

Specific_gravity 1.05 kg/l @ 25°C
Freezing point - 1°C approximately
Air entrainment Less than 2% at normal dosage

* Technical description according to Don Gonstruction Products Ltd
www.donconstruction.eo. uk.
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Table 6. Mix designation and sulfate content for all HSC mixes

Sulfate content % in Mix Slump of Total ef-ll-e?:tgi/e

Set No. SO% in | SOs% in | SOs% in || Mixes (75- [ SO;% of SO4% of
cement sand gravel 100) mm Mixes Mixes
MRef 2 0.3 0.06 100 2.544 2.238
MG 2 0.3 0.72 99 3.778 2.669
MC 2.75 0.3 0.06 95 3.294 2.988
MCG 2.75 0.3 0.72 90 4,528 3.419
MSm 2 3.1 0.06 90 6.576 4,181
MSmG 2 3.1 0.72 87 7.810 4614
MCSm 2.75 3.1 0.06 87 7.326 4,932
MCSmMG 2.75 3.1 0.72 85 8.560 5.364
MSh 2 5.3 0.06 83 9.744 5779
MShG 2 5.3 0.72 82 10.978 6.211
MCSh 2.75 5.3 0.06 80 10.494 6.529
MCShG 2.75 5.3 0.72 78 11.728 6.961

Table 7. Compressive strength and flexural strength results for all HSC mixes at different ages.

Total Compressive strength (MPa) Flexural strength (MPa)
Set No. SO3% of
Mixes 7 days. || 28days. | 90 days. 7 days. 28 days. | 90 days.
MRef 2.544 51.72 61.7 71.7 7.47 8.47 10.26
MG 3.778 49.0 57.98 66.3 7.23 8.13 9.68
MC 3.294 47.87 55.2 63.5 7.13 7.85 9.44
MCG 4.528 45.28 52.09 61.24 7.02 7.78 9.32
MSm 6.576 43.79 51.55 59.3 6.89 7.68 9.02
MSmG 7.810 42.2 49.68 57.08 6.73 7.26 8.67
MCSm 7.326 39.8 47.3 54.35 6.5 7.02 8.47
MCSmMG 8.560 38.3 45.2 51.82 6.32 6.78 8.11
MSh 9.744 36.33 42.1 48.3 6.05 6.62 7.78
MShG 10.978 34.77 40.8 45.56 5.85 6.29 7.53
MCSh 10.494 33.03 38.22 43.41 5.7 6.18 7.26
MCShG 11.728 31.0 36.2 41.45 5.35 5.95 7.02

13
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Figure 1. Grading curve for used fine aggregate with (sand 1),(sand 2) and (sand 3).
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Figure 2. Grading curve for used coarse aggregate with (gravel 1) and (gravel 2).
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Figure 4. Relation between total SO3% and reduction in compressive strength at different ages.
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Mechanical Properties of High Performance Concrete Containing Waste

Plastic as Aggregate
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ABSTRACT

The world's population growth and the increasing demand for new infrastructure facilities

and buildings , present us with the vision of a higher resources consumption, specially in the
form of more durable concrete such as High Performance Concrete (HPC) . Moreover , the
growth of the world pollution by plastic waste has been tremendous. The aim of this research is
to investigate the change in mechanical properties of HPC with added waste plastics in concrete.
For this purpose 2.5%, 5% and 7.5% in volume of natural fine aggregate in the HPC mixes were
replaced by an equal volume of Polyethylene Terephthalate (PET) waste , got by shredded PET
bottles. The mechanical properties (compressive, splitting tensile, and flexural strength )
evaluated at the ages of (7 ,28, 56 and 91) days while the static modulus of elasticity tested at
(28 and 91) days . The results indicated that HPC containing PET-aggregate presented lower
compressive strength and static elasticity . The splitting strength displayed an arising trend at the
initial stages, however, they have a tendency to decrease after a while. On the other hand,
flexural strength results gave better modulus of rapture at all ages of curing , as compared with
reference concrete specimens.

Key words: High Performance Concrete, mechanical properties, Polyethylene Terephthalate
(PET), PET-aggregate .
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1. INTRODUCTON

Concrete is the most used man-made material in the world since its invention. Worldwide,
about three tonnes of concrete are used annually per person. Concrete comprises three major
fractions, aggregate: binder and water. The aggregate fraction in concrete is about 75 % of its
total volume and therefore it plays a vital role in the overall performance of concrete, Brito, and
Saikia, 2013 . The environmental impact caused by the increase in the extraction of natural
resources and higher CO, emissions has given rise to the search for more efficient,
environmentally-friendly constructions. To address these needs, high Performance Concrete
(HPC) , has been employed to increase the durability and economic service life of slender
structures, to decrease the specific energy consumption and to reduce the environmental impact
of these activities , Isaia, 2000 . The improvement of mechanical and durability performances of
concrete in their service life can indirectly reduce the CO, emission by increasing their service
life and reducing the requirements of materials for repairing, Brito, and Saikia, 2013 .

The modern life style along with the new technologies caused more waste materials
productions for which the disposing problem exist. Most of the waste materials are
non-disposal and remain for hundreds and thousands of years in the environment, Rahmani, et
al., 2013.

Since plastic is a non-biodegradable material, land-filling using plastic would mean
preserving the harmful material forever. Land-filling of plastic is also dangerous due to its slow
degradation rate and bulky nature, Saikia ,and Brito, 2012 .These non-biodegradable waste
materials along with population growth have caused the environmental crisis all around the
world, Rahmani, et al., 2013.Polyethylene Terephthalate (PET) is one of the most common
consumer plastics used and is widely employed as a raw material to realize products such as
blow bottles for soft-drink use and to containers for the packaging of food and other consumer
goods, Afroz, et al., 2013.

Total plastic consumption has been increasing in recent years and so contributing to an
ever-growing volume in the plastic waste stream .This is considered a serious environmental
threat, especially in Asia , where demand has been growing in China and India . The estimated
production of plastic bottles in India alone was about 20,000 million between 2005 and 2006 .
Western Europe consumes about 60 million tonnes of plastics a year, resulting in about 23
million tonnes of plastics waste, Silva, et al., 2013 .

In 2007 it is reported a world’s annual consumption of PET drink covers of approximately 10
million tons, which presents perhaps 250 milliards bottles. This number grows about up to 15%
every year , Afroz, et al., 2013.

The use of waste materials as aggregate in concrete preparation can consume vast amounts
of waste materials. This can solve problems of lack of aggregate on construction sites and reduce
environmental problems related to aggregate mining and waste disposal , Saikia , and Brito,
2014.

1.1 Objective of the Study

The objective of this study is to offer an attractive low-cost material with consistent
properties , and improve the sustainability in concrete industry by using PET waste as an
aggregate in HPC , which have benefits such as decreasing the usage of natural resources, the
wastes consumption, avoiding the environmental pollution and economizing energy .
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2. MATERIALS AND EXPERIMENTAL WORK
2.1 Materials

2.1.1 Cement

Iragi Ordinary Portland cement manufactured in the north of Iraq with trade mark of
(Al-Mass) was used in casting all specimens throughout the experimental work. Tables (1)
and (2) show the physical properties and chemical analysis respectively. The results indicate
that the cement confirms to the Iragi Specifications 1.Q.S. 5/1984.

2.1.2 Fine aggregate

Natural sand supplied from (Al-Ukhaydir) area was used for preparing mixes , with
maximum aggregate size of 4.75mm. The sieve analysis and physical properties of this
aggregate are shown in Table (3). It conforms to the Iragi Specifications 1.Q.S. N0.45/1984
Zone 2.

2.1.3 Coarse aggregate

Crushed gravel supplied from (Al-Nibaee) region in Baghdad City was used for preparing
mixes. It has nominal maximum aggregate size 14mm . The sieve analysis and physical
properties of this aggregate are shown in Table (4) . It conforms to the Iragis specifications
1.Q.S. No.45/1984.

2.1.4 Water
The water used for both mixing and curing was potable water from the water-supply
network system (tap water) .

2.1.5 Silica fume

Silica fume of Jordanian origin densified type was used throughout this work as a partial
replacement of cement . Tables (5) and (6) show the physical properties and chemical analysis
of silica fume respectively. The results indicate that the properties of silica fume used are
comply with ASTM C1240-05 standard specification.

2.1.6 Superplasticizer
A high range water reducing admixture (superplasticizer) commercially known as
Hyperplast PC260 , which complies with ASTM C494-10 Type F, was used in this research .

2.1.7 Waste plastic (PET-aggregate)

2.1.7.1 Preparation of plastic PET- aggregate
In this study, PET particles as shown in Plate (1) are provided by grinding waste PET
bottles and used as fine aggregates in concrete. These PET particles were produced as shown in
the following steps:
- Collecting the PET bottles needed for research from disposal area .
- Removing the cover and trade label .
- Washing the bottles and spreading them to dry out .
- Shredding and grinding the bottles to smaller size as that of sand by plastic granulator
machine (blade mill) as shown in Plate (2) , used for plastic manufacturing plant located
in Hit city west of Iraq .
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- Then ,the obtained particles were separated ,through sieves and subsequently reassembled
according to the sieve size (10 mm) ; the particles passed this sieve were used as fine
aggregate , while the coarser one were re-grinded again .

2.1.7.2 Physical and mechanical properties of PET-aggregate

After production of PET-aggregate , it was analyzed in terms of some physical properties
such as density and sieve analysis. Table (7) and Table (8) present the sieve analysis, measured
physical and mechanical properties of PET particles , respectively . It can noted from Table (7)
the sieve analysis of PET-aggregate do not comply with natural sand grading as shown in
Table (3) due to character of plastic texture and shape of plastic pieces which it is usually be
flaky , irregular , sharp edge and angular particle , while the natural fine aggregate is usually be
spherical and granulated particles . Moreover it is important to focusing on sustainability of
natural sources, negative environmental impact of plastic waste and reduce the coast of
construction .

2.2 Experimental Work
2.2.1 Mix design and proportions of HPC

The mix design was made according to the American method (ACI 211.4R-08). The
reference concrete mixture was designed to obtain the required compressive strength of cube
equals to (60 MPa) at 28 day. The cementitious content ( cement + silica fume) is (510 kg/m3)
with partial replacement of cement weight by(10%) silica fume , the water to cementitious
materials (w/cm) ratio is (0.29) , coarse aggregate is (1160 kg/m®) and fine aggregate is
(660 kg/m®) , the dosage of superplasticizer which was (0.8 L/100Kg of cementitious materials )
in order to have a required slump (175mm) for reference mix only . Finally , the waste plastic
(PET-aggregate) was used as partial replacement of natural sand in three volume percentage
(25,5, 7.5)% .The details of the mixes used throughout this study are given in Table (9) .

2.2.2 Procedure of concrete mixing

An electrical rotary mixer was used to batch all specimens with 0.1 m3 capacities. The
coarse and fine aggregate wetted to be in saturated surface dry (SSD) conditions . The ingredients
were initially mixed by hand in dry condition (cement + silica fume) , and
(fine aggregate + PET-aggregate). Firstly, the coarse aggregate and some of the mixing water
were added to the mixer and mixed thoroughly. While the mixer was running , the fine aggregate
and PET- aggregate were added with the remaining water. Without stopping the mixer the
cementitious materials ( cement + silica fume ) were added and the solution of (water + SP) was
added gradually. The concrete was mixed, after all ingredients were in the mixer, for (3-4) min,
followed by a 2 minutes stop, and the mixing was manually continued, especially for the
portions not reached by the blades of the mixer. Then the mixer was operated for 2 minute to
attain homogeneous, uniform in color and consistency concrete .

2.2.3 Preparation of specimens

The molds were well cleaned and the internal surfaces were oiled to prevent
adhesion with concrete after hardening. The molds were filled with concrete in layers of (50)
mm depth , and each layer was compacted by a vibrating table for a sufficient period to remove
any entrapped air as possible. After completing consolidation, the surfaces of the specimens
have been leveled by hand trawling. The specimens are covered with Nylon sheets to prevent
evaporation of mixing water from concrete, and they have been left about 24hours in the
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laboratory. After remolding the specimens curing process was done by completely immersion the
specimens in water storage tank until the time of testing.

2.3 Testing Hardened Concrete
2.3.1 Compressive strength test

The compressive strength test was determined according to (B.S.1881: part 116), using
100 mm cubes. The compressive strength cubes were tested using a standard testing machine
(TINIUS OLSEN). The average compressive strength value of three cubes was recorded for each
testing age (7, 28 , 56 and 91 days).

2.3.2 Splitting tensile strength

Splitting tensile strength was conducted on cylinders of (100mm diameter and 200mm
height according to ASTM C496-04 . The average of three cylinders was recorded for each
testing age (7, 28 , 56 and 91) days respectively for splitting tensile strength.

2.3.3 Flexural strength (modulus of rapture)

Flexural strength of concrete was measured on (100X 100X 400 mm) prism specimens in
conformity with ASTM C293-10, at ages of (7, 28 ,56 and 91 days) . The prisms were subjected
to center-point loading using the testing machine (SANS Testing Machine), and the average
value of three specimens in each mix was taken .

2.3.4 Static modulus of elasticity

The static modulus of elasticity was performed according to the ASTM C469-02 , The
test was carried out at age of 28, and 91 days using cylinders of (150x300) mm , and the cylinder
specimens were grinding top surface to be smooth and level. The average value of three
cylinders was calculated at each result.

3. RESULTS AND DISCUSSTION
3.1 Compressive Strength
The effect of PET-aggregate content as partial replacement of sand on the compressive

strength in comparison to concrete without plastic aggregate illustrated in Fig.(1) , the results
indicate that the compressive strength decreases with the increase of PET-aggregate content .
This trend can be attributed to the reduction in adhesive strength between the surface of the
PET- aggregate and the cement paste. Another factor is the mismatch of particle size and shape
between natural and plastic waste aggregates, , Saikia , and Brito, 2014. Additionally,
PET-aggregate is considered to be a hydrophobic material, so this property may restrict the water
movement necessary for cement hydration from entering through the structure of the concrete
specimens during the curing period, Ismail, and AL-Hashmi, 2008.

On the other hand , It is observed from Table (10) and Fig.(2) , that the all specimens
exhibit an increase in compressive strength with the progress of age. This increase in
compressive strength is due to the continuity of cement hydration process which forms a new
hydration product within the concrete matrix .

3.2 Static Modulus of Elasticity

The Fig.(3) indicated that the value of modulus of elasticity decreased with the increase
in plastic aggregate content , and the minimum value was (40.53 , 42.16 GPa) for mix(M7.5) at
28 and 91 days respectively. The values of modulus of elasticity for all HPC mixes shown
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in Table (11) . The reduction in modulus of elasticity can be attributed to the small modulus of
elasticity of PET particles; the poor bond between the matrix and plastic aggregates can also
contribute to this drop and can be nominated as another reason for this phenomenon, Rahmani,
etal., 2013.

3.3 Splitting Tensile Strength

The results of splitting tensile strength for various types of HPC specimens at age
(7, 28, 56 and 91) days are presented in Table (12) . The relationship between splitting tensile
strength and various ratios of waste plastic aggregate is shown in Fig.(4) . Generally while the
rate of sand replacement with PET-aggregate particles increases, the splitting strength have an
increasing tendency at first, but it declines after a while . As shown in Fig.(4) ,
the 25%  replacement of sand volume with PET particles, leads to
increases in splitting strength with compared to (MO0), while the substitution of (5% and 7.5%)
of the sand volume with PET particles caused sharply reduction in splitting tensile strength.
In fact , for (M2.5) with low percentages of PET-aggregate content, when the load reaches to its
maximum the probability of inter locking between the PET-aggregate on the fractured surfaces
increases due to the special shape of the PET particles and their flexibility . But when the
PET-aggregate percentage increases, because of the weak cohesion between the texture and the
PET particles, the smooth surface of the plastic particles and the fact that the strength of the
PET-aggregate is lower than that of the natural aggregate , cause a weaker bonding between
these particles and the cement paste. As a result, the splitting tensile strength decreases
gradually, (Yadav,2008. Rahmani, et al., 2013 . Brito, and Saikia, 2013 . Saikia , and Brito,
2014.)

3.4 Flexural Tensile strength

The results of the flexural strength tests for the all HPC mixtures MO ,M2.5, M5, and
M7.5 are illustrated in Fig.(5). As shown in Fig.(5) and Table (13) , the maximum values of
flexural strength was for mix (M2.5), then the strength of flexural trend to drops for mixes
(M5 and M7.5) , but still in values higher than control HPC ( MO) . This behavior is mainly
attributed to the fibro-form, flaky shape and particles size of PET-aggregate , which acts as a
fibers role in concrete by the increase in crack resistance of the composite and ability of fibers to
resist forces after the concrete matrix has cracked. Furthermore , The plastic PET-aggregates can
delay crack initiation and prolong the crack propagation interval thereby increasing structural
strength, Brito, and Saikia, 2013 .

4 . CONCLUSIONS
The main conclusions that can be drawn from this study are:

e The compressive strength values of all waste plastic HPC mixtures tend to decrease
below the values for the reference concrete mixtures with increasing the PET-aggregate
ratio at all curing ages. The percentage of decreasing in compressive strength for plastic
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HPC were ( 12.49, 17.49 and 27.02) % for M2.5 , M5 and M7.5 respectively compared
with MO at 28 days .

Regardless of the percentage content of PET-aggregate and curing time, the modulus of
elasticity of HPC containing PET-aggregate are lower than those of the reference
concrete. This property decrease as the content of PET-aggregate increases. The
minimum values were (40.53 , 42.16 GPa) for mix (M7.5) at 28 and 91 days ,
respectively.

The HPC specimens containing various amounts of PET particles , exhibited different
behaviors in splitting tensile strength. So that 2.5% replacement of fine aggregates with
PET particles yielded the optimum splitting tensile strength (4.01 MPa) at 28 days .
On the other hand, with further increase of PET-aggregate contents, the splitting tensile
strengths were decreased by (11.6 and 13.17)% for M5 and M7.5 at 28 days respectively.
HPC containing PET-aggregate gives better modulus of rapture at all ages of curing , as
compared with reference concrete specimens. The maximum increase was (20.85)% for
M2.5 at 28 days with respect to MO , while the flexural strength for mixes (M5 and M7.5)
decrease below M2.5 , but were still higher than (MO0) by (11.36 and 10.42) % .
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Table 1. Physical properties of cement used throughout this work.

Limits of Iraqi

Physical properties Test result spec. N0.5/1984
Specific surface area, Blaine Method, 300 > 230
(m2/kg).
Setting time :
-Initial setting (hrs: min) 1:40 > 45 min
-Final setting (hrs: min) 4:00 <10 hrs
Compressive strength of mortar (MPa):
3-days 21 > 15
7-days 27 >23
Soundness % (Autoclave) 0.02 <0.8

Table 2. Chemical composition and main compounds of ordinary portland cement.

Oxide composition Abbreviation by weight% leltlslglf;_);{gg‘llspec.
Lime CaOo 61 -
Silica SiO; 19.84 -
Alumina Al,0O3 5.28 -
Iron oxide Fe,03 4.2 -
Magnesia MgO 2.49 <5%
Sulphate SO; 2.48 <2.8% ,when C;A

more than 5%
Loss on Ignition L.O.l. 3.8 <4%
Lime saturation Factor L.S.F. 0.92 0.66-1.02
Insoluble residue I.R. 1.13 < 1.5% **
Main compounds (Bogues eq.) by weight of cement%

Tricalcium silicate (C3S) 48.9
Dicalcium silicate (C,S) 20.26
Tricalcium aluminate (C3A) 6.89
Tetracalcium aluminoferrite (C,AF) 12.77
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Table 3. Grading and physical properties of fine aggregate.

. . . Limits of Iraqgi spec.
Sieve size (mm) Passing%o No.45/1984/gon2 5
10 100 100
4,75 94 90-100
2.36 79.4 75-100
1.18 65.4 55-90
0.6 51.5 35-59
0.3 19 8-30
0.15 3.7 0-10

Physical properties

Limits of Iraqi spec. N0.45/1984

Fineness modulus :  2.87 -
Specific gravity: 2.68 -
Absorption : 1.66% -

Dry rodded density: 1800 kg/m?

Sulfate Content

Limits of Iraqi spec. N0.45/1984

SOs: 0.2%

<0.5%

Table 4. Grading and physical properties of coarse aggregate.

Sieve size (mm) Passing% L'm't‘cl’\l%fn:m;' ;226('5-1 4|;|r?1.;1n5/1984

20 100 100

14 99.9 90-100

10 72 50-85

5 8.5 0-10

Physical properties Limits of Iraqi spec. N0.45/1984

Specific gravity: 2.76 -
Absorption : 0.23 % -

Dry rodded density: 1650 kg/m?3

Sulfate content

Limits of Iragi spec. N0.45/1984

SO3: 0.02 %

<0.1%
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Table 5. physical properties of SF.

Journal of Engineering

Physical properties SF Results A?;]hljli rct:e:nzjr?tsos
Percent retained on 45um (No. 325) sieve, max, % 7 <10
gésesr,\gr:;nﬁ\zt;\?% r:gc(j)elzx with Portland cement at 7 116 > 105
Specific surface area (m?/g) 20 >15
Bulk density (kg/ m3) 480
Moisture content 0.74 <3%
Physical form and Color grey to dark grey powder

Table 6. Chemical analysis of SF.

Oxide Composition Oxide content % ASTM_ C1240-05
Requirements
SiO, 91.44 Min. 85.0%
Al,O3 0.05 -
Fe.0s3 0.03 _
MgO 0.24 -
CaOo 1.04 -
SO; 0.11 -
L.O.1l 4.12 Max. 6.0%
Table 7. Sieve analysis of PET-aggregate.
Sieve size (mm) Passing%o
10 100
4.75 98
2.36 35
1.18 4.2
0.6 1
0.3 0.7
0.15 0.4
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Table 8. PET —aggregate particles specification.

Physical properties Results
Bulk Density 3
( ASTM C29 09 / Dry Rodded) 447 kg/m
Specific gravity 1.285
Water Absorption (24 hr) 0.00%
Thickness (1-0.14) mm
Shape of particles Flaky ano! fiberfo_rm particlc_as and some
pellets pieces with max. size 4.75 mm
Color crystalline white to blue sky

Table 9. HPC mix proportions used through this work

ltems MO M2.5 M5 M7.5
Cement kg/m3 459 459 459 459
Silica fume kg/m® 51 51 51 51
Water I/m? 148 148 148 148
SP Li_tgrs/lOO kg_of 0.8 0.8 08 08
cementitious materials
w/cm 0.29 0.29 0.29 0.29
Coarse Aggregate kg/m3 1160 1160 1160 1160
Fine Aggregate kg/m3 660 642.8 626.3 609.8
PET-aggregate kg/m® 0 7.9 15.8 23.7
Average compressive 69 60.38 56.93 50.35
strength at 28 days (MPa)

Table 10. Compressive Strength Test Results for all HPC mixes

. PET- Compressive Strength MPa
Mix Symbol o
aggregate(%o) 7 days 28 days | 56days | 91 days
MO 0 59.73 69 71.15 74.17
M 2.5 25 53.9 60.38 64.1 66.8
M5 5 49.6 56.93 58.22 62.1
M 7.5 7.5 45.44 50.35 56.1 61.23
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Table 11. Static modulus of elasticity for all HPC mixes

) PET- Static Modulus of Elasticity (GPa)
Mix Symbol o
aggregate(%o) 28 days 91 days
MO 0 43.08 46.94
M 2.5 2.5 40.81 43.72
M5 5 40.77 43.45
M7.5 7.5 40.53 42.16

Table 12. Splitting tensile strength test results for all HPC mixes

Splitting Tensile Strength (MPa)
Mix Symbol PET-
aggregate(%) 7 days 28 days 56 days 91 days
M 0 0 3.74 3.87 3.95 4.08
M 2.5 2.5 3.83 4.01 4.12 4.2
M5 5 3.23 3.42 3.78 3.95
M 7.5 7.5 3.18 3.36 3.52 3.64

Table 13. Flexural tensile strength test results for all HPC mixes

Mix Symbol PET- Flexural Tensile Strength (MPa)
aggregate(%o) 7 days 28 days | 56 days 91 days
MO 0 8.62 9.11 10.48 11.38
M 2.5 2.5 10.64 11.51 11.87 12.04
M5 5 10.17 10.31 10.89 11.65
M 7.5 7.5 10.03 10.17 10.62 11.57
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Figure 1. The effect of PET-aggregate content on compressive strength of HPC at different
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Figure 3. Effect of PET-aggregate on static modulus of elasticity at different curing ages.
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Figure 5. Relationship between flexural strength and PET-aggregate content at different curing
ages.
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ABSTRACT

|n Production and Operations Management the specialists have tried to develop a strategy

to counter the risks arising from the activities of the organization and of waste of various types
and therefore the risk management in the contemporary framework represents a phenomenon of
new quality, and can not be this phenomenon to take practical dimensions, but the development
of culture of the organization towards the risks and deal with all aspects and paint ways to
address them within an integrated program, and requires new skills and systems provide accurate
information capable of coordination between the various parties within the organization.

The research aims to develop a blue print to analyze the relationship between the impact of
risk and stages of implementing of the project and, the effect of risk relationship with the type of
contract, and the impact of risks to do with the type of construction works. In this paper a
number of risks has been identified that have already occurred from the study of a number of
construction projects completed and theoretical studies and interview a number of construction
industry experts to determine the extent of the impact of these risks in each of these three axes in
construction projects in Iraq for the purpose of responding and management.

The study found a set of conclusions such as existing of priority in happiness of risks which
proof that there is an relationship between the risks and sort of stage, contract and constructional
work. In the light of what has been reached for the purpose of benefiting from the computer
automated features a program have been used ( Vanguard Software System ) to build the
decision tree in order to manage the risks according to their priority in happiness.

Key words: risk management, risk response, the stages of implementing of the project,

construction contracts, construction works
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ABSTRACT

T he corrosion protection of low carbon steel in 2.5 M HCI solution by kiwi juice was studied

at different temperatures and immersion times by weight loss technique. To study the
determination of the optimum conditions from statistical design in evaluation of a corrosion
inhibitor, three variables, were considered as the most dominant variables. These variables are:
temperature, inhibitor concentration (extracted Kiwi juice) and immersion time at static
conditions.
These three variables are manipulated through the experimental work using central composite
rotatable Box — Wilson Experimental Design (BWED) where second order polynomial model
was proposed to correlate the studied variables with the corrosion rate of low carbon steel alloy
to estimate the coefficients by nonlinear regression analysis method based on Rosenbrock and
Quasi-Newton estimation method in as few experiments as possible to determinate of the
optimum conditions of the proposed polynomial adopted via STATISTICA software. The
parametric study on corrosion inhibition process using response surface methodology (RSM) is
presented in this paper.

The study shows that the immersion time and temperature of corroding medium had shown
negative dependence of great significance in increase the corrosion rate while the other studied
variable (i.e. inhibitor concentration) had shown large positive dependence in reduce the
corrosion rate of low carbon steel alloy.

Optimum conditions for achieving the minimum corrosion rate are obtained from optimizing
the above correlation and are found as follow: 42.86 °C temperature of corroding medium, 29.29
cm®/L inhibitor concentration and 2.65 h immersion time. In these circumstances, the value of
inhibition efficiency obtained was 96.09 %. It could be concluded that Box-Wilson experimental
design was adequately applicable in the optimization of process variables and that kiwi juice
sufficiently inhibited the corrosion for low carbon steel at the conditions of the experiment.

Keywords: RSM; corrosion inhibition; kiwi juice; hydrochloric acid solution
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1. INTRODUCTION

In the chemical and engineering industry experimental designs are particularly applied to
study of process variables and how they affect on the product, Perry, and Green, 2000.

Three basic types of statistically designated experiments are most often used in chemical and
engineering industry. These are 1. Fractional-Factorial design. 2. Box-Wilson design. 3. Factorial
design. Box-Wilson designs and, in particular, the two-level Box-Wilson design, have been
treated in the literature both theoretically and from application point of view, Box and Hunto,
2005. However, it's desirable here to review briefly their major characteristics:

Consider the weight loss resulting from corrosion of a low carbon steel specimen has to be
determined as function of temperature, inhibitor concentration and immersion time, and let the
two levels of temperature, inhibitor concentration and immersion time. The experiments carried
out under these conditions are presented in the experimental design.

Many metals and alloys which used in different human activities are susceptible to different
mechanisms of corrosion due to their exposure to different corrosive media. Among these, low
carbon steel is very important. One of the methods used to reduce the rate of metallic corrosion
is addition of inhibitors. Many studies have been carried out to find suitable compounds to be
used as corrosion inhibitors for this metal in different aqueous solutions. These studies reported
that there are a number of organic and inorganic compounds which can inhibit corrosion of steel,
Musa, et al., 2010, Khadom, et al., 2009, Yaro, et al., 2000. Many researchers were conducted
to examine some naturally occurring substances as corrosion inhibitors for different metals in
various environments, EI-Etre, et al., 2005, El-Etre, 2003.

The use of inhibitors is an important method of protecting materials against deterioration.
Inhibitors are chemicals that often work by adsorbing themselves on the metallic surface by
forming a film, Ebenso, et al., 2009, Noor, 2008, Ebenso, et al., 2008, Oguzie, 2006, Gazquez,
2006. Most corrosion inhibitors are either synthesized from cheap raw materials or are chosen
from organic compounds containing electronegative functional groups and n-electrons in triple
or conjugated double bonds. The sites of aromatic rings and hetro atoms (such as S, N, O and P)
are the major adsorption centers for these inhibitors, Dubey, and Sing, 2007. Broad spectra of
organic compounds are available as corrosion inhibitors. Of these, only very few are actually
used in practice. This is partly due to the fact that desirable properties of an inhibitor usually
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extend beyond those simply related to metal protection. Considerations of cost, toxicity,
availability and environmental friendliness are of considerable important. Accordingly, the
replacement of some toxic, expensive chemical inhibitors by inhibitors obtained from natural
sources is necessary. Apart from being readily available, cheap and a renewable source of
materials, naturally occurring substances are eco-friendly and ecologically acceptable. Naturally
occurring substances are biodegradable and do not contain heavy metals or other toxic
compounds. Among the so-called “green corrosion inhibitors” are organic compounds that act by
adsorption on the metal surface, such as extracts of natural substances, Raja, and Sethuraman,
2008. The efficiency of these organic corrosion inhibitors is related to the presence of polar
functional groups with S, O or N atoms in the molecule, heterocyclic compounds and -
electrons. The polar function is usually regarded as the reaction center for the establishment of
the adsorption process, Roberge, 1999. One of these natural compounds is fruits. Fruit is a rich
source of chemicals such as vitamins, minerals, organic acids and phenolic compounds. The Kiwi
juice includes different level of phenolic compounds. The hydroxybenzoic acids and
hydroxycinnamic acids are the most common compounds in kiwi fruits, Keith, 2012. Note that
the Kiwi juice extract use for the first time as natural inhibitor in this article to the corrosion of
low carbon steel alloy in hydrochloric acid solution. Alaneme, and Olusegun, 2012 have studied the
inhibitive property of lignin extract of sun flower (tithonia diversifolia) as green corrosion inhibitor in 1
M H,SO, solution using experimental design. Da Rocha, et al., 2012 have studied the inhibitive
action of grape pomace extract as green corrosion inhibitor against the corrosion of carbon steel
in a 1 mol L™ HCI solution using weight loss measurements. Afia, et al., 2014 have studied the
inhibitive property of acid garlic essential oil as a green corrosion inhibitor in a 1 M HCI solution
by weight loss method of monitoring corrosion rate.

Therefore, the present study of inhibition of kiwi juice on low carbon steel corrosion and the
optimization of the independent variables is necessary, as well as important to the environment.

The experiments discussed in this work were designed to optimize the inhibition of low
carbon steel by extracted Kiwi juice where several variables, including temperature, inhibitor
concentration and immersion time would influence the corrosion rate.

Design of experiment is a statistical procedure that can reduce significantly the number of

experiment, keeping however, the reliability of the conclusions at high standard. The traditional
experimental method, one factor at a time approach can hardly be used to establish relationships
among all the experimental input factors and the output responses. Even though the traditional
approach can be useful in finding predominate factors in this situation, it is difficult to observe
the optimum value of the working parameters as no interaction among them is considered. To
solve this problem and obtain a probable optimum, design of experiment (DOE) offers a better
alternative to study the effect of variables and their responses with minimum number of
experiments, Giovanilton, et al., 2011, Montgomery, 2005. A Box-Wilson is used to evaluate
two or more factors simultaneously. The treatment is combination of level of the factors. The
advantages of Box-Wilson design over one-factor-at-a-time experiment are that they are more
efficient and they allow interactions to be detected. .
The aim of the present work is to investigate the influence of the operating parameters
(temperature, inhibitor concentration of extracted Kiwi juice and immersion time) on corrosion
rate of low carbon steel alloy in hydrochloric acid solution under optimum conditions that are
obtained by using Box-Wilson techniques, then estimation of the inhibition efficiency of
extracted kiwi juice as green corrosion inhibitor in order to find a naturally, cheap and
environmentally safe substance that could be used for inhibition purposes.
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2. EXPERIMENTAL WORK
2.1 Metal Preparation

The material of working electrodes used in this study is low carbon steel in foil coupons of a
tag shape were used as specimens. This material is cut of specimens by dimensions of (2x3x0.2
cm). Analysis of these specimens was carried out at National Center for Construction
Laboratories and Research /Baghdad/lraq. Table 4 shows the nominal and the analytical
chemical compositions of material used in this work. This analysis indicates that the main
elements of material are within the standard limits.

2.2 Extraction of Inhibitor

Completely fresh ripe kiwi fruit weighing 2 kg was purchased from the local market
(Baghdad-Iraq). The fruits washed in cold running tap water followed by distilled water, dried
with clean tissue, and extracted the crust from it and then was squeezed mechanically to get
corresponding juice. The resulting juice nomination in order to get a homogeneous solution. In
this process, 1/2 liter of kiwi juice was obtained. The extracted juice was kept frozen at - 4 °C in
glass graduated cylinder until further experiment. The concentrations of inhibitor were closer as
5, 15, 25, 35 and 45 cm®/L kiwi juice concentration.

2.3 Box-Wilson Experimental Design (BWED) and Optimization of Variables

The running expense for each experiment is relatively high which leads to need of design of
experiment. The design of experiment is a statistical tool which helps to minimize the number of
experiments so that appropriate data will be collected, the minimum number of experiments will
be performed to acquire the necessary technical information and suitable statistical methods will
be used to analyze the collected data. The initial task of this stage is to find out the key process
control parameters with their ranges and performance evaluation parameter (output) that is to be
measured. The levels of each variable represent the range for which the effect of that variable is
desired to be known.

Box-Wilson experimental design is easy to apply to many engineering situations, making it a
powerful yet simple tool and a series of tests for characterizing a physical mechanism. These
series of experiments have been developed which efficiently serve as a basic deriving the
mathematical model of process, Jeff, and Michael, 2009. For three variables, the quadratic
polynomial equation can be represented as follows:

Y = By + B X; + ByX, + B3X3 + B11X? + Byy X2 + B33 X2 + B1pX X, + By X, X3 +
B3 X, X5 €y

A preliminary step is to set up the relationships between the coded level and the corresponding
real variables, which are required in the determination of experimental range by the following
equation.

_ Xrear — Xcenter
Xcoded - X

(2)

center X min

vk

The coded variables take the value between -2 and 2 in accordance with the central composite
rotatable suggested by Tarantino, Tarantino, 2010.

The range of real variables for the system could be represented in Table 1.

The expression of coded level for the system is estimated from Eqg. (2)
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X T —45 ;
1™ 8.66 ()
X _C-25 .
27 1155 @)
x. =73 5
37115 ©
Where:

T = Temperature of corroding medium (°C)

C = Inhibitor Concentration (cm*/L)

t = Immersion Time (h)

Table 2 shows the relationship between the coded level and corresponding real variables.
The number of experiments that must be done shown in Table 3.

2.4 Experimentation

The cleaning procedure was as follows: The specimens were first degreased with analar
benzene and acetone at 25 °C, and then annealed in a vacuum oven at 550 °C for 1.5 h and
cooled to room temperature. Specimens were abraded in sequence under running tap water using
emery paper of grade numbers 220,320,400 and 600, rinsed with running tap water followed by
distilled water, dried with clean tissue, immersed in acetone and benzene, and kept in desiccator
over silica gel bed until time of use. The specimens were completely submerged in 200 cm?
corrosion solution at 2.5 M HCI, 30, 37.5, 45, 52.5 and 60 °C, and 5, 15, 25, 35 and 45 cm®/L
Kiwi juice concentration for a period of time 1, 2, 3, 4 and 5 h. After each experiment the
specimens were washed with running tap water followed by distilled water, dried with clean
tissue, immersed in acetone and benzene, and kept in desiccators over silica gel bed to dry, then
weighed by high accuracy electronic balance.

3. RESULTS AND DISCUSSION

The corrosion of low carbon steel in 2.5 M HCI solution containing various concentrations
of inhibitor at different temperatures and immersion times was studied by weight loss
measurments. The corrosion rate of low carbon steel was determined using the relation:

C.R = Weight loss (g)
"7 Area (m?) x Time (day)

(6)
C.R: Corrosion rate (g/m?. day) (gmd)

The percentage inhibition efficiency (IE (%)) was calculated at optimum conditions using the
relationship, Alaneme, and Olusegun, 2012:

[E% = Wayninhibt —Winnibit % 100 (7)

Wyninhibit

Where W, innipe @and Wianinic are the corrosion rates in absence and presence of inhibitor
respectively.
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Table 5 will be first fitted through nonlinear regression analysis to estimate the coefficients
of the proposed model. Table 5 also shows the corrosion rate of the specimens that reached
through the experimental work and the predicated corrosion rate, which are designed according
to the central composite rotatable design method.

3.1 Response Surface Methodology:

Response Surface Methodology (RSM) can be regarded as a statistical technique for

optimizing the objective functions through some mathematical methods. Basically, this involves
doing several experiments. Using the result of one experiment, direction for what to do next is
provided, Lenth, 2010. The field of RSM consists of the experimental strategy for exploring the
space of the process or independent variables, empirical statistical modeling to develop an
appropriate approximating relationship between the yield and process variables and optimization
methods for finding the values of process variables that produce desirable values of the response,
Acherjee, et al., 2009. The main objective of RSM is to find the combination of factor levels to
achieve the optimal response.
In the present work the RSM is used to study the parametric effect of process parameters on
corrosion rate. The result of experiment is used to develop the regression model as discussed in
the following section. The effect of temperature, inhibitor concentration and immersion time on
corrosion rate is shown graphically in Fig. 3 through Fig. 5 by constructing the response surface
and contour diagram.

Multiple regression analysis (MRA) is one of the most widely used statistical techniques for
analyzing multifactor data, Davim, et al., 2008. In the present work a regression model is
developed by establishment of correlation between the process control parameters such as
temperature, inhibitor concentration and immersion time with the output parameter namely
corrosion rate, one can use this relationship in various algorithms. A quadratic regression model
for response corrosion rate (C . R) is developed based on experimental results using the coded
data of the central composite rotatable design, Table 6 the coefficients of the 2" order
polynomial were estimated by implementing nonlinear least squares regression analysis
technique based on Rosenbrock and Quasi-Newton estimation method via the STATISTICA
software of version 10.1 can be used for estimation of coefficients Bo, By,...., B2s. This model
will help to predict the response as a function of independent variables and their interactions.

In order to obtain the second-order response surface model equation the following equation
may be assumed:

n n n
Y:BO-I_ZBLXL-I_ZB”XlZ+ZBUX1X]+el (8)
i=1 i=1

i<j

Where Y is the predicted response, B, the intercept coefficient, B; the linear terms, B;; the
squared terms, B;; the interaction terms, X; and X; are coded levels of the process control
variables, the residual, e; measures the experimental error of the observation number and n is the
total number of designed variables, Jian-Ping, et al., 2007, Montgomery, 2005. The
coefficients of the model for the corresponding response are estimated using multiple regression
analysis technique included in RSM. The response surfaces of corrosion rate can be expressed by
the following quadratic equation in terms of coded values and real units.

C-Rueignt loss (gmay = 7041 + 8.73 T — 18.44 C + 1042 t + 10.24 T* + 22.34 C* +
12562 —034T x C+742T X t+1.11C Xt 9)
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Where, T = Temperature (°C)
C = Concentration of Inhibitor (cm®/L)
t = Immersion Time (h)

3.2 Statistical and Mathematical Analysis:

From Table 5:

e; = (C.Ry — C.Rp)

An estimation of the experimental error variance (S?2) is obtained by dividing the residual sum of
squares (e;) by number of degree of freedom(y); where:

¥ = N;i — Neoge (10)
Where:

N;: No. of experiments

Nof: No. of coefficients in the model

y=18-10=38 (11)
St=Xelly (12)
The estimated variance of coefficients (SZ) is then calculated by the following formula:

5t = s2/5° (1)

The significant coefficient can be estimated by comparing the value of (B%/S?) to the critical
value Fjgs5(1,8) = 0.29 of the F-distribution at 95% level of confidence, Jeff, and Michael,
2009. The results of these calculations are shown in Table 7 for low carbon steel alloy. The final
form of the proposed model was as follows:

C.Rueight 1oss (gma) = 70.41 +8.73T —18.44 C + 10.42 t + 10.24 T? 4+ 22.34 C* +
12.56t2 +7.42T X t (14)

The accuracy of an empirical model can also be done by means of statistical parameters, for
example, correlation coefficient. The correlation coefficient (R?) is a statistical measure of the
strength of correlation between the predicted and measured values, Devore, 2005. For the
current problem, the following result is obtained: R? = 0.895. Fig. 2 shows predicted corrosion
rate by Eq. (14) against experimental one.

3.3 Inhibition Optimization Result and Estimating the Percentage Inhibition Efficiency:

According to Eqg. (14), using POLYMATH software version 4.02 in terms of minimum
corrosion rate, the optimum values were obtained. The optimum values of the studied variables
in coded and real form are listed in Table 8 below for low carbon steel alloy. A validation
experiment was conducted at the specified optimized values and the results were used to
calculate the response (corrosion rate). The practical value of the corrosion rate at the optimum
conditions was comparable with the theoretical value and the result was closed.

The percentage inhibition efficiency at the optimum conditions can be calculated from the

Eq. (7).

1£9 = 2102 ~ D00 100 = 96.00 %
° T 01049 IR
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3.4 Influence of Process Parameters on Corrosion Rate:

The aim of this study was to find a corrosion rate whose features would have been

previously defined from the operative conditions extracted from the quadratic mathematical
model.
Because the direct exploitation of the equation was delicate, it was convenient to restore it under
a graphic representation; while fixing one of the three factors of the survey, it was possible to
represent the response surface materializing the surface of regression in a three-dimensional
space. It was also possible to project the equation in a design under isoresponse curves,
interpreted as card curves level.

A. Evolution of corrosion rate as a function of the temperature and the concentration of
corrosion inhibitor:

Fig. 3 shows the evolution of the corrosion rate as a function of the temperature and the
concentration of corrosion inhibitor (extracted kiwi juice). It can be seen that the inhibitor
concentration has a strong influence on the tentative response. The minimal corrosion rate is
obtained for an inhibitor concentration of 0.37 in coded variable, i.e., 29.29 cm®/L in real
variable. Considering simultaneous effects of temperature and inhibitor concentration is
presented in Fig. 3 contour plot. The figure shows, in high temperature (60 °C), the increase of
corrosion rate is higher than in lower temperature (30 °C). This is also in close agreement with the
research done by, Da Rocha, et al., 2012,

B. Evolution of corrosion rate as a function of the temperature and the immersion time:

Fig. 4 shows the synergism between the two factors: the temperature and immersion time in
corrosion rate at inhibitor concentration 29.29 cm®/L. It can be noted that the effect of the
immersion time differed according to the corrosion rate’s variation. This effect becomes positive
and even more important when the corrosion rate is degraded (reduced). Analysis of corrosion
rate as effects of interaction between temperature and immersion time is shown in Fig. 4 contour
plot. The model shows a decrease followed by growing of corrosion rate due to temperature and
immersion time at the optimum condition of inhibitor concentration 29.29 cm®*L and this in
agreement with, Alaneme, and Olusegun, 2012.

C. Evolution of corrosion rate as a function of the concentration of corrosion inhibitor and
the immersion time:

Fig. 5 represents the evolution of the corrosion rate as a function of the inhibitor
concentration and the immersion time. This figure shows that the corrosion rate initially
decreased when the inhibitor concentration and immersion time increased. This evolution was
however more accentuated up to a concentration of 29.29 cm®/L kiwi juice until it reaches a
minimum value of corrosion rate at 2.65 h, which contributes to the great tendency of corrosion
protection causes decrease in corrosion rate then it begins to increase again with increasing the
inhibitor concentration and immersion time. Fig. 5 contour plot presents a polynomial surface
response relating to effect of inhibitor concentration and immersion time on corrosion rate. It is
shown that different corrosion rate is observed for inhibitor concentration and immersion time.
Immersion time increased corrosion rate from 70-220 gmd along the immersion time setting (1-5
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h). Concentration of inhibitor from 5-45 cm®/L has decreased corrosion rate from 270-70 gmd.
This is also in close agreement with the research done by, Afia, et al., 2014.

4.

1.

CONCLUSION

The results of experiment are extended to develop the second order polynomial regression
model of the objective function (corrosion rate) in terms of three variables (i.e., temperature
of corroding medium, inhibitor concentration and immersion time) using response surface
methodology (RSM) gives Eq. (14), which adequately describes the behavior of the process
throughout the studied range.

. The three variables effect on the corrosion rate in following order:

Inhibitor concentration > Immersion time > Temperature.

. The green corrosion inhibitor made up the kiwi juice extract successfully reduced the

corrosion rates of low carbon steel alloy in 2.5 M HCI solution.

. The optimum conditions as predicted from Eq. (14) is 42.86 °C temperature of corroding

medium, 29.29 cm®/L inhibitor concentration and 2.65 h of immersion time for low carbon
steel alloy.

. Kiwi juice extract acts as a corrosion inhibitor of low carbon steel with inhibition efficiency of

96.09 % under the optimum conditions.

. The corrosion rate of low carbon steel alloy in 2.5 M HCI solution in presence of kiwi juice

extract, increases with increasing temperature and immersion time, and decreased with
increasing concentration of inhibitor.

. The analysis of statistical central composite rotatable Box—Wilson Experimental Design

(BWED), generally, shows that the interaction effects on the corrosion rate by weight loss
technique (within the studied range) is less pronounced compared with the main and square
variables except the interaction effect of (T X t) in presence of extracted kiwi juice.
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Table 1. The experimental range of variables.

o Inhibitor Concentration Immersion Time
Temperature (°C) (cm*/L) (h)
30-60 5-45 1-5

Table 2. Real and coded of the independent variables used in RSM study.

Variables Levels
Xl’ Xz, X3 '2 '1 O 1 2
X; = Temperature (°C) 30 || 37.5 || 45 || 52.5 | 60
X, = Inhibitor Concentration
(cm?/L) 5 15 | 25 | 35 || 45
X3 = Immersion Time (h) 1 2 3 4 5

Table 3. Sequence of experiments according to central
composite rotatable experimental design.

Coded ]
. Variables Real Variables
Ncl)o.. Tem Inhibitor | Immersion
X | X5 || X3 (°CF)J. Conc. Time
(cm®/L) (h)
1 11 -1 375 15 2
2 10-1-1 525 15 2
3 1] -1 375 35 2
4 1011 -1 525 35 2
5 111 375 15 4
6 1f-1( 1 52.5 15 4
7 17 1 1 375 35 4
8 1 1 525 35 4
9 20101 0 30 25 3
10 20101 O 60 25 3
11 Of-21 O 45 5 3
12 Of 21 0 45 45 3
13 offof-2 45 25 1
14 oOofof 2 45 25 5
15 Ofof o 45 25 3
16 Ofof o 45 25 3
17 ofoflo 45 25 3
18 Ofoflo 45 25 3
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Table 4. A nominal, Astm, 2004 and analytical chemical
composition (wt. %) of low carbon steel alloy.

Metal Fe C Mn Si P S Cr Mo Ni Al
Nominal [| Rem. || 0.02-0.13 || 0.3-0.6 || 0.002 || 0.004 || 0.005 || 0.024 || 0.0008 || 0.014 || 0.003
Analytical || Rem. || 0.040 0.309 || 0.004 [| 0.005 || 0.007 || 0.021 || 0.0009 || 0.010 || 0.004

Table 5. Two-level central composite rotatable experimental design of the independent variables
with the observed, predicted values and experimental error for the response.

Exp. Predicted
Vgr(i)ggfe S Real Variables CorroFs)ion Corrosion Corrr:ssi%%r;?ing
EXp. Rate Rate
No. Inhibitor || Immersion
X | X, || X3 T?onég. CO?C. Time (E]:r.‘r?dE) (gr.ch;)) e; = C.Rz — C.Rp
(cm’/L) (h)
1 L1l -1 375 15 2 100.53 123.04 -22.51
2 -1 -1f 525 15 2 125.88 126.33 -0.45
3 L 11 375 35 2 110.17 84.61 25.56
4 1f21f-1f 525 35 2 111.45 86.54 24.91
5 -1y 1 37.5 15 4 130.44 126.81 3.63
6 1 (-1 1 52.5 15 4 162.76 159.79 2.97
7 11 37.5 35 4 121.82 92.83 28.99
8 111 52.5 35 4 175.49 124.45 51.04
9 2104 0 30 25 3 90.35 93.92 -3.57
10 21010 60 25 3 103.87 128.84 -24.97
11 0Of-29 0 45 5 3 219.09 196.64 22.45
12 Ofj21)20 45 45 3 71.89 122.87 -50.98
13 oOfjojf-2 45 25 1 100.33 99.82 0.51
14 ooy 2 45 25 5 112.44 141.49 -29.05
15 Ofof O 45 25 3 63.45 70.41 -6.95
16 Ofofo 45 25 3 65.32 70.41 -5.09
17 OjJojo 45 25 3 61.87 70.41 -8.54
18 Ojoyjpo 45 25 3 62.45 70.41 -7.96
Table 6. The coefficient values of the predicted correlation.
Coeff. Bo B: B, Bs Bu Bo> Bas B1, Bis Bas
Value || 70.41 8.73 || -18.44 || 10.42 | 10.24 || 22.34 || 12.56 || -0.34 7.42 1.11

Correlation Coefficient

(R) 0.895 Proportion of Variance 0.67
Final Valug of loss 10042.18
function
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Table 7. Analysis of variance (ANOVA) for the fitted model.

Engineering

Co_nstant G Est!mated Variance F-value Fo95(1,8)

Estimated Coefficient (B) || Sb? = Sr?2/xX? | = B?/Sb?> | =0.29
B, 16 8.73 78.4539 0.97 S
B, 16 -18.44 78.4539 4.33 S
B, 16 10.42 78.4539 1.38 S
By 16 10.24 78.4539 1.34 S
B, 16 22.34 78.4539 6.36 S
Bas 16 12.56 78.4539 2.01 S
Bi, 8 -0.34 156.9078 0.001 NS~
Bis 8 7.42 156.9078 0.35 S
Bus 8 1.11 156.9078 0.01 NS

) Significant

) Non-significant

Table 8. Optimum values of the process variables for minimum corrosion rate.

Optimum Values

Variables (low carbon steel alloy)
Coded Real
X; = Temperature (°C) -0.25 42.86
X, = Inhibitor Concentration (cm3/L) 0.37 29.29
X3 = Immersion Time (h) -0.30 2.65

Function Minimum (Corrosion rate, gmd)

62.35
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Figure 1. Experimental set-up for weight loss investigation.
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Figure 3. Response surface plot (top) and contour plot (bottom) showing
the variation of corrosion rate as a function of the temperature and
extracted Kiwi juice concentration at the optimum value (2.65 h).
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Figure 4. Response surface plot (top) and contour plot (bottom) showing
the variation of corrosion rate as a function of the temperature
and immersion time at the optimum value (29.29 cm®/L).
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Figure 5. Response surface plot (top) and contour plot (bottom) showing
the variation of corrosion rate as a function of the extracted kiwi juice
concentration and immersion time at the optimum value (42.86 °C).
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ABSTRACT

Fuzzy logic is used to solve the load flow and contingency analysis problems, so decreasing
computing time and its the best selection instead of the traditional methods. The proposed method
IS very accurate with outstanding computation time, which made the fuzzy load flow (FLF) suitable
for real time application for small- as well as large-scale power systems. In addition that, the FLF
efficiently able to solve load flow problem of ill-conditioned power systems and contingency
analysis. The FLF method using Gaussian membership function requires less number of iterations
and less computing time than that required in the FLF method using triangular membership function.
Using sparsity technique for the input Ybus sparse matrix data gives reduction in overall
computation time and storage requirements. The performance of the used methods had been tested
on two typical test systems being the IEEE 14-bus and 30-bus systems in addition to the 362-bus
Iragi National Grid. All the obtained results under normal operating conditions show that the
computation time of the fuzzy Load Flow (FLF) is less than the fast decoupled load flow (FDLF).

Keywords: Fast decoupled method, Fuzzy Load Flow, Fuzzy Contingency Analysis, Fuzzy Logic.
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1. INTRODUCTION

The load flow problem is one of the basic problems in the field of power system engineering. The
development of numerical methods to solve the load flow problem has been continuing for many
years. One of the most common computational procedures used in power system analysis is the load
flow calculations Grisby, 2012.
The mathematical model of load flow problem is a set of non-linear simultaneous equations. The
solution for these equations can be implemented using iterative methods, the traditional methods of
repeating the solutions became inefficient as need a lot of calculations at any iteration so that the
computational time will be large Kubba, 1987.
Contingency Analysis behaves like a fictitious test performs on a list of postulated contingency
cases (single or multiple outages). The most important simulation of contingency analysis is to give
the operators an indication of what might happen to the power system if an event occurs. The
contingency analysis is time consuming as it involves the computation of complete AC load flow
calculations following every possible outage events like outages occurring at various generators and
transmission lines Mishra and Khardenvis, 2012.
Uncertainty is one of the most important issues in power system planning when decisions are made
regarding the future system expansion and operation. The uncertainties in the power system come
from the errors in input data of the power systems due to error in measurements and errors in the
load demand for the system load buses Grisby, 2012.
In trying to include uncertainty into the solution process, analysis have tried different approaches. A
better solution would be to provide solutions over the range of uncertainties included, i.e., solutions
that are sets of values instead of single points. Fuzzy systems have been increasingly used to
develop more efficient schemes for the power system operation, planning, control, and management.
Fuzzy systems rely on a set of rules. These rules allow the input to be fuzzy Tomsovic, et al., 1995.
A brief survey of solving the load flow problem and contingency analysis by the fuzzy logic theory,
J.G. Vlachogiannis, made a new FLF method based on fuzzy logic controller (FLC) to solve the load
flow problem using triangular membership functions to represent the fuzzy input and fuzzy output
signal of the FLC Vlachogiannis, 2001. P. K. Satpathy, et al., proposed the fuzzy set theory that has
been implemented for performing the power flow analysis in a fuzzy environment. A trapezoidal
fuzzy membership function has been selected for this purpose Satpathy, 2004. P.Gajalakshmi and
S.Rajesh, proposed fuzzy logic based power flow method. The input signals are fuzzified into
corresponding fuzzy signals and output fuzzy signals represented in triangular membership function
Gajalakshmi and Rajesh, 2007. P. Acharjee and Kawsar Ali, proposed the decoupled fuzzy load
Flow, the fuzzy load flow algorithm (FLF) has been built up considering the decoupling properties
of the power flow variables. Both power mismatche and summation of power mismatche are taken
as two inputs for fuzzy logic controller Acharjee and Ali, 2011. K. L Lo and A. K. I. Abdewilall,
applied fuzzy logic on contingency selection for voltage ranking Lo and Abdewlall, 2000.
A.Y.Abdelaziz, et al., presented Fuzzy logic based algorithm for contingencies ranking Abdelaziz,
et al., 2013. A load flow solution and contingency analysis methods based on the fuzzy control
theory is developed in this paper. The proposed method is demonstrated on the IEEE 14 buses and
30 buses typical test systems and Iraqi National Grid for different normal and contingent operating
conditions.
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2. FUZZY LOGIC

Most of our traditional tools for formal modeling, reasoning, and computing are crisp,
deterministic, and precise in character. By crisp we mean dichotomous, that is yes-or-no-type rather
than more-or-less type. In conventional dual logic, for instance, a statement can be true or false-and
nothing in between. In set theory, an element can either belong to a set or not; and in optimization, a
solution is either feasible or not. The traditional way of representing elements u of a set A is through
the characteristic function. Zimmermann, 1996 :

U(u) =1 if uis an element of the set A 1)
Uy(u)=0 if u is not an element of the set A 2

In fuzzy sets, an object can belong to a set partially. The degree of membership is defined through a
generalized characteristic function called the membership function:

#a(U):U —[0]] ©)

Where U is called the universe, and A is a fuzzy subset of U. The values of the membership function
are real numbers in the interval [0, 1], where 0 means that the object is not a member of the set and 1
means that it belongs entirely to the set Lee, 2005.

The main phases to solve any problem using the fuzzy logic approach are as follows:

1. Identifying the problem and choosing the type of fuzzy system which best suits the problem
requirements.

2. Defining the input and output variables, their fuzzy values, and their membership functions.

3. Articulating the set of heuristic fuzzy rules.

4. Choosing the fuzzy inference method, fuzzification and defuzzification methods if necessary.
Experimenting with the fuzzy system prototype; drawing the goal function and output fuzzy
variables; changing membership functions and fuzzy rules if necessary; tuning the system and
validation of results Zimmermann, 1996.

3. SOLUTION OF THE LOAD FLOW PROBLEM
3.1 Fast Decoupled Load Flow (FDLF) Method

Fast decoupled load flow method, possibly the most popular method used by utilities, is well
known for its speed of solution, reduced memory, and reliable convergence Stott and Alsac, 1974.
The algorithm is simpler, faster and more reliable than Newton's method and has lower storage
requirements. The fast decoupled load flow method is based on Newton's load flow method with the
modifications of neglecting J, and J; Jacobian sub matrices due to the weak coupling between "P-V"
and "Q-3" quantities in power transmission system. Together with other approximations, the fast
decoupled load flow equations become Vlachogiannis, 1994:

EEREIY (@)

%4
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5] = [8"11av] (5)
4. PROPOSED FUZZY LOAD FLOW METHOD

The fuzzy power flow equations are derived from fast decoupled load flow set of equations,
being Eq. (4) and (5) respectively. In Eq. (4), the state vector ¢ is updated but state vector V is fixed.
Eq. (5) is used to update the state vector V while state vector ¢ is fixed. The whole calculation will
terminate if the errors of both these equations are within the desired error tolerance.

The above system of equations can be expressed as

AF = B x AX (6)
The last equation states that the correction of state vector AX at each bus of the system is directly
proportional to the vector AF. The proposed fuzzy load flow method is based on the previous FDLF
equation, but the repeated update of the state vector of the system is being performed using fuzzy
logic control instead of using the classical load flow approach. This can be expressed by

AX = fuz(AF) (7)
Where fuz represents a fuzzy logic function.

The FLF algorithm is illustrated schematically in Fig. 1 that the power parameters AF, and AF, are
calculated and introduced to the P — § fuzzy logic controller FLCp.s and the Q — V fuzzy logic
controller FLCq.y, respectively. The FLCs generate the correction of the state vectors AX namely,
the correction of the voltage angle A§ for the P — § cycle and the correction of voltage magnitude
AV for the Q — V cycle.

The proposed fuzzy load flow controller (FLFC) has a structure that may be traced easily in Fig.2
that comprises four principal components: a fuzzification interface, a rule base, process logic and a
defuzzification interface. The fuzzification interface involves the following functions during
iteration:

1. Calculate and per unit the power parameters AFp and AFq at each bus of the system.

2. The above parameters are elected as crisp input signals. The maximum power parameter (AFpmax
or AFgmax) determines the range of scale mapping that transfers the input signals into corresponding
universe of discourse at every iteration.

3. The input signals are fuzzified into corresponding fuzzy signals (AFps; or AFQsz) with seven
linguistic variables; large negative (LN), medium negative (MN), small negative (SN), zero (ZR),
small positive (SP), medium positive (MP) and large positive (LP) Vlachogiannis, 2001. They are
being represented in Gaussian membership function forms. Fig.3 gives sketches of these
membership functions. Each two points (width and center) are designed. These seven linguistic
variables are designed by two points (width and center): LN : [2AF./3, -AFn], MN : [2AF/3, -
2AF/3], SN : [2AFn/3, -AF/3], ZR : [2AF/3, 0], SP : [2AFy/3, AFy/3], MP: [2AF/3, 2AF/3], LP
' [2AFm/3, AFq).

The rule base involves seven rules tallying with seven linguistic variables:

Rule 1: if AFs;is LN then AXs,; is LN, Rule 2: if AFf,; is MN then AXsy; is MN

Rule 3: if AFy; is SN then AXsy; IS SN, Rule 4: if AFg; is ZR then AXgq; IS ZR
Rule 5: if AFyy; is SP then AXyy; is SP, Rule 6: if AFy,; is MP then AXj,; is MP
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Rule 7: if AFyy; is LP then AXsy; IS LP

4. Design of these fuzzy rules is based upon two observations. The first of them is that when the
computed value obtained in each iteration is far away from the specified one, it will require more
compensation from the fuzzy logic controller. The second is that these fuzzy rules are consistent
with the observation that corrective action to state vector AX is directly proportional to power vector
AF Eq. (7) at every iteration Lo K., et al., 1999.

5. The fuzzy signals AFy,; are sent to process logic, which generates the fuzzy output signals AXsy,
based on the previous rule base and are represented by seven linguistic variables similar to input
fuzzy signals.

The output fuzzy signals AXs, are then sent to the defuzzification interface, which performs the
following function: The maximum corrective action AXmax Of state variables determines the range of
scale mapping that transfers the output signals into the corresponding universe of discourse at every
iteration. The maximum correction of these variables can be calculated by:

d -1
AXmax = (ﬁ) * AFpaxg (8)

dxj

Where F, expresses the real or reactive power balance equations at bus-1 with maximum real or
reactive power mismatches of the system, X, represents the voltage angle or magnitude at bus-I
Vlachogiannis, 2001. Therefore, each two points (width and center) of the Gaussian membership
functions of AXs, is designated in a similar way to Fig.3 as may be shown in Fig.4. Hence, the
output fuzzy membership classes are redesigned in similar way to Fig.2 and are listed as:

LN : [2AXn/3, -AXm], MN: [2AX/3, -2AXw/3], SN: [2AXn/3, -AXw/3], ZR: [2AX./3, 0], SP:
[2AXn/3, AXr/3], MP:[2AX /3, 2AX /3], LP : [2AX/3, AXnm].

Finally, the defuzzifier will transform fuzzy output signals AXs, into crisp values AX for every bus
of the network. The centroid-of-area (COA) defuzzification strategy is being adopted. This strategy
finds the geometrical center Zo in the universe C of an output variable Z, which center "balances”

the inferred membership function . (z) as a fuzzy value for Z. The following formula is used Ross,
2010.

_ Z?:l uc(Zi)*Zi
e ®)
The second method is the Mean-of-Maxima (MOM), Sugeno method; this method finds the value
Zo which has . (2),,, IS the maximum membership degree according to the fuzzy output variable Z.

The following formula is used

c(Ziymax
Zo = 3., elimex (10)
and the state vector is being updated as

X = X'+ AX (11)
where the index i depicts the number of iterations. The number of Gaussian fuzzy-membership
functions used and fuzzy rules are selected heuristically to minimize the overall computing time
required for convergence.
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5. IMPLEMENTATION RESULTS

The FLF method was implemented on the IEEE 14 buses shown in Fig.5 and 30 buses typical test
systems in for the following cases of normal operation and contingent operation. The power
mismatches (active and reactive) are given for each case of operation as shown below:

1. Normal operating condition with power mismatch of (0.001 p.u, equivalent to 0.1 MW/MVA).

2. Single-line, double-line, and triple-line outage with power mismatches of 0.001 p.u.

3. Single generator outage with power mismatches of (0.001 p.u.).

4. Overload of the active power demand of a load (PQ) bus in percentage of 125% of rated bus load
demand with power mismatches of 0.001 p.u.

5. In addition to the cases mentioned above, the performance of the system was studied in the case
of adding series capacitance to three branches of the system. Robustness of the proposed method is
studied in the later step.

The obtained results are exhibited in the Table.1 for 14 Buses IEEE Typical Test System, Power
Mismatches (Active / Reactive) = 0.001per unit (0.1 MW/MVAr), Normal Condition.

For contingent conditions (Single, Double and Triple-lines out of the service) the required number
of iterations and the total computation time increases by a considerable amount. The FLF solution
using GMF at these types of contingent conditions is remained sufficient for on-line operation. In a
single-line outage, the line connecting buses (1) and (5) was brought out-of-service. In double-lines
outage case, the lines connecting buses (1) and (5), and buses (4) and (9) were brought-of-service.
The last case of line outages is the triple-lines outage. In this case, lines connecting buses (2) and
(4), (7) and (8), and (10) and (11) were the faulty lines in respective order.

Tables.2 through 4 shows the results of the FLF solutions with (single, double and triple) lines
outage using GMF. The required number of iterations and the total computation time increases by a
considerable amount for contingent conditions (Single, Double and triple-lines out of the service).
The importance of these studies is to know whether the system voltage magnitudes and voltages
phase angles cross their limits (£5%) or not, causing unstable operation of the system or not.

Table.5 shows the system’s performance when the FLF algorithm using GMF is implemented
under contingent operation of single generator outage. In this step, generator at bus number 3 was
brought out-of-service. A generator outage is meant that its voltage magnitude, voltage angle,
generated active/ reactive powers are all set to zero. It is noted that even with the voltage magnitude
and voltage angle set initially to zero for the faulty generator bus, the final values of the voltage
magnitude and angle of the faulty bus after the load flow calculations are implemented include non-
zero values in the both cases.

This may be explained by assuming that the system tries to compensate for the lost generator
voltage to keep the normal operating point unchanged as possible. For a contingent operation of two
generators outage, the solution diverged. It means that the system could not compensate for the lost
of two generators voltage to keep the system in a stable condition. It can be seen that FLF algorithm
using GMF is faster from the other.

To explore the performance of the FLF algorithm using GMF under conditions of over-loading bus,
the active power demand of load bus number (13) was increased. In the first case, the active power
demand was increased from 13.5 MW to 16.875 MW, i.e. an increment by 25% above the rated
load. The test results of these studies are presented in Table.6 for 14-bus IEEE system for the FLF
algorithm.

The FLF success to solve ill-conditioned power systems by adding a series capacitor of capacitive
reactance 0.04 p.u on the same bases to branches connecting buses (2) and (3), (4) and (7), as well as
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(7) and (9).The results are show in the Table.7. The FLF based on GMF was converged without
facing any problems.

From Tables.1 to 7, it is concluded that the total computing time for load flow solution is the

least in case of normal operating condition. As well as the number of iterations for most contingent
conditions is larger than the normal condition. But, the time per iteration for the latter cases is too
much such that the overall computing time is more than the normal operating condition. These
depend on the configuration of the network and the type and location of faulted elements. These
were demonstrated from the tables.
Implementing the fuzzy load flow method on the 362 buses Iragi National Grid(two main
connection grids: 132 and 400 KV connection grids) gave satisfactory results for both voltage
magnitudes and angles. For a power mismatch of 0.001, the total time required to obtain a solution
was about 1.0628 seconds with an iteration number of 25. Due to huge tabulations of the Iraqi
National Grid results, they are omitted and not shown in this paper.

The FLF method based on GMF is faster and more accurate than TMF for on-line applications,
planning as well as control of electrical power systems. The total computing time and number of
iterations of the FLF algorithm based on GMF are less than FLF algorithm based on TMF for load
flow solutions under normal and contingent conditions.

Table.8 shows a comparison between fuzzy load flow” FLF” (Triangular and Gaussian
membership functions), fast decoupled load flow "FDLF”, and Newton-Raphson "NR” methods
according to the following criteria; number of iterations and percentage computing time under
normal conditions. From the table, it can be observed that FLF requires more iteration as compared
to FDLF and NR methods for the tested systems. However, the total computation time is much less
than FDLF and NR method. In the table, the % computation time is taken relative to NR method.

Table.9 illustrates the reduction in computational time and storage requirements for different
power systems by using the proposed fuzzy load flow method using Gaussian function with sparsity
technique. The reduction in computation time and storage requirements increases as the matrix
density decreases. While the nodal admittance matrix is the main input data which is a sparse
matrix.

Defuzzification interface is very important part of the FPF controller structure as it will
transform fuzzy output signals AXy, into crisp values AX for all buses of the network. There are
many defuzzification techniques but primarily only two of them are in common use, first the
centroid-of-area (COA) defuzzification technique, secondly the Mean-of-Maxima Method (MOM)
defuzzification techniques. These two defuzzification techniques are implemented. The comparison
between them for major two criteria which are computational time and accuracy, are shown in
Table.10 shows that the defuzzification technique Mamdani-type (COA) is more accurate than the
Mean-of-Maxima Method (MOM), Sugeno-type. The computing time required for both methods are
comparably the same to providing the crisp output values.

6. CONCLUSION

A robust method based on the fuzzy logic controller to solving the load flow problem under
normal and contingent conditions is presented and could be used as a base to incorporate all the
modern power control strategies designed using fuzzy logic. All the obtained results show that the
computation time of the Fuzzy Load Flow (FLF) is less than the Fast Decoupled Load Flow (FDLF)
according to the following analysis.
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Fuzzy Logic was used efficiently to solve the load flow problem due to its solution speed are
simple and very fast, respectively. It simplifies the complexity of obtaining a solution by
incorporating the uncertainties in input data processed. The proposed method provides faster
solution; it can be implemented at real-time operation in electric power control centers having either
small- or large-scale power system configurations on the IEEE 14 buses and 30 buses test system. In
addition to the test system, the proposed method is tested on the 362 buses Iraqi National Grid to test
its on-line characteristic.

The most important feature to mark is the capability of solving ill-conditioned cases of inserting
series capacitors to certain lines of the transmission network. The FLF method using Gaussian
membership function requires less number of iterations and slightly less computing time than that
required in the FLF method using Triangular membership function due to the smoothly varying
curve of the Gaussian function. The defuzzification strategy of the FLF method for both
membership functions (Triangular and Gaussian) was implemented by using Center of Gravity
(Centroid of Area) and the Mean-of-Maxima method, it is found that the first method is more
accurate but the computing time is very slightly more. The reduction in overall computational time
and storage requirements by using sparsity technique for the input sparse matrix data. All the points
mentioned above recommend the use of the proposed method in power control centers.
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LIST OF SYMBOLS AND ABBREVIATIONS

AP: active power mismatch. FLFC: Fuzzy Load Flow Controller.
AQ: reactive power mismatch. FLC : Fuzzy Logic Controller.

V : voltage magnitude FLF : Fuzzy Load Flow

d : voltage phase angle. FDLF: Fast Decoupled Load Flow.
Ma : membership function. COA: Centroid of Area.

Aé: The correction of the voltage angle.
AV The correction of voltage magnitude.
MOM: mean of maxima
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AF: real or reactive power mismatches per voltage magnitude vector
AX: correction of state vector (voltage angle or magnitude vector)
B': sparse-constant matrix of P- 8 cycle

B'": sparse-constant matrix of Q- V cycle

B : represents either B' or B" matrix

[ Read Bus data and Line data ]

v

[ Form sparse Ybus ]
v

[ Iteration =0; tolerance =0.001 ]
v

[ Initialize the known and unknown variables ]

v

[ Calculate AP and Per unit ]
v

[ Calculate AP,,q, and A8, a5 ]
v

[ Using FLCp_s ]
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Calculate AQ and Per unit
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Using FLCy_y
) v . Yes
Check convergence: Result: I, V, §,
AP and AQ < tolerance? Power Flow, Power
v No
Update §; = §;+A8;and

Update Vi: Vi + AVl

Figurel. Fuzzy Power flow algorithm.
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Figure2.Structure of the fuzzy load flow controller.
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Figure5. Single-line Diagram of 14-Bus IEEE Test System.

Tablel. Fuzzy load flow solution for 14 buses IEEE typical test system, power mismatches (Active /

Reactive) = 0.001per unit (0.1 MW/MVAr), normal condition. Bus Type:(1: Stands for Slack bus;
2: Defines PV bus; 0: Defines PQ buses).

Voltage Voltage
Bus Num. Bus Type Mag. (p.u.) Angle (deg)) AP (p.u) AQ (p.u)
1 1 1.060 0.000 0.0 0.0
2 2 1.045 -3.734 0.000022 0.0
3 2 1.010 -9.929 0.000333 0.0
4 0 1.41 -8.341 0.000250 0.0009689
5 0 1.043 -6.156 0.000227 0.0009599
6 2 1.070 -5.836 0.000216 0.0
7 0 1.071 -6.691 0.000081 0.0004656
8 2 1.090 -6.424 0.000003 0.0
9 0 1.066 -8.390 0.000260 0.0000190
10 0 1.063 -6.823 0.000110 0.0001055
11 0 1.063 -7.406 0.000004 0.0000149
12 0 1.062 -7.543 0.000038 0.0000031
13 0 1.059 -6.994 0.000085 0.0000059
14 0 1.056 -6.433 0.000142 0.0000270
Number of iterations 9
Computation time 0.093410 sec
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Table2. Fuzzy load flow solution for 14 buses IEEE typical test system, single-line outage.

Bus Num. Bus Type Ma\g/.(z::)tz% Ang\lgz(ljt:g.(; AP (p.u) AQ (p.u)
1 1 1.060 0.000 0.0 0.0
2 2 1.045 -3.519 0.000003 0.0
3 2 1.010 -8.464 0.00025 0.0
4 0 1.037 -10.033 0.000219 0.000317
5 0 1.037 -9.761 0.000238 0.000950
6 2 1.070 -7.655 0.000236 0.0
7 0 1.073 -8.544 0.000110 0.000011
8 2 1.090 -8.456 0.000062 0.0
9 0 1.069 -10.661 0.000231 0.0000018
10 0 1.065 -8.745 0.000123 0.0000722
11 0 1.065 -8.634 0.000018 0.0000091
12 0 1.061 -9.888 0.000024 0.0000072
13 0 1.059 -9.149 0.000074 0.0000095
14 0 1.058 -8.204 0.000156 0.0000230
Number of iterations 10
Computation time 0.109894sec

Table3. Fuzzy load flow solution for 14 buses IEEE typical test system, double-lines outage.

Voltage Voltage
Bus Num. Bus Type Mag. (p.u.) Angle (deg)) AP (p.u) AQ (p.u)
1 1 1.060 0.000 0.0 0.0
2 2 1.045 -5.905 0.000021 0.0
3 2 1.010 -14.181 0.000187 0.0
4 0 1.035 -10.393 0.000188 0.000953
5 0 1.037 -10.390 0.000180 0.000974
6 2 1.070 -8.085 0.000184 0.0
7 0 1.072 -9.016 0.000133 0.000093
8 2 1.090 -8.587 0.000007 0.0
9 0 1.062 -10.807 0.000177 0.000015
10 0 1.063 -9.439 0.000153 0.000094
11 0 1.064 -9.773 0.000013 0.000060
12 0 1.061 -10.508 0.000048 0.000014
13 0 1.059 -9.742 0.000108 0.000064
14 0 1.056 -8.758 0.000155 0.000061
Number of iterations 11
Computation time 0.114429sec
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Table4. Fuzzy load flow solution for 14 buses IEEE typical test system, triple-lines outage.

Voltage Voltage
Bus Num. Bus Type Mag. (p.u.) Angle (deg.) AP (p.u) AQ (p.u)
1 1 1.060 0.000 0.0 0.0
2 2 1.045 -6.685 0.000027 0.0
3 2 1.010 -14.327 0.000239 0.0
4 0 1.015 -12.175 0.000253 0.0009994
5 0 1.018 -14.287 0.000221 0.0001395
6 2 1.070 -12.706 0.000239 0.0
7 0 1.058 -13.951 0.000114 0.000032
8 2 1.090 -11.256 0.0 0.0
9 0 1.048 -11.152 0.000234 0.000023
10 0 1.054 -14.585 0.000118 0.000098
11 0 1.063 -15.410 0.000007 0.000008
12 0 1.050 -16.425 0.000031 0.000032
13 0 1.038 -15.174 0.000077 0.000031
14 0 1.041 -13.619 0.000152 0.000051
Number of iterations 12
Computation time 0.121348 sec

Table5. Fuzzy load flow solution for 14 buses IEEE typical test system, generator (3) outage.

Bus Number | Bus Type M\;g.lt?pgﬁ.) Ar?g?eltzigéag.) AP (p.u) AQ (p.u)
1 1 1.060 0.000 0.0 0.0
2 2 1.045 -4.425 0.000026 0.0
3 2 1.000 -0.000 0.000001 0.0
4 0 1.038 -10.844 0.000042 0.000285
5 0 1.040 -10.523 0.000009 0.000910
6 2 1.070 -9.436 0.000203 0.0
7 0 1.070 -9.797 0.000082 0.000068
8 2 1.090 -9.386 0.000005 0.0
9 0 1.065 -12.356 0.000189 0.000028
10 0 1.063 -9.124 0.000157 0.000085
11 0 1.062 -10.319 0.000055 0.000023
12 0 1.060 -11.118 0.000033 0.000015
13 0 1.058 -10.005 0.000097 0.000012
14 0 1.054 -9.747 0.000157 0.000006
Number of iterations 12
Computation time 0.128729 sec
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Table6. FLF solution for 14 buses IEEE typical test system, 125% active power overloading.

Voltage Voltage
Bus Num. Bus Type Mag. (p.u.) Angle (deg.) AP (p.u) AQ (p.u)
1 1 1.060 0.000 0.0 0.0
2 2 1.045 -9.327 0.000008 0.0
3 2 1.010 -13.610 0.000426 0.0
4 0 1.030 -11.868 0.000264 0.000273
5 0 1.032 -13.216 0.000241 0.000847
6 2 1.070 -12.141 0.000213 0.0
7 0 1.064 -14.644 0.000083 0.000006
8 2 1.090 -13.855 0.000006 0.0
9 0 1.059 -16.505 0.000246 0.000016
10 0 1.055 -14.218 0.000120 0.000020
11 0 1.054 -14.653 0.000009 0.000016
12 0 1.061 -15.892 0.000025 0.000023
13 0 1.040 -13.651 0.000135 0.000024
14 0 1.049 -13.439 0.000144 0.000008
Number of iterations 9
Computation time 0.100163sec

Table7. FLF solution for 14 buses IEEE typical test system, Addition of Series

Capacitance.

Voltage Voltage
Bus Num. Bus Type Mag.(p?.u) Angle (Seg.) AP (p.u) AQ (p.u)
1 1 1.060 0.000 0.0 0.0
2 2 1.045 -3.266 0.000038 0.0
3 2 1.010 -7.608 0.000213 0.0
4 0 1.039 -7.811 0.000210 0.000180
5 0 1.042 -6.683 0.000194 0.000992
6 2 1.070 -5.755 0.000216 0.0
7 0 1.072 -6.136 0.000133 0.000115
8 2 1.090 -5.928 0.000035 0.0
9 0 1.068 -7.945 0.000227 0.000047
10 0 1.065 -6.237 0.000135 0.000038
11 0 1.064 -7.030 0.000032 0.000411
12 0 1.061 -7.184 0.000037 0.000012
13 0 1.060 -6.580 0.000086 0.000031
14 0 1.058 -5.890 0.000156 0.000013
Number of iterations 16
Computation time 0.146616 sec
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Table8. Comparison of fuzzy load flow and numerical methods according to number of iterations
required & percentage computing time

No. of iterations required % computing time
Type of test system | FLF FLF FLF FLF
FDLF | N-R FDLF | N-R
GMF TMF GMF | TMF
14-bus IEEE 9 16 3 4 8 19 32 100
30-bus IEEE 11 17 4 5 10 21 39 100
362-bus ING 28 34 7 8 12 22 51 100

Table9. Comparison of reduction in computation time and storage requirement for different power
systems using the FLF with sparsity technique method

%Reduction in %oReduction in
Type of Matrix density Computational Storage Requirement
power system of [Y] 'FFime (FLF With sparsity
technique)
14-bus IEEE 17.34% 38% 55%
30-bus IEEE 78.8% 56% 69%
362-bus ING 0.628% 84% 88%

Table10. Comparison of reduction in computational time and accuracy requirement for different
defuzzification technique methods.

Type of Fuzzy Load Flow Controller Structure Fuzzy Load Flow Controller Structure

power system | ;sing Defuzzification technique COA Using Defuzzification technique MOM

at normal

condition : -

Computational 0 Computational 0
Time % Accuracy Time % Accuracy

14-bus IEEE 0.093410 sec 80% 0.087745 sec 76%
30-bus IEEE 0.108791sec 74% 0.101423sec 68%
362-bus ING 1.062819 sec 65% 1.017269 sec 59%
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ABSTRACT

|n this paper an atmometer apparatus were used in the greenhouses for estimating

reference evapotranspiration values. Experimental work was conducted in the agriculture
research center in the College of Agriculture-University of Baghdad west of the city of
Baghdad. One atmometer was used in eggplant greenhouse and in cucumber greenhouse
through the winter growing season 2013-2014. FAO Penman-Monteith equation was applied
outside the greenhouse and used only 65% from the value of ET, in the greenhouses for
estimating the reference evapotranspiration in the greenhouse. Moreover, Penman-Monteith
equation was applied in greenhouses for the evaluating the performance of the atmometer.
The results show that the error analyses between FAO Penman-Monteith equation in
greenhouse and the atmometer readings, the root mean square difference (RMSD), mean bias
error (MBE) and relative error (RE) for eggplant and cucumber greenhouses were:
1.163mm/day, 0.933mm/day, 30.19%, and 0.688mm/day, 0.518mm/day and 22.93%,
respectively. A fair agreement was found. While the error analyses between 65% from
outdoor ET, of FAO Penman-Monteith equation and the atmometer readings, the RMSD,
MBE and RE for eggplant and cucumber greenhouses were: 0.930mm/day, 0.743mm/day,
24.27%, and 0.374mm/day, 0.289mm/day and 12.47%, respectively. A good agreement was
found. The atmometer apparatus could be used successfully by researchers and farmers in
estimation daily or weekly reference evapotranspiration in greenhouses as well as in low
technology greenhouses.

Keywords: Greenhouse, reference evapotranspiration, atmometer, Penman-Monteith.
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1. INTRODUCTION

Evapotranspiration (ET) is one of the major components of hydrological cycle. Accurate
estimation of this parameter is essential for studies such as water balance, irrigation system
design and management and water resources management. Greenhouses type materials and
technology used are also effect on prediction of reference evapotranspiration values. Fazlil,
2009, used weighting lysimeter and atmometer apparatus in different types of greenhouses
models (low, medium and high technology), and was found to be good reference
evapotranspiration (ET,) equipment in greenhouse which can give accurate measurement of crop
(actual) evapotranspiration (ET¢). While FAO Penman model was recommended to calculate ET,
in low technology (plastic) and Hargreaves method in greenhouse with screen cover rather than
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plastic one. Moreover, Stanghellini model was most accurate method in medium and high
technology greenhouses. Reference evapotranspiration inside greenhouses was also estimated by
using class A pan, a reduced pan and an atmometer, and another class A pan was installed
outside the greenhouses. A good agreement relation was found between atmometer, class A pan
and reduced pan, but fair agreement relations was found between class A pan, reduced pan and
class A pan outside the greenhouses, Ferrandes, et al., 2003. Five methods were evaluated to
estimate ET. in greenhouse conditions and compared their performance in relation to the
evapotranspiration directly determined from water balance measurement in an irrigated Lettuce
crop during nine weeks. Daily values of the ET, from class A pan, atmometer,and drainage
lysimeter were used between 1993 and 2004 to measure ET, inside a plastic greenhouse with a
perennial grass in south-eastern of Spain. Different methodologies to calculate ET, were checked
against the measurements in the greenhouse with and without whitening. The results show that
the performed best in terms of accuracy and statistics were: FAO Penman-Monteith with a fixed
aerodynamic resistance, and FAO 24 Pan evaporation method with a constant value.
Additionally the Hargreaves and the radiation equations were recommended for the calculation
of greenhouse ET, because of their simplicity, Fernandez, et al., 2010. Actual
evapotranspiration ET. for a crop can be found from ET, and crop coefficient (K;). Fahkri,
2014, predicted crop coefficient values for eggplant and maize in open field based on daily basis
using watermark sensors measuring ET. and atmometers measuring ET, through the growing
stages. The results indicted a good agreement in mid and late of seasons between the predicted,
FAO and Russian study K values.

In this paper FAO Penman-Monteith equation in the greenhouses and 65% from outdoor ET,
of Penman-Monteith equation were applied in the greenhouses to evaluate the performance of
the atmometer for estimating reference evapotranspiration (ET,) in greenhouse. Weather
parameters were measured outside and inside the greenhouse.

2. MATERIALS AND METHODS

2.1 Location of the Field Study

The research greenhouses field for this study was located within College of Agriculture —
University of Baghdad in Abu-Ghraib Township, 30 km away from west part of city of
Baghdad-Irag. The site was located at (latitude: 33°12" N, longitude: 44°12'E, altitude: 32m).
Fig.1 shows Google map for the field site location. Two numbers of low technology
greenhouses (no automatic ventilation system was available) were used; the approximated
total area of the greenhouse was 250 m? for each. Fig. 2 shows the interiors structure of the
greenhouses. Eggplant and cucumber crops were used in the study for the winter growing
season of 2013-2014. Trickle irrigation system was used in the greenhouses. The laboratory
analyzes of the soil samples were conducted in the soil laboratories of College of
Agriculture. The objective of the analysis was to verify the physical characteristics of the soil
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in order to determine the texture of the soil and all physical properties. The soil textures for
eggplant and cucumber greenhouses were loam and clay loam, respectively as shown in
Table 1.

2.2 Devices and Equipment
The followings were specifications and description of apparatus and equipment were used in
the study field work.

2.2.1 Atmometer or ETgage

An atmometer, the brand name (ETgage), has gained increasing popularity. It is one of the
alternative tools that can be used to measures the amount of water evaporated to the
atmosphere from a wet, porous ceramic surface. The atmometer consists of a canvas-covered
ceramic evaporation plate mounted on a distilled water reservoir. The reservoir capacity is
300 mm as water depth. The fabric covering creates a diffusion barrier (resistance) that
controls the evaporation rate and ranging from (112-294) s/m similar to that found in healthy
leaves in a well-watered plant community. The green canvas cover that surrounds the
ceramic plate mimics the crop albedo so that solar radiation absorption by the ETgage will be
similar to the solar radiation received at the crop canopy. In the ETgage system, water is
provided to the ceramic cup by suction through a glass or plastic supply tube and check valve
consisting of a diaphragm mounted in a section of silicon tubing attached at the lower end of
the glass supply tube. The shape of the evaporating surface also helped in easier fabric
mounting and maintained better contact between the canvas cover and the ceramic plate. Fig.
3 shows the main parts of the atmometer. Distilled water is always used in the ETgage
reservoir to prevent accumulation of solutes in and on the plate that can reduce the porosity
of the plate and affects the evaporation rate a sight glass on the water reservoir allows the
water levels in the reservoir to be read manually. Accuracy of daily ET data by reading the
plastic sight tube is limited. The ETgage is easy to install and requires little maintenance
which is typically mounted on a wooden post with the evaporation surface approximately 1
m above the ground surface or according to the height of crop canopy. Fig.4 shows the
location of the atmometer in the greenhouses.
2.2.2 Hand weather station tool

Scientific Mini Environmental Quality Meter, hand movable weather station tool was
used for measuring: air temperature, relative humidity and wind speed in the greenhouse.
Fig. 5 shows mini environmental quality meter.
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2.3 FAO Penman-Monteith Model

FAO Penman-Monteith (Allen, et al., 1998) simulates a reference crop of 0.12 meter in
height. This method estimates evaporation from an extensive surface of green grass cover of
uniform height, actively growing, completely shading the ground and under non-limited soil
water. The Penman-Monteith equation for the calculation of daily ET, (mm/day) is as follow:

900

: 0.408 A (Rp—G)+y Wuz(es—ea)
o A+y (1+0.34up) @)

Where:
ET, = Reference evapotranspiration, mm/day.
R, = Net radiation at the crop surface, MJ m? day™.
G = Soil heat flux density, MJ. m™. day™.
Tmean = Mean daily air temperature at 2 meter height, °C.
Uz = Wind speed at 2 meter height, m. s™.
es = Mean saturation vapour pressure, kPa.
ea = Mean actual vapour pressure, kPa.
es — ea = Vapour pressure deficit, kPa.
A = Slope vapour pressure curve, kPa °C™.
Y = Psychrometric constant, kPa °C™.

For day and ten-day periods, G is assumed to be zero (Allen, et al., 1998).

2.4 Statistical Analysis Methods

In this paper, comparison between estimated reference evapotranspiration from the
atmometers, FAO Penman-Monteith equation in greenhouse and 65% from ET, of FAO
Penman-Monteith outdoor equation values (Fernandez et al., 2010 and Orgaz et al., 2005)
were conducted on the daily basis through the winter growing season of the eggplant and
cucumber. For error analyses the following statistics were used:

1
RMSD = \/;Z?=1(yi —x;)? )
RE =22 » 100 (3)
Xa'Vn
MAE = w 4)
Where:

RMSD = Root mean square difference.
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RE = Relative error, %.

MBE = Mean bias error.

n = Number of daily observations.

Xav = Average values of estimated ET,, mm/day

Xi = ET, calculating value by using equations in the i"".day, mm/day, and
Vi = ET, measured by the atmometer in the i".day, mm/day.

3. RESULTS AND DISCUSSIONS

FAO-Penman-Monteith equation in the greenhouse conditions and 65% from outdoor
reference evapotranspiration of FAO Penman-Monteith equation were applied; air
temperature, relative humidity and wind speed were recorded daily in the greenhouses, while
sun shine radiation, air temperature and all other parameters in the Penman-Monteith
equation for the outdoor were provided daily through the winter growing season of eggplant
and cucumber crops by the Ministry of Agriculture / Directorate of Planning & Pursuance /
Project of Agricultural Weather Forecasting. The materials of the cover used for the
greenhouse was white plastic hard sheet; the manufacturer company of the plastic sheet
recommend that transmit of the sun shine through the sheet is about 89%. Therefore, the sun
shines radiation outdoor will be multiply by 0.89 to get the value in greenhouses.
Atmometers readings for eggplant and cucumber greenhouses were recorded on daily basis
which represented reference evapotranspiration, starting from 17-2-2014 to 29-5-2014 and
from17-2-2014 to 10-5-2014, respectively. Figs. 6 and 7 shows the daily reference
evapotranspiration estimated from atmometers recording, Penman-Monteith equation in
greenhouses and 65% from outdoor ET, for eggplant and cucumber greenhouses through the
winter growing seasons of 2014, respectively. The statistical error analysis for comparison
between atmometer readings and FAO Penman-Monteith equation in greenhouses for
reference evapotranspiration in eggplant and cucumber greenhouses, the following
parameters were calculated: RMSD, MBE and RE were: 1.163mm/day, 0.933mm/day,
30.19%, and 0.688mm/day, 0.518mm/day and 22.93%, respectively. The results indicated a
fair agreement between the two values. On the other hands, the statistical error analyses for
comparison between atmometer readings and 65% from FAO Penman-Monteith outdoor
equation for reference evapotranspiration in eggplant and cucumber greenhouses, the
following parameters were calculated: RMSD, RE and MBE were: 0.930mm/day,
0.743mm/day, 24.27%, and 0.374mm/day, 0.289mm/day and 12.47%, respectively. The
results indicted a good agreement between the two values, especially in cucumber
greenhouse. Figs. 8, 9, 10 and 11 show the statistical error analyses to compare the
performance of atmometer readings with the Penman-Monteith equation inside the
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greenhouse and with the 65% of the outdoor ET, for the two greenhouses. Comparison
between the atmometer readings with the 65% from outdoor Penman-monteith equation,
indicated that the atmometer apparatus could be used successfully in estimating the ET,
inside the low technology greenhouses, where no ventilation or automation systems
technologies were available. The behavior of the atmometer could be affected by the
environmental and weather parameters in greenhouse such as humidity, air temperature, sun
shine and vapor pressure. Therefore some of the atmometer readings were higher in some
days. Also, water management and quantities of application water could be effected on
atmometer’s performance.

4. CONCLUSIONS
The conclusions for this paper were:

1- Statistical error analysis from the comparison between atmometer readings and
Penman-Monteith equation in greenhouse for reference evapotranspiration show a fair
agreement. While, the statistical error analysis from the comparison between
atmometer readings and 65% of the outdoor Penman-Monteith equation in greenhouse
for reference evapotranspiration show a good agreement.

2- Atmometer apparatus could be used successfully in greenhouses for estimating
reference evapotranspiration.

3- Atmometer could be used in a low greenhouse technology satisfactorily.

4- Different percentage values (60-80%) from outdoor Penman-Monteith equation were
tested. no clear variation was noticed. The value of 65% was more suitable percentage
represented the Penman-Monteith equation inside the low technology greenhouses.

5. A percentage of 65% from outdoor of the Penman-Monteith equation can be applied
in greenhouse for estimating reference evapotranspiration using external weather
parameters.
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NOMENCLATURE

ET, = Reference evapotranspiration, mm/day.

ET. = Crop evapotranspiration, mm/day.

Ke = Crop coefficient, dimensionless.

R, = Net radiation at the crop surface, MJ m? day™.
Tmean = Mean daily air temperature at 2 meter height, °C.
Uz = Wind speed at 2 meter height, m/s.

G = Soil heat flux density, MJ m? day™.

ea = Mean actual vapour pressure, kPa.

es = Mean saturation vapour pressure. kPa.

es — ea = Saturation vapour pressure deficit, kPa.

A = Slope vapour pressure curve, kPa.°C™.

Y = Psychrometric constant, kPa.°C™.

RMSD = Root mean square difference.

RE

= Relative error, %.

MBE = Mean bias error.

n

= Number of daily observations.
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Xav = Average values of estimated ET,, mm/day
Xi = ET, calculating value by using equations in the ith.day, mm/day and
Vi = ET, measured by the atmometer in the i™.day, mm/day.

Greenhouse Field
Study

Entrance of College of
Agriculture

Baghdad-Abu Ghraib
Main Road :
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) Figurl. Google map for the field study area.
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Figure2. Interior structure of the greenhouse.

Table 1. Physical properties for the soil of eggplant and cucumber greenhouses.

Types of test

Specifications of the soil

Eggplant greenhouse

Cucumber greenhouse

Bulk (apparent) density
(gm/cm?)

1.245

1.237

Soil texture

Loam

Clay loam

Water content at field
capacity (% by volume)

29.30

29.49

Water content at
permanent wilting point
(% by volume)

15.90
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Figure 3. Main parts of the atmometer.
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Figure 4. Location of the atmometer in the greenhouses.
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Figure 6. Daily reference evapotranspiration estimated from atmometers
readings, Penman-Monteith equation in greenhouses and 65% from
outdoor ET, for eggplant through the winter growing season 2014.
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Figure 7. Daily reference evapotranspiration estimated from atmometers

readings, Penman-Monteith equation in greenhouses and 65% from outdoor
ET, for cucumber through the winter growing season 2014.
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Figure 8. RMSD and MBE error analyses for eggplant greenhouse.
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Figure 9. RMSD and MBE error analyses for cucumber greenhouse.
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Figure 11. Relative error analyses for cucumber greenhouse.
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Improving the productivity of single effect double slope solar still by
simple modification

Wissam H. Alawee
Lecture
Center of truuing-Univ. of tecnology

ABSRTACT

The present paper is an experimental study to improve the productivity of the conventional solar
still. This done by modifying conventional still in a way that the distilled basin is larger than
distillation basin, thus providing an increase in the condensation surface and speeding up the
condensation process. Moreover, increase in the dimensions of the distilled base helps coupling
reflective panels to the distilled base to reflect incident solar radiation to the distillation basin. For
this purpose , two solar stills were made, one conventional designand another made according to the
proposed design. The two solar stills were tested during the period from February to July 2009 under
varying weather conditions of Basra, Iraq (latitude of 33.33 and longitude of 44.43). Experimental
results showed that the modified still gives about 18%-24% higher distillate than the conventional
still for the same basin condition.

Keywords: Distilled water productivity; solar still; productivity; conventional solar still
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An Investigation into Thermal Performance of Closed Wet Cooling Tower
for Use with Chilled Ceilings in Buildings
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College of engineering College of engineering
University of Baghdad University of Baghdad
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ABSTRACT

Chilled ceilings systems offer potential for overall capital savings. The main aim of the

present research is to investigate the thermal performance of the indirect contact closed
circuit cooling tower, ICCCCT used with chilled ceiling, to gain a deeper knowledge in this
important field of engineering which has been traditionally used in various industrial &
HVAC systems. To achieve this study, experimental work were implemented for the
ICCCCT use with chilled ceiling. In this study the thermal performances of closed wet
cooling tower use with chilled ceiling is experimentally and theoretically investigated.
Different experimental tests were conducted by varying the controlling parameters to
investigate their effects on the ICCCCT characteristics such as tower cooling capacity,
chilled ceiling cooling capacity, tower saturation efficiency, mass transfer coefficient and
heat transfer coefficient. The following controlling parameters are varied during
experiments: spray water flow rate (90 to 150 kg/hr), ambient air wet bulb temperature (12
to 18 °C), and also changing chilled ceiling flow rate (2 to 6 I/min).

KEY WORDS:Cooling tower, chilled ceiling, Droplet trajectory, Two-phase flow, Computational fluid
dynamics

Ba_wal) i ghadd) pa il i Jlaty) (o3 alial) £ gl (e b g sl adl £ Ay

@SS 2 gl s PUMEITES S|
Sl dsria and SilSaall dsvia aud
Aany Arals / dunigll 408 Aaiy Aaals / duanigl 4408

ALadal)

zod oloall eV A 50 sa Canll 138 (e s 1) Cargdl ()5 50 Bl A8 5 yuall b sl Aakail i g3
138 3 (Bac) A yra o Jsandl 53 el Co i) Aadail pe aadivsdl il e Juatyl s Glaall g i) 63 4 558
Al8 Al all oda (sl ol sel) Caus g e liall Ciliylaill e S 35 S aadii (s agall aigl) Jlall
Lda )1 2,5 2 g)oall el (e Siall &5 08 Al all eda 8 sSAal 2yl 2 ddee il HLEA) ¢ ) o
el sl i 35k e Aglaad) il LAY (e 230 6l sa) ailles 5 Lk B juall Cosiadl pe deddiaall il
il 4 ) ) deallez Hall 451 al) Al Jie 2 Gailiad e Ll il (o jai) a5l & elaf 8 ASla)
D Agleadl ol LEaY) o) el a3 ) pad) ) Jalee AU Q) Jelra g Lud) 30lS celaY) Jalaa |3 5al)
AN o) sell Akl Aladl 3 5) s da 0 (Aebo/alS 150 ) 90 Ysamy (i sle (AN JamadsY) o kil
oo Ay 8 (5 5a3 dal e (RY/LE 6 M 2 )l il (385 Jaee il o8 U5 (% 18 ) 12 )smy
o) sell aria Lo gua

116



g:;; ;4 Number 8 Volume 21 August 2015 Journal of Engineering

1. INTRODUCTION

Chilled beam means a cooled element or cooling coil situated in, above or under a ceiling
which cools convectively using natural or induced air flows. The cooling medium is usually water.
Chilled beam systems are used mostly in the nonresidential buildings. These are commercial
buildings, offices, hotels, banks, universities, schools and hospitals.

Inside a CWCT, three fluids flow: cooling water, spray water and air. The cooling
water is the fluid to be cooled, which flows inside tubes arranged in rows inside the tower.
Spray water, injected on the tubes surface, re-circulates in a closed circuit, which makes it an
intermediate fluid in the heat transfer process. Heat carried away from the building by the
cooling water transfers to the spray water through the tube walls. From the spray water, heat
transfers to air by both sensible heat and latent heat. The latter makes the major contribution
and is caused by the evaporation of a small amount of the spray water into the air stream.
The use of the closed type of cooling towers, which is indirect contact equipment, permits
high level of cleanliness of the piping resulting in effective internal heat transfer surface,
reduced maintenance costs and longer operational life.

A system consisted of a CWCT and chilled ceilings when used for cooling of
buildings will result in a low cost, CFC free and environmentally clean system. The initial
and running costs of the system are low when compared with traditional vapor-compression
cooling systems. The low energy consumption results in higher coefficient of performance
and lower CO, emissions.

The cooling rate is affected by the heat transfer from the water inside tubes to the
spray water and then to the air. Hence, the optimum performance of a cooling tower depends
on the number and arrangement of tube coils and on the uniformity and effectiveness of the
water distribution as well as the cooling capacity of ambient air and the distribution of air
velocity through the coils. An unsatisfactory distribution of water over coils would lead to a
reduced evaporative cooling surface and increased air flow and flow resistance in areas
devoid of water flow. A non-uniform distribution of air would increase flow resistance in
areas of high local velocities and decrease heat transfer in areas of low velocities.
Simultaneous occurrence of non- uniform distributions of air and water would further
degrade the performance of the tower.

Chilled beam systems are based on dry cooling principle. Therefore these systems
are applied in the premises where humidity of air is controlled by means of dehumidification
of primary air and limitation or control of infiltration through the enclosing structures. In
other words the building should meet standards of air tightness. Condensation on surface of
chilled beam exchanger should be prevented via control of water temperature.

Research dealing with the application of cooling towers as the sole free cooling
source in air-water systems, i.e. systems comprising chilled ceilings or chilled beams for
cooling, is however limited. The earliest found is by ,Niu and Kooi 1993. and ,Niu et al.
1995. Their work consisted of measurements of chilled ceilings in a laboratory and
development of a simulation program, ACCURACY, with the aim of studying the
performance of chilled ceilings. In their work, they also studied the performance of chilled
ceilings in connection with an evaporative cooling tower.

Koschenz 1995. presented an analytical model for CWCT to be used with chilled
ceilings. He made two assumptions: first, constant spray water temperature along the tower
and second that the spray water temperature was equal to the outlet cooling water
temperature. However, spray water temperature is variable inside the tower and if, the heat
loss from the spray water piping outside the CWCT casing is ignored, spray water
temperature will be equal in the tower's inlet & outlet.
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Almadari et al 1998. reported the test performed by BRE (Building Research
Establishment, London UK) where an office room was equipped with a chilled ceiling
connected to a cooling tower. At a sensible heat gain of 60 W/m?, a maximum indoor air
temperature of 25.2°C was registered.

Gan and Riffat 1999. used computational fluid dynamic CFD calculations to predict
the thermal performance of a CWCT for chilled ceiling system. They used CFD package,
FLUENT, to simulate the two-phase flow of gas and water droplets in a 2D simulation. The
Eulerian approach was used for the gas phase flow using standard k-& model to represent the
effect of turbulence while the Lagrangian approach was used for the water droplet phase
flow, with two-way coupling between the two phases with the assumption of uniformly
distributed volumetric heat generation from the tubes of the heat exchanger. The gas phase
equations were solved numerically using a control volume technique embodied in the
SIMPLE algorithm for the coupling between the pressure and the velocity fields. The
computational results showed an increase of cooling water temperature for the lower tube
rows in the tower. This behavior was attributed to the assumption of uniform heat flux
generation. In reality, heat flux is higher for the upper rows because of the higher inlet
cooling water temperature. The CFD technique was validated by comparing the predicted
cooling performance with measurement. The predicted maximum decrease in the coil
temperature is also in good agreement with the measured result for the water temperature.
Sprecher and Tillenkamp 2003. published an investigation on a system with a closed
evaporative cooling tower and a water circuit embedded in the concrete slab. They used
the simulation program TRNSYS for investigating such a system. Sprecher and Tillenkamp
processed dynamic simulations of a large shopping centre, 10 000 m? in Lucerne,
Switzerland, with internal heat gain from people and lighting at 42 W/m?®. During the
warmest weak of the year, the indoor air temperature was kept below 26°C.

Hasan et al. 2007. uses a simulation tool (IDA-ICE) to find out the best performance of

a cooling tower combined with chilled ceiling, serving a four storey residential building.

The highest yearly mean COP achieved was 8,3.

It can be concluded that there are few published data concerning the resulting indoor climate
in buildings equipped with chilled ceilings connected to an evaporative cooling tower,
especially where the cooling tower is the sole provider of chilled water. The available data
indicate the possibility to achieve an indoor thermal. In this work, a new application of
already established cooling techniques is investigated under Iragi climate conditions.
The application comprises the use of a cooling tower, as the sole provider of chilled water,
in conjunction with a hydronic cooling system with chilled ceiling.

2. EXPERIMENTAL WORK

The system that used in the experimental tests is a (WL 320 Demo cooling tower,
made by Gunt Company in Germany). It was an open circuit direct contact counter flow
forced draft cooling tower. This cooling tower was modulated to be used as an indirect
contact closed type cooling tower by adding several components such as a bare-tube heat
exchanger & the cooling water circuit The heat exchanger was designed and then
manufactured according to the procedure that presented by (Kern in 1978). It was consisted
of 8 mm outside copper tube diameter with 6 rows and 12 columns in an inline arrangement.
The experimental apparatus consists generally of the cooling column, cooling water circuit,
spray water circuit, the air circuit& test room. A schematic diagram & a photograph of the
experimental apparatus are shown in Figures (1) & (2), respectively.
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Typical experiments were conducted with the following procedure:

1) Experiment of Changing Chilled Ceiling & Tower Flow Rate:

After all the measured parameters were stabilized at the desired level, the tower let to
operate with 2 I/min chilled ceiling & tower flow rate. It was noticed that after about 30
minutes all the measured values were stabilized. At this moment all the measured values
were collected and recorded and then chilled ceiling & tower flow rate was increased 1
I/min, for each test, and so on until chilled ceiling & tower flow rate reached 6 I/min
recording the measured values at each test.

2) Experiment of Changing Spray Water Flow Rate:

After all the measured parameters were stabilized at the desired level, the tower let
to operate with 90 I/hr spray water flow rate. It was noticed that after about 30 minutes all
the measured values were stabilized. At this moment all the measured values were collected
and recorded and then spray water flow was increased 15 I/hr, for each test, and so on until
spray flow rate reached 150 I/hr recording the measured values at each test.

3) Experiments of changing The Inlet Air Wet Bulb Temperature:

After turning on the fan and pumps and heating the cooling water, the dry bulb
temperature and the relative humidity of the inlet air were changed by the use of the
humidifier and the dehumidifier. The wet bulb temperature was taken then from a computer
program for psychometric chart according to the measured values of dry bulb temperature
and relative humidity. After few minutes the air stabilized at the desired wet bulb
temperature and then measurements were recorded. This experiment was started with 12 °C
wet bulb temperature increasing it 2 °C at each time until it reached 18 °C.

3. Analysis of the Experimental Data

The cooling capacity of the cooling tower was calculated according to the following
equation by Hasan & Serin (2002):

Qc_"[znllcwcp: cwd'Tcw (1:]
Where dT., is the cooling water range defined as:

d Tc W =T

ow,in _T-:w:nut (2)

The coefficient of performance of the tower was calculated from the following equation by
Hasan & Serin (2002):

COPpr= iﬁ (3)

tot
Where, Wi is the total power consumption by the air fan and spray water pump defined as:

W, thﬁl’r-+‘ﬂ"sp (4

Where, Ws is the fan power (W) while W, is the spray water pump power (W).

Another important variable in a cooling tower performance is the saturation
efficiency which refers to how much the discharged air is saturated with water vapor. The
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saturation efficiency, ¢, for the closed circuit cooling towers was calculated from the
following equation by Yeon Yoo et al. 2010.
T -T

— owrin o out =
- T-:v-.':i.u _Yi';BTm I:_F)
The calculation of the experimental mass transfer coefficient of water vapor between
spray water film and air, and the calculation of the experimental heat transfer coefficient
between tube external surface and spray water film are important part of the presented work

because it permits to comparison with the other works.

Olivera & Facao (2002) presented a procedure to determine the mass transfer
coefficient after experimental measurements by using an enthalpy balance by the following
equation:

G hai::nut_hait:in):um A LMhD (6}
where, o IS the mass transfer coefficient for water vapor between spray water film and air

(kg/m? s), A is the surface area of the heat exchanger equal to 0.226 m? , and LMhD:
logarithmic mean enthalpy difference (kJ/kg) defined as:

thﬂlD_ h-ﬂ.‘i.‘l.':l:l'l.'lt B h-ﬂ.lfﬂ:l. ?
B 1n hsat.Ti_hai.f.iJ:L { )
hsat:Ti_h

air ot
Where hg1i IS the specific enthalpy of the saturated air at the interface temperature
(kJ/kQ).

The average of spray water temperatures was taken as the interface temperature
according to Olivera & Facao (2002) as well as Stabat & Marchio (2004) while the inlet
and outlet air enthalpies were taken from the psychrometric chart according to the measured
data.

The overall heat transfer coefficient, U,, between water inside tubes and the interface
based on the outer area of the tube. U, is calculated as follows:

Q. =m,..C, .. dT..=U, ALMID (&)

Where LMTD: is the logarithmic mean temperature difference (°C) defined as:

T{w.nut_T{:w.in
LMTD=—g= % 9)
In cw,out” spave
T...-T

we,in” ©spave

Where Tgpave is the average spray water temperature (°C) according to Olivera & Facao
(2002) as well as Stabat & Marchio 2004.
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After the overall heat transfer coefficient was calculated from the two equations
above, it used to calculate spray heat transfer coefficient between the tubes external
surface & spray water film:

i 1 D D _ D 1
+——In—+— (10)

T‘Tnza? 2kl'l.ﬂ:la d o,

The coefficient of spray heat transfer which takes place between tubes external surface
and spray water film was calculated as follows which was presented by Olivera & Facao
(2002).

= - In— 11
% U-:- o 2kl'l.ﬂ:lat d ( )

Where ay, is the heat transfer coefficient for water inside the tubes (W/m? °C) and it was
calculated according to Stabat & Marchio 2004. by the following equation:

[1 D D Dt
d

k..,
o, =0.023 %REG'E P (12)

Where Reynolds number and Prandtl number were taken for the water inside tubes.
The cooling capacity of the chilled ceiling was calculated according to the following
equation:

Qc ailing C dT

:ﬂ.l-:a«iling p. ow - ceiling (13)
Where dT., is the cooling water range of the chilled ceiling defined as:

dT{: aﬂiling:Tc ziling, out _Tc ziling in (14)

4. RESULT AND DISCUSSION

Figures (3) to (8) indicate the effect of inlet air wet bulb temperature and chilled
ceiling flow rate on the cooling tower performance and test room represented by cooling
capacity, coefficient of performance, saturation efficiency, spray heat transfer coefficient,
mass transfer coefficient, and chilled ceiling cooling capacity respectively.

As it seen in Fig. 3, wet bulb temperature affects the tower cooling capacity greatly.
This figure shows that as the wet bulb temperature increases, cooling capacity decreases
significantly. The increasing in inlet air wet bulb temperature means increasing in both the
dry bulb temperature & the humidity of the inlet air and this decreases the transfer of heat
both by convection & evaporation. It is also decrease when coil flow rate decrease with
constant spray water flow rate.

When air wet bulb temperature reduces the tower cooling capacity, it reduces the
tower coefficient of performance by the same rate as for cooling capacity because the wet
bulb temperature has no effects on the power consumption of the equipment, this clear in
Fig. 4 and it decreases when chilled ceiling flow rate decreases too because the tower
coefficient of performance depended on cooling capacity.

The wet bulb temperature of air has also influence on the tower efficiency as shown
in Fig. 5. The efficiency increases slightly with the wet bulb temperature. If the wet bulb
temperature increases, the difference between the inlet cooling water temperature & the inlet
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wet bulb temperature in the denominator of Eq. (5) is decreased with a rate more than the
rate of decreasing cooling water range so that the saturation efficiency is increased with
increasing the wet bulb temperature. Also the efficiency is increased when coil flow rate
decreases due to the increasing of the difference between the inlet cooling water temperature
& outlet cooling water temperature.

When the wet bulb temperature increases, the spray heat transfer coefficient
decreases, as expected, and as shown in Fig. 6. This is simply because of that the decreasing
in the cooling capacity, as wet bulb increases, leads to decrease the overall heat transfer
coefficient and thus the spray heat transfer coefficient decreases. It's also decrease with
decreasing the chilled ceiling flow rate due to the decreasing in the cooling capacity, as wet
bulb increases.

When the inlet air wet bulb temperature increases, mass transfer coefficient increases
slightly as shown in Fig. 7. It is clear as the wet bulb temperature increases the difference
between the outlet and inlet air enthalpy, Ah,, is decreased with a rate less than that in the
logarithmic mean enthalpy difference, LMhD, causing an increasing in mass transfer
coefficient. Also it's decrease with decreasing the chilled ceiling flow rate due to the
increase in cooling water range that is lead to decrease the difference between the outlet and
inlet air enthalpy, Ahgj,.

As it seen in Fig. 3, the wet bulb temperature has effect on the tower cooling
capacity consequently on the chilled ceiling cooling capacity as it seen in Fig. 8. This figure
shows that as the wet bulb temperature increases, cooling capacity of the chilled ceiling
decreases significantly and also its decrease when chilled ceiling flow rate decrease.

Generally, air wet temperature has effect on the performance of cooling towers as it
dictates the physical phenomena that take place inside it. It decreases the heat transfer; on
the other hand it increases the efficiency of the tower & mass transfer.

Figures (9) to (13) indicate the effect of the spray water flow rate and chilled ceiling
flow rate on the cooling tower performance represented by cooling capacity, coefficient of
performance, saturation efficiency, spray heat transfer coefficient and mass transfer
coefficient, respectively and Fig. 14 indicates the effect of spray water flow rate and chilled
ceiling flow rate on the test room performance represented by chilled ceiling cooling
capacity.

Fig. 9 indicates that the cooling capacity of the cooling tower depends greatly on the
spray water flow rate and it increases approximately linearly as the spray water flow rate
increases. This is mainly because that when spray water flow rate increases, the rate of
evaporation is augmented causing more heat transferred from the cooling water. For a spray
water flow rate more than 135 kg/hr it is seen that the increasing rate in cooling capacity
becomes rather less and this is partially attributable to the fact that this flow rate is sufficient
to achieve completely wetting of the outer surface of the heat exchanger tubes. The
evaporation of the water droplet at this flow rate can’t continue that smoothly. When the
mass flow rate of the spray water increased, the heat transfer increased and thus the heat
absorbed by the air both by convection and evaporation was increased causing in increasing
the cooling capacity. This means that the air flow rate becomes sufficient to absorb moisture
at the interface between the air and the spray water film by the evaporative cooling, but as
the spray water flow is constant so the absorption of moisture will not still to increase in the
same rate when the air flow rate becomes high. Also the cooling capacity of chilled ceiling
increase when the chilled ceiling flow rate increase.

The variation of the coefficient of performance of the experimental apparatus with
respect to the variation of spray water flow rate and constant chilled ceiling flow rate is
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shown in Fig. 10. It is clear that the coefficient of performance increases as spray water flow
rate increases. When the flow rate of spray water increases both the cooling capacity & the
power of the spray water pump, which are shown in table (1), increase but the increasing in
the cooling capacity is much larger than that in pump power and this makes COP to increase
with the increasing in spray water flow rate. The coefficient of performance for a cooling
tower is the ratio of the cooling capacity to the total power consumption of the fan and the
spray water pump and it is calculated according to Eq. (4). For example, when spray water
mass flow rate increases, for the case with chilled ceiling flow rate equal to 6 I/min, from 90
to 150 kg/hr, then the cooling capacity increases with a ratio of 1.55 from 378 to 588 Watt
while the spray water pump power increases with a ratio of 1.05 from 448 to 426 Watt and
the fan power constant equal to 134 Watt because no changing in air fan power and this
causing in increasing COP from 0.65 to 1.03 and it's also increase when chilled ceiling flow
rate increase.

The effect of the spray water mass flow rate on tower efficiency can be seen in
Fig. 11. An increase in spray flow rate increases cooling range and this increases the tower
efficiency up to a certain level. Above a rate of about 135 kg/hr, an increase in spray flow
rate does not significantly improve tower performance because the tube surface is almost
completely wet as discussed in Fig. 9 and this conforms well to the results of Riffat et al.

We studied the effects of the operating parameters on the thermal efficiency of the
tower defined as Eq. (5) we observations were that: T, had a very little influence on tower
efficiency , increase of spray water flow rate resulted in an increase in tower efficiency and
increased with the increase of air mass flow rate and decreased with the increase of coil
mass flow rate. And it's also increase when chilled ceiling flow rate increase.

Fig. 12 shows spray water heat transfer coefficient, os as a function of spray water
flow rate. It indicates that the heat transfer coefficient increases with increasing spray water
flow rate. This can be explained by Eq. (8). When spray water increases, the cooling
capacity increases too leads to increase the overall heat transfer coefficient, U,, and then os
increases according to Eq. (10). From the other side, when spray water flow rate increases
then cooling water range increases leading to increase the logarithmic mean temperature
difference, LMTD in Eq. (8), although o5 increases and this is because that the increasing
rate in LMTD is less than that of cooling capacity and this needs U, as well as asto increase.
For example, when spray water flow rate increases, for the case with chilled ceiling flow
rate equal to 6l/min, from 90 to 150 kg/hr, then the cooling capacity increases from 378 to
588 Watt with a ratio of 1.55 while LMTD increases from 2.6 to 3.05 °C with a ratio of 1.17
and this makes both U, & a5 increase.

Fig. 13 indicates that the mass transfer coefficient is influenced by spray water flow
rate. As spray flow increases mass transfer coefficient increases too. This mainly because
that the increasing in spray flow means there is a large amount of water droplet could be
evaporated and transferred to the air stream.

When spray water flow rate reduces the tower cooling capacity, that lead to reduces the
cooling capacity of the test room by the same rate as for cooling capacity because the tower
cooling capacity effects on the test room cooling capacity, this clear in Fig. 14.

Generally, spray water flow rate affects ICCCCT characteristics and it leads to
enhance the performance of the tower. The heat transfer coefficient improved better with
spray flow.

3.COMPARISON BETWEEN THE PRESENT WORK AND OTHER WORKS

Some of the present experimental results, for the common case when the ICCCCT
operates with chilled ceiling, are compared in this section with other previous experimental
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works. The comparison is a qualitative comparison and it is not a quantitive comparison, i.e.
the agreement was attained in the behavior of the characteristics and the tendency of the
curves but there is no agreement in the values with the previous works and this was shown
in Figures. (15) to (19).

Fig. 15 shows a comparison between the present experimental results including cooling
capacity with respect to inlet air wet bulb temperature for different cooling water flow rate
(the right panel of figure) and the experimental results (the left panel of figure) presented by
Sarker 2007. Sarker studied an investigation on the optimum design of a heat exchanger in
a hybrid closed circuit cooling tower of 1RT rated capacity and staggered arrangement heat
exchanger of the relevant design parameters were selected based on the typical East Asian
meteorological constrains for the year-round smooth operation of the cooling tower. Sarker
is evident from figure, the cooling capacity increases with increasing of the cooling water
flow rate but decreases with the increase of WBT as well as by the decrease of the cooling
water flow rate. The difference in the amount of cooling capacity between the two studies
belongs to the difference in dimensions of the tower & the heat exchanger between the two
experimental apparatus but both results having the same behavior.

Fig. 16 shows compares the presented experimental results of the range of cooling
water with respect to variable inlet wet-bulb temperature (WBT) and results represented by
Sarker el at. 2009. From this figure it is clear that the temperature drop of the cooling water
decreases with increasing of inlet wet-bulb temperature. This is because when the inlet WBT
increases, the temperature difference between inlet cooling water and air decreases.
Therefore, the rate of evaporation of spray water flowing at the outer surface of the pipes
decreases so that the falling of temperature of cooling water flowing inside the tubes
deceases.

Fig. 17 compares the presented experimental results of the temperature drop and
cooling capacity and presented by Sarker el at. 2009. with respect to spray water volume
flow rate are shown at the left and right axes, respectively. As it is clear in this figure, that
both tower’s cooling capacity & temperature drop increase linearly as spray flow rate
increases. This result coincides well to the experimental results of the presented work.

In Fig. 18 the experimental results of the presented work for the influence of the
difference of inlet and the outlet temperatures of the cooling water with respect to the ratio
of cooling water to air mass flow rate (on the right panel of figure) are compared with that
presented by Sarker et al. 2005. (on the left panel of figure). This figure shows a qualitative
agreement between the presented work and that presented by Sarker et al. (2005)in the
experimental behavior of cooling water range with respect to the ratio of cooling water to air
mass flow rate shows the same behavior between results presented by Sarker et al. (2005)
and present results.

Fig. 19 shows the experimental effect of spray water flow rate on both cooling capacity
& saturation efficiency, (on the right panel of figure). It is compared with the results
presented by Yeon Yoo et al. 2010., (on the left panel of figure). Yeon Yoo et al. 2010
xpressed, in the experimental behavior of both cooling capacity & saturation efficiency with
respect to the spray water flow rate shows the same behavior between results presented by
Yeon Yoo et al. 2010. and present results.

4. CONCLUSIONS

The following conclusions are valid only for the given parameters of the heat exchanger,
configuration and the other operational conditions of the present work:
1. All the characteristics of the performance of the ICCCCT increases with respect to
chilled ceiling flow rate, spray water flow rate, inlet air wet bulb temperature and provided
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heat load but performance of chilled ceiling increases with respect to chilled ceiling flow
rate, spray water flow rate, and decreases with respect to inlet air wet bulb temperature and
provided heat load.

Tower cooling capacity increases with a ratio of 1.55 for the case with chilled ceiling
flow rate equal to 6 I/min and spray water flow rate varying from 90 to 150 kg/hr, COP
increase from 0.65 to 1.03, while LMTD increases from 2.6 to 3.05 °C with a ratio of 1.17
and this makes both U, & a5 increase. But higher tower cooling capacity, higher coefficient
of performance, higher saturation efficiency and higher chilled ceiling cooling capacity can
be obtained with low gas to liquid flow ratio. For example, when G/L increases from 1.4179
to 2.3633, with constant chilled ceiling flow rate equal to 6l/min, the cooling capacity
decreases from 588 to 378 Watt, coefficient of performance decreases from 1.0103 to
0.6494, the tower efficiency decreases from 11.3821 % to 9.375 % and chilled ceiling
cooling capacity decreases from 462 to 252 Watt, respectively. This mostly because when
G/L increases for constant mass air flow rate, then the spray water flow rate decreases and
becomes insufficient to accomplish the same transfer of heat especially by evaporation and
this causing reducing of the cooling water range leading to decrease these characteristic
keeping G constant and varying L.

2. The tower coefficient of performance is influenced greatly by the cooling capacity
and little by the total power consumption of air fan and spray water pump, it increases as the
cooling capacity increases. From another perspective, the better COP can be obtained at
about 61/min chilled ceiling flow rate & 150 kg/hr spray flow rate as the increasing rate in
cooling capacity above these values becomes less while the power consumption increases
approximately linearly.

3. Spray flow rate has the greatest influence on spray heat transfer coefficient, as, but it
is also a function of the air flow rate and the spray water temperature.

4, Both air and spray water flow rate affect the mass transfer coefficient, am, but the
great effect belongs to the air flow rate.

5. Inlet air wet bulb temperature has a great influence on the all characteristics of the
tower. Tower Cooling capacity, COP, chilled ceiling cooling capacity and spray heat
transfer coefficient are decreased while saturation efficiency and mass transfer coefficient
are increased with wet bulb temperature varying from 12 to 18 °C.
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Figure.l system components.
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Figure. 2 Photograph of the experimental apparatus.
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Table.1 the measured electrical power consumptions of the spray water pump and air fan at a
voltage of 220 volt.

Spray water pump power consumption
Spray water flow rate ka/hr 90| 105| 120 | 135| 150

The measured current Amp. | 1.936 | 1.97 | 1.97 | 2.01 | 2.03

The power consumption Watt | 426 | 433 | 437 | 442 | 448

Air fan power consumption
Air Velocity* m/s | 10.5

The measured current Amp.| 0.6

The power consumption ~ Watt | 134

* The values of air velocity are measured at the outlet air section.
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Figure. 3 Influence of the chilled ceiling flow rate on cooling capacity for different inlet air wet
bulb temperature

128



@ Number 8 Volume 21 August 2015 Journal of Engineering

—=Twb, i=12°c =@=Twb,i=14°c =#=Twb,i=16°c ==w==Twhb,i=18"C

0.95

0.85 -
0.75
0.65
0.55

0.45

0.35

0.25 | f f 1 |
1.5 2.5 3.5 4.5 5.5 6.5
chilled ceiling flow rate (L/min)

Figure. 4 Influence of the chilled ceiling flow rate on the coefficient of performance for different of
the inlet air wet bulb temperature
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Figure. 5 Influence of the chilled ceiling flow rate on saturation efficiency for different of the inlet
air wet bulb temperature

129



@ Number 8 Volume 21 August 2015 Journal of Engineering

—=Twb,i=12°c ==Twb,i=14°c =—#—Twb,i=16°c =Twb,i=18"C

15 25 3.5 4.5 5.5 6.5
chilled ceiling flow rate (L/min)

p «

\Z N
P 7N

Spray Heat Transfer Coefficient,(as)
(w/m2.s)

Figure. 6 Influence of the chilled ceiling flow rate on spray heat transfer coefficient for different of
the inlet air wet bulb temperature

—$—Twb,i=12°c =—#—Twb,i=14°c =—&—Twb,i=16c =——Twb,i=18"c

— 135
£

C

t 1.15

]

= -

5 2 095

S E

-

EZ o7

c

2 \

= as5s

w

~ \
g

035

15 25 35 45 55 6.5
chilled ceiling flow rate (L/min)

Figure. 7 Influence of the chilled ceiling flow rate on mass transfer coefficient for different of the
inlet air wet bulb temperature
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Figure. 8 Influence of the chilled ceiling flow rate on chilled ceiling cooling capacity for
different of the inlet air wet bulb temperature
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Figure. 9 Influence of the spray water mass flow rate on tower cooling capacity
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Figure. 10 Influence of the spray water mass flow rate on the coefficient of performance
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Figure. 11 Influence of the spray water mass flow rate on saturation efficiency
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Figure. 12 Influence of the spray water mass flow rate on spray heat transfer coefficient.
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Figure. 13 Influence of the spray water mass flow rate on mass transfer coefficient.
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Figure. 14 Influence of the spray water mass flow rate on chilled ceiling cooling capacity
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Figure. 15 Comparison of the concluded effect of inlet air wet bulb temperature on cooling capacity
with other works
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Figure. 16 Comparison of the concluded effect of inlet air wet bulb temperature on cooling water
range with other works
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Figure. 17 Comparison of the concluded effect of spray water flow rate on both cooling capacity &
temperature drop with other work
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Figure. 19 Comparison of the concluded effect of spray water flow rate on both cooling capacity &
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NOMENCLATURE

A Area (m%)

Cp Specific heat at constant pressure (kJ/kg °C)
Outer tube diameter (m)

Inner tube diameter (m)

Air mass flow rate (kg/hr)

Air mass velocity based on minimum
Section = pv (kg/m”.s)

Specific enthalpy (kJ/kg)

Thermal conductivity (W/m °C)
Spray water mass flow rate (kg/hr)

! Mass flow rate (kg/hr)

Q Cooling capacity (Watt)

Pr Prandtl number

Re Reynolds number

T Temperature (°C)

Uo Overall heat transfer coefficient (W/m?°C)
\Y/ Velocity (m/s)

WBT;, inlet wet bulb temperature (°C)

N ol-Ne

e B el ol

Greek letter

Om Mass transfer coefficient for water vapor, between spray water film and air (kg/m?s)
Os Heat transfer coefficient between tube surface and spray water film (W/m? °C)

Oy Heat transfer coefficient for water inside the tubes (W/m? °C)

r Spray water mass rate per length of tube (kg/m s)

o Density (kg/m®)

Sub-Script

ave  Average

air Air flow (a)
cw  Cooling water

in Inlet

out  Outlet

i Interface between spray water film & air
f Saturated air-spray water film

sat Saturation properties
sp Spray water (w)

Abbreviations

CFC Chlorofluorocarbon

LMhD  Logarithmic mean enthalpy difference (kJ/kg)
LMTD  Logarithmic mean temperature difference (°C)
CWCT  Closed wet cooling tower

ICCCCT Indirect contact closed circuit cooling tower
HVAC  Heating ventilation air conditioning
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ABSTRACT

Buckling and free vibration analysis of laminated rectangular plates with uniform and non
uniform distributed in-plane compressive loadings along two opposite edges is performed using the
Ritz method. Classical laminated plate theory is adopted. The static component of the applied in-
plane loading are assumed to vary according to uniform, parabolic or linear distributions. Initially,
the plate membrane problem is solved using the Ritz method; subsequently, using Hamilton’s
variational principle, linear homogeneous algebraic equations in terms of unknown are generated,
the set of linear algebraic equations can be solved as an Eigen-value problem. Buckling loads for
laminated plates with different combinations of boundary conditions are obtained and their effect on
the natural frequencies of plate are also investigated. The proposed method is verified by comparing
results to data obtained by the finite element method (FEM) using ANSYS program, from
experimental program and that obtained by other researchers. Analytical results are also presented
to bring out the effects of aspect ratio, boundary conditions, lamination angle, and loading type on
the critical buckling load and natural frequency.

Key words: Vibration, stability, anisotropic plates, classical laminated plate theory, Ritz method
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1. INTRODUCTION

Thin plates of various shapes used in naval and aeronautical structures are often subjected to
normal compressive and shearing loads acting in the middle plane of the plate (in-plane loads).
Under certain conditions such loads can result in a plate buckling. In many cases, a failure of thin
plate elements may be attributed to an elastic instability and not to the lack of their strength.
Therefore, plate buckling analysis presents an integral part of the general analysis of a structure,
Ventsel and Krauthammer, 2001. It is important to note that a plate leading from the stable to
unstable configuration of equilibrium always passes through the neutral state of equilibrium, which
thus can be considered as a bordering state between the stable and unstable configurations. In the
mathematical formulation of elastic stability problems, neutral equilibrium is associated with the
existence of bifurcation of the deformations. According to this formulation, the critical load is the
smallest load at which both the flat equilibrium configuration of the plate and slightly deflected
configuration are possible , Ventsel and Krauthammer, 2001. The composite structures whether
used in civil, marine or aerospace are subjected to dynamic loads during their operation. Therefore,
there exists a need for assessing the natural frequency. Therefore, for assessing the natural
frequency of the laminated composite plate structures, the accurate mathematical model is required,
Reddy, et al., 2013. There are many applications on buckling and stability of composite materials
structures in the present industry such as ship hull, crown of the hat-stiffened panel, blended wing
body (BWB) Aircraft. Many researchers have studied the stability of composite plates subjected to
buckling loads, each one with his own perspective. Matsunaga, 2000, analyzed natural frequencies
and buckling stresses of cross-ply laminated composite plates by taking into account the effects of
shear deformation, thickness change and rotatory inertia. Leissa and Kang, 2002, investigated
exact solutions for the free vibration and buckling of rectangular plates having two opposite edges
simply supported and the other two were clamped, with the simply supported edges subjected to a
linearly varying normal stress. Craciun and Simionescu—Panait, 2004, considered the internal and
superficial instability of a prestressed fiber reinforced orthotropic elastic composite. Jana and
Bhaskar (2007) examined the effect of a non-uniform distribution of the applied edge loads on their
net critical value with in-plane lateral restraint. Amabili, et al., 2010, presented an investigation to
laminate composite rectangular plates with different boundary conditions subjected to an external
point force. Tang and Wang, 2011, investigated the buckling analysis of symmetrically laminated
rectangular plates with parabolic distributed in-plane compressive loadings along two opposite
edges using the Rayleigh—Ritz method. In the present work, the stability and buckling analysis of
laminated composite plate under uniaxial uniform and non-uniform distributed load is performed.
Classical laminated plate theory is adopted. Buckling loads for laminated plates with different
combinations of boundary conditions are obtained and their effect on the natural frequencies of
plate are also investigated.

2. THEORY

This study is based on classical laminated plate theory (CLPT) and used Hamiltons principles to
derive the equation of motion. Ritz method is used to solve the principle of minimum potential
energy as an Eigen-value problem to get the critical buckling load and natural frequency for
different considerations (boundary conditions, aspect ratios, mechanical properties, lamination
systems).
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2.1 Classical Laminated Plate Theory

The simplest laminated plate theory is the classical laminated plate theory (or CLPT), which is an
extension of the Kirchhoff (classical) plate theory to laminated composite plates. It is based on the
displacement field, Reddy, 2004.

ow,
u(x,y,z,t) =u,(x,y,t) —z o2
ow
v(x,y,z,t) = v,(x,y,t) — z ayo
w(x,y,z,t) = w,(x,y,t) (D

where (U, Vo, Wo) are the displacement components along the (X, y, z) coordinate directions,
respectively, of a point on the midplane (i.e., z = 0). The displacement field implies that straight
lines normal to the xy-plane before deformation remain straight and normal to the midsurface after
deformation. The Kirchhoff assumption neglects both transverse shear and transverse normal
effects; i.e., deformation is due entirely to bending and in-plane stretching.

2.2 Total Mechanical Energy

The first law of thermodynamics or the principle of conservation of energy serves as the foundation
for energy-based methods employed in the analysis of structures, including plates. The total
mechanical energy (defined as the sum of its potential and kinetic energies) of a particle being acted
on by only conservative forces is constant, Brown, 2007.

E = E. + I = Constant (2)

where E is the total mechanical energy; E is the total kinetic energy; 7 is total potential energy.
The kinetic energy E. is written as the following form taking in account the transverse deformation
only on the vibration frequencies, Berthelot, 2010:

1 2 2
E.= S Iowgdx dy 3)

where o is the natural frequency of the plate vibrations and I, is the moment of inertia of the
laminate at point (x, y) given below:

h/2

I, = f pdz = ZL: Pr(Zi — Zi—1) (4)
k=1

—h/2

Where L is the total number of layers in the laminate; k denotes the layer number; h is the thickness
of the laminate; zx and zx.; are distances from the reference plane of the laminate to the two surfaces
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of the kth ply Fig. 1 .The total potential energy, I1, consists of the strain energy of internal forces, U,
and the work of external forces, @, i.e. Reddy, 2004,

n=U+20 ®)
The strain energy for an anisotropic material is written as, Kollar, and Springer, 2003:

1ba kx
v=3] 1%
00 k

xy

T
Bll BlZ B16 D11 D12 D16

ky
By1 Bz Byg Dyy Dyy Dyg ky dx dy (6)
Be1 Bez Bes De1 Doz Deg kxy

where x, xy, and xyy are the curvatures of the reference plane of the plate defined as:

k. = _azwo _ _azwo P 202w,

7
dx? ’ y dy?z '’ xy dxdy ™)

[B] and [D] are the coupling and bending stiffness matrices, respectively. The elements of these
matrices are (i, j = 1, 2, 6) given as functions of the transformed reduced stiffness matrix elements

Qij

L L
1 _ 1 _
Bij = Ekz_l(Qij)k(ZI% —Zzj_4) Dy = §kz_1(Qij)k(Z;§ —Zp_y) (8)

By using the relationships between the curvatures and the deflections, the expression of the strain
energy for a symmetric layup is as follows:

b a 2 2 2
3 1]] b %w, D %w, D 20%w,
2 11\ 9x2 22\ 9y? 66\ oxdy
00
902w, 9%w, 02w, 20%w, 0%w, 20%w,
2{D D D
* ( 12 9x2 9y2  P1s 0x? 0xdy D2 y? 6x8y>

x dy €)

The potential energy is related only to the in-plane distributed loads Ny applied uniaxially to the
edges x=0, a, and is written as

0= —%ﬂ le (%)Zl dx dy (10)

Ny is assumed to be distributed load (uniform and not uniform) taking the forms as derived Fig. 2:

4N0y(1_%) N, =N, (1_%) (11)
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where N, is the maximum intensity of the compressive force at the edges x=0 and x=a.

2.3 Boundary Conditions
The approximate solution is sought in the usual form of a double series in separate variables
Berthelot, 2010:

M N

Wo(x: y) = Z Z AmnXm(x)Yn(.V) (12)

m=1n=1

where M and N are the numbers of half-waves used in the x and y directions, respectively, of a mode
shape. The functions Xn,(x) and Y,(y) must constitute functional bases and are chosen so as to satisfy
the boundary conditions along the edges x = 0, x = a, y = 0, and y = b. The coefficients Ay, are
determined by the stationarity conditions:

ou
0Amn

=0 (13)

wherem =1,2,..,Mandn =1,2,...,N. To select an expression for the deflection w,, the
functions X, (x) and Y, (y) are selected to satisfy the geometrical boundary conditions for the studied
cases:

a- For the case of a simply supported (SSSS) plate, the boundary conditions functions along the
edges are as follows, Reddy, 2004:

mimx nm
Xm(x) = sinT , Y,(y) = SinTy (14)

b- For the case of a built in (CCCC) plate, the functions of the transverse deflection w, can be
taken as follows Berthelot, 2010:

X x , x X
X (x) = cos Ay, o cosh A,, 2 m (smlm o~ sinhA,, a)

y y .Y y
Y,.(y) = cos 4, 5 cosh A, 5 T (sm/ln 5 sinhA, E) (15)
where A,,, A, ¥im,and y,, are constants given in Table (1).
c- In the case where two opposite edges are clamped along x=0 and x=a and the other two edges
are simply supported along y=0 and y=Db, that can be sampled as (CSCYS), the transverse deflection
W, functions are as follows Berthelot, 2010:

nmy

5 (16)

X X , x X )
X (x) = cos Ay, o cosh 1, 7 ¥m (smlm o sinhA,, E) , Y,(y) = sin
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d- For the case where the edges along x=0 and x=a are simply supported and the edges along y=0
and y=b are free that can be sampled as (SFSF), the functions that satisfy these boundary conditions
can be taken as follows Berthelot, 2010:

X () =sin@ KoY =1.%0) =V3(1-23),

y y
+ sinhA, b) 17)

Y,(y) = cos A, + cosh 4, + Vn (sm/’l 5

"bh "bh

The values of 4,, and y,, are reported in Table (1).

e- When the plate is taken clamped along two opposite edges where x=0 and x=a and free along
the others where y=0 and y=b that can be sampled as (CFCF), and the functions will be combined
as shown below Berthelot, 2010:

X x X X
Xpn(x) =cos Ay, o cosh Ay, — — Vm, (sinﬂm o sinhA,, —) ,

Yl(y)=1,Y2(y)=\/_(1—2b) Y.(y) = cos 4, X+cosh/1 Z+yn(sm/1

y
" + sinhA, b) (18)

b

where Am,An,v,,andy, are constants given in Table (1).

2.4 Weak Forms

The Ritz method can be used to determine an approximate solution to the bending, buckling, and
natural vibrations of symmetric laminates. The weak form or the statement of the principle of
minimum total potential energy for buckling and natural vibration problems is given below, Reddy,
2004:

b
~ ffa 92w, 326w, 02w, 020wy 9wy 95w, 92w, 326w,
_0 J Dz oz dy? 0x2 = 0x? 09y? 22 9y2  9y?
4D 02w, 026w, N 02w, 026w, +62WO 026w, 02w, 026w,
%0 9xdy 0xdy 6\oxdy ox2 = 9x? oxdy 6\ oxdy 0y?
6 w, 026w, ow, 06w,
ayzo axayo> xa_xo axo - w2(10W05W0)} dx dy (19)

where w denotes the frequency of natural vibration. For buckling analysis, all terms involving
frequency of vibration are set to zero, while Ny is eliminated for natural vibration.

2.4.1 Buckling of a simply supported plate

Consider a simply supported rectangular plate made of an orthotropic laminate, the material
directions of which coincide with the plate directions. This plate is subjected to uniaxial uniform in-
plane compressive forces Ny along the edges x = 0 and x = a. The total potential energy can be
written in the following expression:
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2

_1.ba 62W0)2 (62wo) (azwo)2 ( 32w, 92w, 92w, 202w,
II= 2f0 fO [Dll ( 0x? + Dy ay? + 4Des 0xdy +2(D1z dx?% 0y? + Dig ox2 0xdy +

"W 262“”") TN, (aWO)Z] dx dy 20)

26 dy2 o0xdy dx

The transverse displacement (w,) is written as mentioned in section 2.3 in the following form:

. mmx | nmy
W, = AppSin——sin——
a

b m=12,..,Mandn=1,2,..,N (21)

Assume a plate of a symmetric layup subjected to uniaxial compression; for a simple case,
consider m=n=1:

. X Ty
w, = Allslnzsm7 (22)

substituting w, Eq. (22) in Eg. (20) and performing the differentiation and integration processes, and
then by using Eq. (19) , the following representation of the critical buckling load N can be
obtained:

N, = (9.869D,,b* + 9.869D,,a* + 19.739D,,a?b? + 39.478Dssa’b?)/a?b* (23)
when m and n are more than 1, the critical load N is determined by solving Eigen value problem.
For different arbitrary boundary conditions and m & n are greater than 1, the solution becomes more

difficult and needs computer programming to determine the critical buckling load.

2.4.2 Vibration of simply supported plate
For vibration problem, the total mechanical energy is written as:

b a
£ ljj b 02w, 2+2D 62W062W0+D 2w, 2+4D 2w, \’
2 1\ ox2 12 9x2 9y2 22\ oy? %6\ axay
00
02w, 02w, 02w, 20%w, 02w, 20%w,
2(D D D —Lw?*w?|dxdy (24
* (12 d0x2 0y? T P15 0xdy D26 dy? axay) 0@ Wy | dx dy (24)

The natural frequancy w is obtained using the same procedure to be as below:

9.869
w==

a2 (Dypa* + Dy b* + 2D1,a%b? + 4Dgca?bh?)05/1, (25)

In case of finding the natural frequency under the action of critical buckling force N, the total
mechanical energy is written as:
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b

E_lJ‘j‘l D 02w, 2+2D 62W062w0+D 92w, 2+4D 02w, 2+2 b 02w, 02w,

-2 1\ gx2 12 9x2 9y2 22\ 0y? 66\ axay 12 9x2 gy?
00

02w, 20%w, 02w, 20%w, ow,

Dyg——2" 24 p, —2 —°

16 552 0xdy + Das dy? axay) Cr(@x

2
) — Ioa)zwgl dx dy (26)

The natural frequency under that critical buckling load is found to be:

1.637
w = +—I(36.322D11b4 +36.322D,,a* + 72.644D,,a?b? + 145.289D¢,a?b?
o

N azbz\/_

+ 3.680N,,.a?bh*)0> (27)

The natural frequency given in Eq. (25) and Eq. (27) is the fundamental natural frequency where
it occurs at m=n=1 Reddy, 2004.

3. EXPERIMENTAL WORK
The experimental work is performed on a plate composed of Polyester as a matrix reinforced with
E-Glass fibers.

3.1 Mold Preparation and Mechanical Properties

Two flat wood panels are shaped as square panels of 35 cm*35 cm, with proper thickness to carry
moderate loads; they are used as base and cover of the mold to prepare the desired models. One of
the panels is used as the base where the materials are molded up, and the other one is the cover that
transferes the pressure from up surface to the surface of the desired plate molded on the base. After
weaving a layer of E-glass fibers, the catalyzed resin mixture with hardener must be applied to the
fibers carefully to prevent distortion in them during the brushing process until the fibers saturate
with the risen. Brushes and rollers are used to diffuse the mix over the fibers, and blades are used to
take the air bubbles out of the laminate layers Fig. 3. Then the mold is left for a day in room
temperature for curing after that we cut the model to the desired dimensions by a proper diamond
impregnated wheel, cooled by running water. Before starting the experimental work, the fiber,
matrix, and then composite densities are measured see Table (2). Then, the fiber volume fraction is
measured experimentally to be 0.323. Tensile test is performed to find the composite mechanical
properties. D3039 ASTM is used to formulate the tested specimens. The tensile test led to the
mechanical properties of E-Glass/Polyester laminated composite plate listed in Table (2).

3.2 Buckling Test

For buckling test, tow models of E-Glass/Polyester laminated plates are prepared. One of the
models is (20 cm*20 cm*0.25 cm, [0/90]s) where the aspect ratio (a/b) is equal to 1, and the other
one is (40 cm*20 cm*0.2 cm, [0/90],) where a/b = 2. The models are placed vertically between
the testing device jaws, where the machine is of 100 KN capacity. The boundary conditions of the
tested plates are simply supported along the top and bottom edges while the left and right edges are
left free. The compression is exerted on the upper edge by moving stiff head with a speed of 2
mm/min while the lower head is fixed. For determination of the buckling load, load-displacement
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method is used Fig. 4. Analytical and Numerical results are determined for the tested models and
are presented to verify the found experimental results which are listed in Table (3).

3.3 Experimental Modal Analysis

For free vibration test, a model specimen is manufactured with dimensions of (30 cm*30 cm*0.37
cm) and lamination of (0/90),. The plate is placed in a structure Fig. 5.a, where the boundary
conditions are simply supported along the four edges and the real tested area is (25 cm* 25 cm)
where the edges of the structure are designed to prevent the plate from moving in z-direction.
Calibration operation is performed before the test to ensure that the result from the test is right with
less error. The plate is placed in the structure that is already manufactured for this purpose where
the boundary conditions are kept to be simply supported. The oscilloscope is viewing the response
of the specimen that is loaded with hit by an impact hammer which is connected to the oscilloscope
and generates the input load to the specimen. The accelerometer is connected to the charge
amplifier which will reduce the frequency noise by filters were built to limit the frequency range to
the range of interest. The signal goes from the amplifier to the oscilloscope to analyze it and then
present it as wave with tops that will give the frequency of the modes. The hit exerted by the impact
hammer on the plate. The FFT solution generated Fig. 5.b captured from the oscilloscope monitor
in purple color wave. The natural frequency w, of the first mode taken from the wave is found to be
0.0331 rad/sec. The non-dimensional natural frequency is calculated as below:

__wa? [p 003310257 |1369 26
C="n |E, -~ 00037 5881 ° (28)

The analytical result is found to be @ = 7.832 so that the error is 8.9%, and that is an accepted error
if some conditions are taken in account such as movement of the structure, accuracy of the devices,
and the molding process, etc.. Fig. 5.b shows the response wave of the plate in yellow color.

4. RESULTS AND DISCUSSION

This study investigates mainly the effect of the critical buckling load that a composite materials
plate can hold on its natural frequency. The results are determined analytically and numerically, and
study the effect of boundary conditions, aspect ratio, lamination angle, and type of applied edge
load.

4.1 Investigation of Critical Buckling Load
The critical buckling load is studied under some considerations. The load is obtained as the non-
dimensional load (N).

a- Effect of Boundary Conditions
Assume a square symmetric cross-ply [0 90 0] laminate (Ei/E; =10, G1,=0.6E;,

v,,=0.25) is subjected to uniaxial edge loads. Table (4) shows the Nondimensionalized

buckling load (1V=A;L::) that the plate can hold. It shows that the clamped plate along
2

two or four edges can hold buckling load more than plate with simply supported boundary
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conditions, especially for the case where the plate is SFSF. In the case where the plate is
simply supported or mixed with free edges, it is weak to hold large loads compared with
clamped plates. From Table (4), it is observed that the critical buckling load for SFSF
decreases by 80.28% compared with CCCC for uniformly loaded plate, 74.6% for
parabolic load, and 86.28% for linear load.

b- Effect of aspect ratio
Assume a plate (E1/E; =10, G1,=0.6E>, v,,=0.25) with various aspect ratios. From Fig. 6.a, it is

observed that the Nondimensionalized buckling load (N =%) for clamped plated decreases
22

rapidly with the increase of the aspect ratio until the aspect ratio is 1.6 where N starts to increase
again for the three types of loading; but for SFSF which is the weaker case, the plate buckles with
close values of loads for larger aspect ratios than 1.6 with no increasing in buckling load. Hence, the
increasing of aspect ratio decreases buckling load as verified with Reddy, 2004, Hu, and Abatan,
2003. Fig. 6.b shows the Nondimensionalized buckling load (N) for a simply supported plate
laminated as [0/90], and subjected to uniform distributed load in x direction, the plot is compared
with that presented by Reddy, 2004 as a verification. It shows that N decreases very slowly with
increasing aspect ratio after a/b=1.3 especially when a/b=2.3 where the difference in the load starts
to be very small, and observing that the buckling occurs rapidly with increasing aspect ratio.

c- Effect of lamination angle

Assume a square plate (Ei/E; =40, G1,=0.5E,, v,,=0.25) subjected to distributed loads in X
direction and has the lamination [-0/0],. From fig. 7, it is observed that the plot is symmetric about
0= 45° and the buckling load is maximum for SSSS conditions (verified with Reddy, 2004). But for
other boundary conditions, the load decreases with the increase of lamination angle.

d- Effect of Loading Type

Table (5). shows dimensionless critical buckling load (N = A;L:;) of a simply supported and
2

clamped plates (E1/E»=10, G1,=0.6E,, v,,=0.25, [0/90/0]) subjected to different loading types. It

shows that uniformly loaded plate buckles earlier than the others, while the linearly loaded plate

buckles with higher loads which means that the plate will retain more load than plate subjected to

uniform load. The critical linear loads for the two boundary conditions are twice the critical uniform

loads.

4.2 Investigation of Natural Frequency of Free Vibration

The natural frequency is investigated with and without the action of buckling where the critical
buckling load applied to the plate is precalculated from the previous section. Several considerations
are presented to investigate the natural frequency which is calculated as dimensionless form
woa?
h
load ratio (d) is studied to present the behavior of the plate and its frequency.
a- Effect of Boundary Conditions

(w = 29). In case of buckling action, a ratio (d) of critical load is applied. The effect of the
E;
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In this analysis, a square plate (E1/E»=10, G1,=0.6E;, v,,=0.25, [0/90/0]) with various boundary
conditions is taken to calculate the dimensionless natural frequency. From Table (6), it is found that
the clamped plate vibrates with natural frequency higher than the other boundaries because of the
high stiffness due to boundary. In other hand, the natural frequency for the SFSF plate is minimum
due to low stiffness. The same investigation is repeated in Table (6) for the same plate subjected to
parabolic load (load ratio d=0.5), and it is clear that the natural frequency is less than that found
without loading.

b- Effect of aspect ratio

The increasing aspect ratio decreases the natural frequency, till a/b=2, where the frequency starts
to converge with higher aspect ratio. Fig. 8 shows this behavior for a [0/90], simply supported
laminate (Ei/E»=10, G1,=0.6E,, v,,=0.25) with and without the action of buckling for parabolic
load. It is obvious that natural frequency with buckling is lower than that without buckling.

c- Effect of lamination angle

Assume a square plate (E1/E»=10, G1,=0.6E;, v,,=0.25) but with different lamination systems and
boundary conditions. From Table (7), it is obvious that [45/-45], plate has the same frequency of
[45 -45]s plate, but for SFSF plate under buckling action, it is greater in symmetric than
unsymmetric laminates. For the other laminates, the frequency is equal for symmetric and
unsymmetric in the cases of SSSS and CCCC conditions while it is unequal for the other conditions
for the same laminate. It can be seen for the two cases that the natural frequency for symmetric
laminates [0 90]s is greater than that for unsymmetric laminates [0/90],. Oppositely; for laminates
[60 30]s, the natural frequency is less than that for unsymmetrical laminates [60 30]..

d- Effect of loading type and ratio

The natural frequency under buckling is almost equal for different loading types in analytical
solution, where the difference is very infinitesimal, while the frequency determined by numerical
solution differs with very small error, but for case of parabolic load, the discrepancy is greater than
other loading cases which may reach 7% for d=0.75 of clamped plate. Table (8) shows the
dimensionless natural frequency of a laminated plate (Ei/E;=10, G1,=0.6E,, v,,=0.25, [0/90/0])
wob? [pch
=a
is inversely proportional to the load ratio, where the increasing in load ratio decreases the
frequency.

under buckling of different load functions. It is obvious that the natural frequency (w =

4.3 Verification Study for Buckling and Vibration of Laminated Plate
The numerical results are obtained using programming software (ANSYS) to verify the analytic
derivation. The programming in ANSYS is stepped as follows:
1- Choosing the element type (shell 281).
2- The material properties as (E1/E>=10, G1,=0.6E,, v;,=0.25).
3- The layers angles and their thicknesses ([0/90/0]).
4- Creating the model as a square plate (a/b=1).
5- Meshing the area with different sizes for convergent result.
6- Choosing the analysis type with prestress option.
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7- Define the boundary conditions and loads.
8- Solving the model.

9- Reading and plotting the results.

10- Finishing the solution.

Assume two simply supported and clamped plates subjected to different loads at edges x=0, a.
Nr-b?
57
The comparison shows a good agreement between the analytical and numerical results, where the
higher discrepancy is 4% for CCCC plate under parabolic load buckling. As investigated in section
4.1, it is obvious that the buckling occurs earlier for uniform load than other loading types.

The Nondimensionalized natural frequency of the same plates found numerically for SSSS

2
conditions to be (@ = % /% = 10.643) while analytic result is (@ = 10.645, discrepancy =
2

Table (5) showed the numerical and analytical dimensionless critical buckling loads (N =

0.01%). It is clear that a high agreement between the analytical and numerical results was obtained.
The numerical natural frequencies of a plate under buckling action of different loads are listed in
Table (9). The analytical result is (w = 7.530) for a simply supported plate subjected to the three
load types. From the comparison between the results, high agreement is produced where the
discrepancy does not exceed 2.8% for parabolic buckling case.

5. CONCLUSIONS

The buckling and vibration results lead to the following conclusions:
1- The number of half wavelengths affects the critical buckling load, where the increasing of aspect
ratio requires larger number (half-waves number) to get more accurate results.
2- The aspect ratio affects the buckling load and natural frequency reversely. The buckling load
decreases rapidly with increasing aspect ratio till it is about 1.5, after that it takes constancy or close
values for higher aspect ratios. The natural frequency, decreases with high percentage until aspect
ratio a/b=2, then it takes the constancy for higher ratios.
3- The boundary conditions affect the critical buckling load and fundamental natural frequency.
Clamped edges conditions offer high stiffness, results in high critical buckling load and natural
frequency. It is obvious for highly constrained edges, the stiffness increases which causes the plate
to sustain high load and frequency. The results grade from higher to lower values as CCCC-CSCS-
CFCF-SSSS and then SFSF.
4- The lamination angle has clear effect on the buckling load of the laminate, where the critical load
of a simply supported plate is directly proportional to the angle under 45° where the maximum load
occurs, and then it is reversely proportional to the increasing in lamination angle. For other
boundary conditions, the load is reversely proportional to the angle.
5- The plate subjected to buckling linear load can hold larger load than other loading types; the
uniform load buckles the plate earlier than others. The effect of load type is very small on the
natural frequency.
6- The natural frequency changes indirectly with buckling load ratio.
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NOMENCLATURE

Amn= coefficients in the assumed series for deflection, dimensionless.
a, b= Plate length and width, m.

Bij= coupling stiffness matrix elements, N.

Dij= bending stiffness matrix elements, N.m.

d= Load ratio, dimensionless.

E= total mechanical energy, N.m.

Ec= total kinetic energy, N.m .

E1,E>= modulus of elasticity in 1 and 2 directions respectively, GPa.
G12=shear modulus in plane 1-2, GPa.

h= thickness of the laminate, m.

l,= moment of inertia of the laminate at point (x, y), Kg/m?.

k= layer number.

Kx, Ky, Kxy= curvatures of the reference plane of the plate, dimensionless.
L= total number of layers in the laminate.

M, N= upper limits of double series, dimensionless.

m, n=numbers of half wavelengths, dimensionless.

N,= in-plane force in x direction, N/m.

N= nondimensionalized buckling load, dimensionless.

N,,.= critical buckling load, N/m.

N,= load intensity of distributed load, N/m.

N,= Load intensity of distributed load, N/m.

6"-: transformed reduced stiffness matrix elements, N/m.

U= strain energy of internal forces, N.m.

u, v, w= displacements in X, y, z directions, m.

Uo, Vo, Wo= displacement components along the (X, y, z ) coordinate directions, m.
vi= fiber Volume fraction, dimensionless.

Xm(X), Yn(y)= functional bases for boundary conditions, dimensionless.

zk and zk-1= distances from the reference plane of the laminate to the two surfaces of the kth ply, m.
¥, A= constants of boundary conditions functions, dimensionless.

o= variation of a amount, dimensionless.

0= Angle of layer lamination, Degree.

v;1,= poisson ratio in plane 1-2, dimensionless.

[1= total potential energy, N.m.

p= density of material, Kg/m®,

Pe, Py, Pm= densities of the composite, fiber, and matrix respectively, Kg/m*

Q= work of external forces, N.m.
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@

= natural frequency of the plate vibrations, Hz.

(O]
o= nondimensionalized natural frequency, dimensionless.

-
-
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Figure 2. Plates subjected to distributed loads.
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Figure 4. Load displacement curves of the Buckled plates.

154



@ Number 8 Volume 21 August 2015 Journal of Engineering

WA W SUrwes iy L 200N iy Band .4 1300
Tine 200 .0us @01 002

(a )
Figure 5. a)Free vibration test setup; (1) Power supply, (2) Impact hammar, (3) Testing structure,
(4) weights, (5) Tested plate, (6) Accelerometer, (7) Charge amplifier for Accelerometer, (8)
Oscilloscope; b) Generated response and FFT wave.
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Figure 8. Nondimensionalized fundamental frequency (o = @ob”

T2

gﬁ) versus aspect ratio of SSSS
22

symmetric laminates subjected to parabolic load.

Table 1. Values of the constants A; and vy; of the plate functions in the case of clamped and free ends

of the plate.
m=n=i A Yi
Clamped | Free | Clamped Free
4.7300 0 0.9825
7.8532 0 1.0007

10.9956 4.730 0.9999 —0.9825
14.1371 7.853 1.0000 —1.0008
17.2787 | 10.996 0.9999 —-1.000
20.4203 | 14.137 1.0000 —-1.000
23.5619 | 17.279 1.0000 —-1.000
26.7035 | 20.420 1.0000 —1.000

V[N |O1|B[WIN|F-

Table 2. Experimental mechanical properties of E-glass/Polyester composite plate.

Physical and Mechanical Property | Obtained Result
pr(Kg/m?) 2360
pm(Kg/m®) 970
pc(Kg/m®) 1369

E1(GPa) 26.285

E»(GPa) 5.882

G12(GPa) 2.213
V12 0.25
\Y 0.323
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Table 3. Experimental non-dimensional critical buckling loads % of the tested plates.

Journal of Engineering

Plate Geometry (cm) | 20x20x0.25 | 40x20x0.2
Aspect Ratio a/b 1 2
Angle Ply Orientations [0/90]s [0/90],
Experimental Result 3.097 0.538
Analytical Result 3.398 0.575
Discrepancy% 8.8 6.4

Table 4. Nondimensionalized buckling load (N) of a square plate laminated as (0/90/0) and
subjected to uniaxial edge loads (The results between the brackets represent the numerical results

for comparison. The subscript refers to (m=n)).

Type of applied Type of boundary conditions

load SSSS; CCCCy CSCSs; SFSF; CFCF,
Uniform load 11.491 40.507 36.255 7.991 32.982
(11.559) (40.777) (36.276) (8.018) (32.968)

Parabolic load 13.219 44.395 41.705 11.279 49.473
(13.694) (46.207) (42.83) (11.638) (46.462)

Linear load 22.983 81.015 72.510 11.120 65.964
(22.838) (80.11) (70.481) (11.327) (64.391)

Table 5. Nondimensionalized buckling load (N) of a SSSS and CCCC square plate laminated as
(0/90/0) and subjected to uniaxial edge loads.

Type of Boundary Conditions
Load SSSS CCCC
Analytical Numerical | discrepancy | Analytical | Numerical | discrepancy
Result Result Result Result
Uniform 11.491 11.6 0.9% 40.507 40.8 0.7%
Parabolic 13.219 13.7 3.6% 44,395 46.2 4%
Linear 22.983 22.8 0.7% 81.015 80.1 1.1%

Table 6. Nondimensionalized fundamental frequency of a symmetric cross-ply square plate of
various boundary conditions (the results between the brackets refer to the Nondimensionalized

fundamental frequency of the same plate subjected to parabolic load of load ratio d=0.5).

Other Researches

Boundary Analytical Numerical Discrepancy%

Conditions results results
SSSS 10.649 (7.530) 10.645 (7.613) 0.03 (1.1) 10.650 Reference 1]
CCccC 22.323 (15.785) | 22.310 (16.237) 0.05 (2.8) S
CSCS 21.119 (14.933) | 21.115 (15.256) 0.01 (2.1) 21.118Reference 1]
SFSF 8.886 (5.973) 8.875 (5.774) 0.1(3.3) _
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/ h :
];)—) of a square plate of various
22

laminations and boundary conditions (d=0.5 for buckled plate).

Angle Ply Type of boundary conditions
SSSS CCCC | CSCs SFSF CFCF
Without Buckling | 2.556 5.358 4914 1.988 4.632
[0 90]s (2.555) | (5.312) | (4.913) | (2.041) | (4.630)
With Buckling 1.807 3.788 3.475 1.688 3.275
(1.755) | (3.603) | (3.569) | (1.631) | (3.095)
Without Buckling | 1.588 3.330 2.606 0.956 2.266
[090 0 90] (1.601) | (3.398) | (2.586) | (1.002) | (2.317)
With Buckling 1.123 2.355 1.842 0.801 1.602
(1.146) | (2.237) | (1.766) | (0.950) | (1.577)
Without Buckling | 1.877 3.242 2.391 0.781 1.441
[60 30]s (1.815) | (3.101) | (2.287) | (0.711) | (1.491)
With Buckling 1.327 2.292 1.691 0.846 1.019
(1.397) | (2.131) | (1733) | (0.873) | (0.971)
Without Buckling | 2.240 3.869 3.146 0.869 2.266
[60 30 60 30] (2.318) | (3.633) | (3.358) | (0.912) | (2.199)
With Buckling 1.584 2.735 2.225 1.010 1.602
(1.501) | (2.613) | (2.399) | (1.138) | (1.423)
Without Buckling | 2.517 4.125 3.397 1.070 2.267
[45 -45]s (2.728) | (4.492) | (3.152) | (0.910) | (1.986)
With Buckling 1.780 2.916 2.402 1.187 1.602
(1.694) | (3.089) | (2.495) | (1.036) | (1.554)
Without Buckling | 2.517 4.125 3.397 0.486 2.267
[45 -45 45 -45] (2.311) | (4.016) | (3.248) | 0.441) | (2.252)
With Buckling 1.780 2.916 2.402 0.711 1.602
(1.701) | (3.052) | (2.258) | (0.730) | (1.523)
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Table 8. Dimensionless natural frequency of a laminated plate under buckling of different load
functions and ratios (superscripts refer to the first letter of the load type).

Type of boundary condition

d SSSS CCCC CSCS SFSF CFCF

0 10.649 22.323 21.119 8.886 20.143
(10.645) (22.310) (21.115) (8.875) | (20.133)

9.223 19.332 18.290 7.443 17.444
0.25 (9.231)" (19.353)" (18.352)Y (7.403)Y | (17.121)Y
(9.275)° (19.530)° (18.451)° (7.322)7 | (17.988)"
(9.218)- (19.305)" (18.259)" (7.501)" | (17.673)-

7.530 15.785 14.933 5.973 14.243
0.5 (7.544)" (15.785)" (15.040)" (5.877)" | (14.405)Y
(7.613)° (16.219)° (15.256)" (6.212)" | (13.899)°
(7.522)" (15.638)" (14.947)" (5.834)" | (14.011)-

5.324 11.161 10.559 3.995 10.071

0.75 (5.379)" (11.013)" (10.66)" (3.910)" | (9.901)"
(5.583)" (11.948)° (11.115)° (4.197)" | (10.100)"
(5.378)- (11.282)- (10.685)" (3.980)" | (10.227)-

Table 9. Nondimensionalized natural frequency (w) of a SSSS and CCCC square plate laminated as

(0/90/0) and subjected to uniaxial edge loads.

Type of Load SSSS Discrepancy CCCC Discrepancy
No Load 10.643 0.01% 22.310 0.05%

Uniform Load 7.546 0.2% 15.839 0.3%

Parabolic load 7.621 1.2% 16.235 2.8%
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ABSTRACT

Many organizations today are interesting to implementing lean manufacturing principles
that should enable them to eliminating the wastes to reducing a manufacturing lead time. This
paper concentrates on increasing the competitive level of the company in globalization markets
and improving of the productivity by reducing the manufacturing lead time. This will be by
using the main tool of lean manufacturing which is value stream mapping (VSM) to identifying
all the activities of manufacturing process (value and non-value added activities) to reducing
elimination of wastes (non-value added activities) by converting a manufacturing system to pull
instead of push by applying some of pull system strategies as kanban and first on first out lane
(FIFO). ARENA software is used to simulate the current and future state. This work is executed
in the state company for electrical industries in Baghdad. The obtained results of the

application showed that implementation of lean principles helped on reducing of a
manufacturing lead time by 33%.

Key words: Manufacturing Lead Time, Lean Manufacturing System, Value Stream Mapping,
Pull System.
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1- INTRODUCTION

Nowadays, the success of any company is identified by its ability to quickly respond to the
market changes, so the companies pay more effort to reducing their manufacturing lead
times, Yadav, et al., 2012. Reductions in manufacturing lead time can generate numerous
benefits, including lower work in process and finished goods inventory levels, improved
productivity, lower costs. More importantly, reductions in manufacturing lead time increase
flexibility and reduce the time required to respond to customer orders, Samad, et al. 2013.
Manufacturing Lead Time refers to the total time it takes to complete the manufacturing process
of a product. Itis the time from when an order is ready to start on the production line to when it
becomes a finished good, Hari, et al. 2013. A lead time is the period of time between the
initiation of any process of production and the completion of that process, Karunesh, and
Thotappa, 2013.

2- LEAN MANUFACTURING

The origins for initiatives of the lean manufacturing are traced to the Toyota Production
System (TPS) and were started by Ohno (1978) and Shingo (1989) at TPS with its focus on the
systematic and efficient use of the resources through level of scheduling. The term "lean
manufacturing™ as Ohno (1978) states, is providing a way to do more and more with less and
less inventory, less human effort, less movement of material , less equipment and less time while
coming closer to supplying the customers with what they want exactly, Ravet, 2011. Lean
manufacturing means eliminating wastes by identifying non value added activities thorough out
the supply chain. The five fundamental Lean principles are to specify value from the point of
view of customer, identify the value stream, make the identified value flow, set the pull system
which means only make as needed and finally perfection in producing what the customer wants
and by when it is required in the right quantity with minimum waste, Sambathkumar, and
Vijayanand, 2013.

3- VALUE STREAM MAPPING (VSM)

Value stream mapping is a mapping tool that helps on representing material and information
flows of manufacturing process and also that signal and control the material flows. This
representation facilitates the process of identify the value adding activities in a value stream of
manufacturing process and eliminating the non value added activities, or wastes through
implementation of lean principles, Romero, and Chavez, 2011. VSM is a visualization tool
oriented to the version of TPS for lean manufacturing. It helps people to understand and
identifying the work processes and then implementing of Toyota Production System tools and
techniques, Thorsen, 2004. The value stream mapping (VSM) suite of tools can be used to map
the current state of a production line and design a desired future state. , they provide a roadmap
for how VSM can provide necessary information for analysis of equipment replacement decision
problems encountered in lean manufacturing implementation, Dighe, and Kakirde, 2014. The
focus of VSM is on a product “value stream” (all actions required to transform raw materials
into a finished product) for a given “product family” (products that follow the same overall
production steps). In applying VSM, waste is identified at a high level along the value stream in
the form of all elements that prohibit or hamper flow and in the form of inventory (raw
materials, work-in-process (WIP) and finished goods). In future state design, major issues that
create waste in the process are addressed, Romero, and Chavez, 2011.
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4- METHODOLOGY
To achieve the Research objectives the following steps will be applying:

1-ldentifying a product and studying a manufacturing process of the product in details.
2-Draw flow diagram of the manufacturing process.

3-Documenting a list of activities flow for manufacturing process with the number of workers
and the time required for each activity to identify a waste (non-value added activities) in the
process.

4-Draw the value stream mapping for the current state of manufacturing process by using Visio
Software.

5-ldentify the areas of waste in current state and eliminating all non-value added activities to
adding the requisite improvement (kaizen) by applying some of pull strategies as kanban,
supermarkets and FIFO strategies to make a system pull instead of push to reducing long waiting
time, overproduction and other wastes to reducing lead time.

6-Developing a future state of a process and an action plan after implementation of lean
principles to achieve a high efficiency and lead time reduction.

7- Simulation of current and future state by using ARENA software to calculating a lean
measurements and comparison the results.

4- THE MEASUREMENTS OF LEAN MANUFACTURING SYSTEM
The main measures of lean manufacturing are calculated as follows:

1- Manufacturing cycle time (CT), Hopp, et al. 1990.
CT=LT=Tw+ Ts +Tp+ T; 1)

Where:

Tw= waiting time, Ts= set up time, T,= processing time, T;= inspection time and LT= lead
time.

2- Throughput (TH) (part/hour), Standridge, 2004.

_ wip
TH = (2)

Where:
WIP = work in process (unit) and CT= manufacturing cycle time (hour).
3- Value added ratio (VAR), Karunesh, and Thotappa, 2013.

VAT
VAR = - ©)
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Where:
VAT= value added time (min) and CT,= total cycle time (min).
4- Production capacity per week (Pc), Dinesh, and Prabhukarthi, 2013.
Pc =Wt x P (4)
Where:
Wt= available work time per week (hour) and P= Production rate (unit per hour).
5- SELECTING OF THE PRODUCT AND IMPLEMENTATION

To implementing a methodology of the research a product which is selected is the rotor of air
coolant motor consist of three parts: rotor, shaft and sleeve as shown in Fig. 1, also studying a
manufacturing process of the product in details including total cycle time, value added time,
number of workers for each activity identifying all types of activities in manufacturing process
(value added, non-value added and non-value added but necessary). The stages of product
manufacturing process and their cycle times for patch production of (100 rotor) are shown in
Table 1. and Fig. 2 show the flow diagram of manufacturing process.

The next step after identifying the activities and flow diagram of manufacturing process is
draw a current state value stream mapping as shown in Fig. 3, Fig. 5 and Fig. 7 to identifying
the areas of waste by kaizen (continuous improvement) to solve the problems of the
manufacturing process by application of pull system strategies in proposed future state value
stream mapping as shown in Fig. 4, Fig. 6 and Fig. 8 to improving the productivity and
reducing a manufacturing lead time.

ARENA software (version 14.50) is used to simulate the current and future state of rotor
manufacturing process as shown in Fig. 9 to simulate a research problem and estimate a various
performance parameters of lean manufacturing system as shown in Table 2. which show the
simulation results. Also Fig. 10 show the percentages of production activities type in current
and future state of manufacturing process.

CONCLUSIONS

1- Implementation of lean manufacturing principles help on reducing a production lead time
and improving of productivity and efficiency of production process.

2-Value stream mapping can be a valuable and an effective tool for identifying and eliminating
the wastes and it also suggests ways to reducing non value added times in a
manufacturing process.

3- By applying lean principles, the lead time of rotor manufacturing process is reducing by
33% and also value added ration (VAR) is increasing by 66%.
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4- After the improving and reducing of a manufacturing lead time the future state will become
current state, in that still more new developments and improvements can be added and this
process will be repeated to obtain better results until an ideal state is established.
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NOMENCLATURE

List of Symbols and Abbreviations

Symbol Description
CT; Total Cycle Time
CT Cycle Time
FIFO First in First Out
LD Lead Time
TH Throughput
T; Inspection Time
T, Processing Time
TPS Toyota Production System
T, Set up Time
Tw Waiting Time
VAR Value-Add Ratio
VAT Value-Add Time
VSM Value Stream Mapping
WIP Work-in-Process
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Sleeve

Figure 1. A Selected Product ( Rotor of Air Coolant Motor).

Table 1. Operations Sequence of Product Manufacturing Process.

part Operation Cycle Time
(min)
Cutting process of laminations 60
Anneali 24
Rotor nnealing process 0
Stacking process 55
Casting process 50
Cutting process 25
Turning process 75
Turning process of the shaft 50
Cleaning process of the shaft 10
Initial grinding process 75
Shaft Final grinding process 75
Milling process 68
Chemical coating process of the shaft 125
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Turning process of the sleeve 65
Sleeve Cleaning process of the sleeve 75
Assembly process of rotor with shaft 71
Assembly | Assembly process of rotor with sleeve 60
Process —
Painting process 30
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Table 2. Summary of simulation results for current and future state.

Current state Improvement
Measurement Future state P .
ratio %
Production lead time 2847 1920 33%
(LT) (min)
Waiting time (T,) 1474 900 34%
min
Work in process 12 10 16%
(WIP) (unit)
Throughput (TH) 72 88 22 %
unit per hr unit per hr
Value added time
(min) 848 927 10%
Non-value added 448 min 90 min 80 %
time (min)
Value added ratio 29% 48% 66%
(VAR)
Production capacity 400 500 0.25 %
(Po) _ _
units per week || units per week
70% -
60%
60% -
50%
50% -  Value-added
40% - 32.70%
27% ® Non-value
30% - 23% dded
(] a ednecessary
20% - Non-value added
10% - 7.30%
O% n T T T 1
Current stateFuture state

Figure. 10 The percentages of production activities type in current and future state .
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ABSTRACT

This research aims to choose the appropriate probability distribution to the reliability
analysis for an item through collected data for operating and stoppage time of the case
study.

Appropriate choice for .probability distribution is when the data look to be on or close the
form fitting line for probability plot and test the data for goodness of fit .

Minitab’s 17 software was used for this purpose after arranging collected data and setting
it in the theprogram.

The program results gave the best or well-fitting distribution among four of default
probability distributions, that will use in order to estimate the distribution parameters values,
for reliability determination and analysis. From probability plot can estimate time that
designates the percent of the item's failure.

Key words: Reliability, Life data analysis, Probability distribution, Exponential distributions,
Simple Weibull
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1. INTRODUCTION

The increasing in complexity of equipment and systems lead to failures and as a result for
the aspects of reliability, maintainability and availability have appeared into forefront. The
failure of machineries and equipment causes interruption in production as a resulting from a
loss of availability Bose, et al., 2013. Design for reliability is an important research area
Soleimania and Mohammad, 2014. In life data analysis, statistical distribution represents the
failure behavior of the equipment population through time, and subsequently it is possible to
calculate the reliability indices of the equipment Igbal Ridwan, et al., 2010. The term life data
refers to the measurements of the lifetime of the equipment, whether in hours, years or cycles
Rausand , and Hoylanc, 2004 The repair of a system will initially sound like replacing a
failed part with another one Manortey, 2006. the most common metric used to represent the
reliability of repairable systems is Mean Time Between Failures” MTBF or “Average Run
Life”, that is used to characterize “life span” Michellel , 2011, which is calculated by adding
all the operating hours of all the systems and dividing by the number of failures. The popularity
of the MTBF metric is due to its simplicity and its skill to supply to the one number syndrome,
but MTBF hides information by not accounting for any trends in the appearance of failures and
treating machines of all ages as coming from the same population

The probability plot represents the sum of the frequencies from the lowest value up to the
considered point. The cumulative curve is the integral of the density function
Venkataramana.,et al., 2013

2. THEORY OF RESEARCH

The theoretical population models used to describe unit lifetimes are known as Lifetime
Distribution Models Venkataramana.,et al., 2013. The model selection tests were applied
based on statistical analysis Bose,2013.

Minitab's 17 software used for the Distribution Identification and as a good tool can help to
find the distribution that best fits the data.

A lifetime distribution model can be any probability density function  (PDF) f(t) defined
over the range of time from t = 0 to t = infinity. The corresponding cumulative distribution
function (CDF) F(t) is a very useful function, as it gives the probability that a randomly
selected

1. F(t) = the area under the PDF f(t) to the left of t.
2. F(t) = the probability that a single randomly chosen new unit will fail by time t.

3. F(t) = the proportion of the entire population that fails by time t. Igbal Ridwan,et al.,
2010,Venkataramana.,et al., 2013

PDF f(t) has only non-negative values and eventually either becomes 0 as t increases, or
decreases towards 0, The CDF F(t) is increasing and goes from 0 to 1 Ronniger, C. 2012 as't
approaches infinity, in other words, total area under the curve is always 1.1gbal Ridwan,2010

Probability plots are simple visual ways of summarizing reliability data by plotting CDF
estimates vs. time on specially constructed probability paper Venkataramana, P. 2013.

2.1 Anderson Darling
The Anderson-Darling (AD) statistic measures how well the data follow a particular
distribution.
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For a specified data set and distribution, the better the distribution fits the data, the smaller
this statistic will be, Goodness of Fit (GOF) test to determining how well a given curve can be
modeled by a distribution.

In statistics, there is GOF measure including AD (used in this paper) which may give
powerful test of fit Michellel P, 2011, GOF test was evaluated and also whether the data was
come from the same probability distributions was checked. The analysis based on AD criteria,
Minitab calculates the AD statistic using either (maximum likelihood estimation method or
least squares estimation) Engmann, S .2011

2.2 The Exponential Distribution

The exponential distribution is a continuous distribution that is used to represent the
constant failure rates. It is characterized by the parameter A which represents the failure rate of
the item The failure rate A of the exponential distribution is constant with respect to time
Rausand , M.2004,Michellel P., 2011.
0 = The distribution mean
A =1/6 = The failure rate (1)
A=1/MTBF
The exponential reliability function is

t
R(x)=e o=e t>0 (2)

The cumulative distribution function
Fity=1-e~ % (3)

The exponential probability density function is

—t
f(x) = eo = de ™M t>0 (4)

MTBF
Where: MTBF = % —0

The exponential hazard function is constant

_fm_1_
=20 =5 =% 5)

2.3 The Weibull Distribution

Weibull distribution is one of the most widely used life distributions in reliability analysis,
very flexible and can through parameters, models many types of failure rate behaviors so it’s
known with two parameters ,mlgbal Ridwan,et al., 2010, Ronniger , 2012.

» Scale parametern > 0

» Shape parameter >0
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Survival Function

-
Rt)=prt>0)=e \n (6)

Cumulative Distribution Function

_tﬁ
F(x) =1-— e(f_t) t>0: B>0 ()

Probability density function

f(®) =

_ t\P
“(22 L@ (8)

Hazard Function

h (1)=

B-1
BB t=0: B>0 9)

nP

B = 1 Failure rate is constant

B > 1 Failure rate function is increasing
B <1 h(t)is decreasing (Bose, et al., 2013).

B = 2 The resulting distribution is known as (Rayleigh Distribution) (Venkataramana, P.,

2013).

3. APPLICATION

Fig. (1) indicated the methodology for research to reach its aim. The following steps for
analysis data indicated the used path to find the suitable probability distribution to fit life
data and estimate the parameters of distributions.

1.

The reliability was studied through a compressor of Gasoline Reformer unit in Daura
Refinery in Baghdad, this has helped to optimize the schedule for preventive
maintenance.

The exact failure time data was collected for a part under study measured the time by
hours that included operating and stoppage time for six years from (2005 to 2010).
Table (1) life data was sorting and arranged to be suitable to use in Minitab’s 17
software application, included [From , To, TTR] in [hr.] as columns.

Data, table (1) was input to Minitab’s 17 software for Reliability and Distribution
analysis, this would discover which distribution that the recorded time to failure
utilizing “Distribution ID Plot” function Fig. (2) shows the worksheet of Minitab’s 17
software included the menus for software.

Output of Minitab’s 17 software were, four probability distributions Fig. (3) as identical
distributions (ID), (notice the software is able to analysis eleven  probability
distributions) and Session window with table of statistics Fig. (4), was summarized in
table (2).

According to resultes the Weibull and Exponential distributions were good, and it is
really the Exponential distribution is a special case of the Weibull distribution with
shape parameter 3 = 1 but for constant failure rate .
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From Fig . (3):
» Distribution: four Distributions to select which plot has a majority of the data points
closest to the line (representing the specific distribution trend).

» Anderson-Darling statistic measures for Goodness-of-Fit was shown how well the data
follow a particular distribution, the better the distribution fits the data, the smaller this
statistic will be, use the Anderson-Darling statistic to compare the fit of several
distributions to see which one is best or to test whether a sample of data comes from a
population with a specified distribution.

» Mean, MTTFs allow seeing how conclusions may change with different distributions,
from session window Fig. (3).

4. RESULTS

For Weibull distribution the Minitab analysis provides displays of the future prediction of
failures data behavior, to obtain equations those represent the Survival (reliability) function
Cumulative failure probability function, Probability density function, and Hazard function,
equations using the shape value of 1.45234 and scale value of 5681.08 hr. those were
estimated by the maximum likelihood in Fig.(5) as substitutions for B and n_respectively, the
formulas were determined equations 6,7,8,9, and Minitab’s 17 software was used to calculate
Probability density, Cumulative distribution , and Hazard functions, .

Percentiles split the data set into parts, nth percentile has n% of the observations lower than
it, and (100-n) % of observations higher than it. Percentiles divide a data set into 100 parts
(data set arrange into an ascending order in Session window included the output Percentiles
values of 1 5 10 50.

Confidence Interval for MTBF for 95%, which means acceptable risk of error a= 0.05
lower and upper with standard error for means.

The exponential distribution functions Fig.(6) were determined by using equations 2, 3,4,5,
with the estimated mean of distribution that equal 5110.37 hr. and the formulas values
calculated by using Minitab’s 17 software

5. DISCUSSION

» Life data analysis is able to provide the information on the reliability indices such as
reliability, unreliability, mean time between failure and failure rate.

» The estimate MTBF of distribution was 5110.37 hr. equal to calculate mean for
Exponential distribution but not equal for Weibull

» All calculations are computed for Weibull and Exponential distribution. Comparing the
various results show that the Weibull distribution for upper phase .and Exponential
distribution is suitable for lower phase of data life.

» Fig.(6) Probability density function (PDF): It is exponentially decreasing curve shows
that the likelihood for item to have increasing time to failure values for the beginning
time to failure in comparison to the probability of having less time to failure values
for the last times to failure .

» Fig. (6) Survival (Reliability) Plot: This curve as the (PDF) showing that the proportion
of surviving time for item decreases exponentially with time.

» Fig. (6) Hazard plot: As is the case here, for an Exponential distribution, the Hazard
function displaying the instantaneous time failure rate is constant.
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Fig. (5), for (PDF) and Survival plots for the Weibull distribution may be identical to
the Exponential distribution except of the Hazard plot.

Fig. (5 ) Hazard plot: For a Weibull distribution the Hazard function can take many
shapes, and in this case, the trend is .the hazard rate is increasing over time, which
means that the item was more likely to fail as it age.

n is the value in time by which 63.2% of all failures will have occurred. In this sense,
n is one point on the time scale, providing some standard measure of the distribution of
times to failure.
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Notation and Acronyms

AD Anderson-Darling

CDF Cumulative distribution function
From  Start time, hr.

GOF Goodness-of-fit

ID Identical distribution

MTBF Mean time between failures, hr
PDF  Probability density function
TTR  Time to repair, hr.

o Acceptable risk of error= 1- Confidence Level
B Shape parameter

R Reliability

0 The distribution mean

n Scale parameter, hr.

A The failure rate 1/hr.

Table 1. Operation time for compressor

From [hr.] To[hr] | TBF[[hr.] | TTR [hr.]
0.0000 1175 1175 0.5
1175.5 4887.5 3712 0.5

4888 9931 5043 2

9933 22953.5 13020.5 26.5

22980 25544.25 | 2564.25 24
25568.25 | 30715.75 5147.5 15

Table 2. Summarized outputs from Minitab s 17 software.

Distribution AD Mean Fitness Notes
Smallest Extreme | 2.567 | 4647.35 | Bad Estimated  Mean#
Value Calculated Mean
Normal 2.479 | 5110.38 | Bad Estimated Mean =
Calculated Mean
Weibull 2.220 | 5149.56 | Best fitness Estimated Mean#
Smallest AD | Calculated Mean
Exponential 2.384 | 5110.37 | Good Estimated Mean =
Calculated Mean
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Table 3. Functions estimation values for Weibull distribution.

Time [hr] R(t) w F(t). PDF. h(t)
0 1.000 0.000 0.0000E+00 0.0000E+00

500 0.971 0.029 8.2571E-05 8.5022E-05
1000 0.923 0.077 1.0744E-04 1.1640E-04
2000 0.803 0.197 1.2798E-04 1.5937E-04
2500 0.738 0.262 1.3019E-04 1.7633E-04
3000 0.673 0.327 1.2898E-04 1.9152E-04
3500 0.610 0.390 1.2524E-04 2.0538E-04
4000 0.548 0.452 1.1968E-04 2.1820E-04
4500 0.490 0.510 1.1285E-04 2.3016E-04
5000 0.436 0.564 1.0520E-04 2.4142E-04
7000 0.258 0.742 7.2573E-05 2.8119E-04
8000 0.193 0.807 5.7688E-05 2.9873E-04
10000 0.103 0.897 3.3997E-05 3.3053E-04
13000 0.036 0.964 1.3323E-05 3.7226E-04

Table 4. Functions estimation values for exponential distribution
Time[hr.] R (t) Exp. F(t) PDF h(t).

0 1.0000 0.0000 1.9568E-04 1.9568E-04
500 0.9068 0.0932 1.7744E-04 1.9570E-04
1000 0.8223 0.1777 1.6090E-04 1.9570E-04
2000 0.6761 0.3239 1.3231E-04 1.9570E-04
2500 0.6131 0.3869 1.1997E-04 1.9570E-04
3000 0.5560 0.4440 1.0879E-04 1.9570E-04
3500 0.5041 0.4959 9.8652E-05 1.9570E-04
4000 0.4572 \0.5428 8.9457E-05 1.9570E-04
4500 0.4145 0.5855 8.1119E-05 1.9570E-04
5000 0.3759 0.6241 7.3558E-05 1.9570E-04
7000 0.2542 0.7458 4.9736E-05 1.9570E-04
8000 0.2090 0.7910 4.0896E-05 1.9570E-04

10000 0.1413 0.8587 2.7651E-05 1.9570E-04
13000 0.0786 0.9214 1.5373E-05 1.9570E-04
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Results for: Worksheet 3

Distribution ID Plot: TBF hr]

Goodness-of-Fit

Anderson-Darling

Distribution (adj)
Smallest Extreme Value 2.567
Normal 2.479
Weibull 2.220
Exponential 2.384

Table of Percentiles

Standard 95% Normal CI
Distribution Percent Percentile Error Lower Upper
Smallest Extreme Value 1 -13231.1 6805.64 -26569.9 107.753
Normal 1 -3722.67 2984.08 -9571.35 2126.01
Weibull 1 239.716 264.196 27.6421 2078.85
Exponential 1 51.3610 20.9680 23.0745 114.323
Smallest Extreme Value 5 -5987.35 4827.95 -15450.0 3475.26
Normal 5 -1135.07 2377.66 -5795.20 3525.07
Weibull 5 735.870 570.892 160.855 3366.41
Exponential 5 262.128 107.013 117.764 583.465
Smallest Extreme Value 10 -2788.34 3989.58 -10607.8 5031.09
Normal 10 244,377 2091.88 -3855.64 4344.39
Weibull 10 1207.59 769.412 346.400 4209.78
Exponential 10 538.432 219.814 241.896 1198.48
Smallest Extreme Value 50 5583.73 2144 .37 1380.85 9786.62
Normal 50 5110.38 1550.10 2072.23 8148.52
Weibull 50 4414.69 1463.37 2305.40 8453.84
Exponential 50 3542.24 1446.11 1591.39 7884.60
Table of MTTF
Standard 95% Normal CI

Distribution Mean Error Lower Upper

Smallest Extreme Value 4647.35 2299.40 140.60 9154.1

Normal 5110.38 1550.10 2072.23 8148.5

Weibull 5149.56 1476.19 2936.03 9031.9

Exponential 5110.37 2086.30 2295.89 11375.1

Distribution ID Plot for TBF [hr.]

Figure 3. Session window included the output of program.
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Probability Plot for TBF [ hr]
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Figure 4. Probability Plot of the Failures and the values of Anderson Darling.

Distribution Overview Plot for TBF[hr]
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Figure 5. Weibull Distribution overview plot of the failures via Minitab of compressor.
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Distribution Overview Plot for TBF hr]
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Figure 6. Exponential Distribution overview plot of the failures via Minitab
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Analytical Approach for Load Capacity of Large Diameter Bored
Piles Using Field Data

Mr. Alaa Dawood Salman Dr. Ali Hamoudi
University of Baghdad University of Baghdad

ABSTRACT

An analytical approach based on field data was used to determine the strength capacity
of large diameter bored type piles. Also the deformations and settlements were evaluated for
both vertical and lateral loadings. The analytical predictions are compared to field data obtained
from a proto-type test pile used at Tharthar —Tigris canal Bridge. They were found to be with
acceptable agreement of 12% deviation.

Following ASTM standards D1143M-07e1,2010, a test schedule of five loading cycles
were proposed for vertical loads and series of cyclic loads to simulate horizontal loading .The
load test results and analytical data of 1.95m in diameter test pile proved efficiently to carry a
working load of 450 tons. The calculated lateral displacements based on a specified coefficient
of subgrade reaction are compared to the measured values from dial gauges and strain gauges

placed at various locations along the length of the pile.

Keyword :bored piles, lateral displacement ,horizontal loads, vertical loads.
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1. INTRODUCTION

Large diameter bored piles are non - displacement piles which are commonly used to
transfer large vertical loads with or without horizontal loads and flexural bending moments to the
surrounding subgrade. The preference of this type of deep foundation is economy per unit of load
as compared to other types. Another advantages are early completion of the foundation
construction even before land grading is experienced and elimination of pile caps ,also problems
of cobbles and small boulders encountered in sub-strata have small effect in addition to smaller
amounts of reinforcement .However the use of bored type piles is extremely affected by delay
due to bad wet weather, building code restrictions and poor quality control or in adequate
construction equipment . Lee,1987.

In-situ concrete piles with diameters of 0.3 m up to 3.0 m are referred to as large

diameter bored piles. For their construction hollow spaces are made in the soil by
means of drilling equipment. Depending on soil conditions the excavation is carried out
under the protection of a casing or without casing. Subsequently the drilling holes are
filled with concrete; according to static requirements a rebar cage is placed before
concreting. Poulos,1980.
Large-diameter bored piles have a broad scope of application as foundation elements
for carrying vertical building loads, foundation elements for retaining walls, temporary
building pit walls components of the final structure, protection against uplift and for
taking up tension loads slope security and energy piles. Tomlinson, 1994

2.Testing Program
2.1 Soil Investigation

Even though this type of pile requires careful and through exploration as
compared to other types, limited soil investigation was done for this work .Few borings
were drilled to check continuity of sub - strata and undisturbed soil samples. Two bore
holes were drilled. The geological subgrade soil profile was (5-6) m of hard crested
loamy clay resting on sandy layers with different gravel contents to a depth of 45m
below G.L. A thick layer of sand stone was encountered at a greater depth . Fig. 1 and
Fig.2 show standerad penetration test (SPT) results for B.H. No.l near the test pile
Cone Penetration Test( CPT ) for Tharthar Tigris Canal Bridge Project KM 50, Table

1. Results of Atterberg Limits, Specific Gravity & Grain size. Bowles, 1981.

2.2 Test Pile Construction

The test pile was one of the series of piles used to support the abutments of a bridge at
KM 50 Tharthar Tigris canal. All piles were drilled using Terra drill (80CA) mounted on a
crawler crane (38RB).A bucket 1.5m in diameter was used with hinged reamer for 2m
segmental drilling .At various levels during drilling of the pile shaft, soil samples were taken
for testing in the laboratory .The hole walls were stabilized using bentonite slurry to keep them
from collapsing and closing the hole particularly in the cohesionless layers .In order to avoid

41



Number 8 Volume 21 August 2015 Journal of Engineering

soil caving and keeping risk to minimum a standard pipe 14mm thick was used as a casing in
each pile hole .It was driven to a depth of 15m below G.L. The reinforcement cage was then
lowered into the hole . The cage extended to the entire length of the pile .A ready mix concrete
was transported by a rotary drum trucks and was placed into the holes using a tremi tube. Three
control cube specimens of (200x200x200) mm were taken for compressive strength tests in
the laboratory,Das,2004. and Head,1984.

3.CHARACTERISTICS OF TEST PILES

The test pile was 1.95 m in diameter and total length of 25.5 m. The reinforcement
cage consisted of (45—@32 mm) diameter bars extended to length of 14.5m below G.L. The
longitudinal reinforcement was reduced to (30—@32 mm) diameter to the remainder length of
the pile. The lateral reinforcement were 12mm diameter ties spaced at 200 mm on center
spacing .The tension piles were designed to receive the loading reactions .They were 1. 5 m in
diameter and 25.5 m total length. They were reinforced longitudinally with (24—@32 mm)
diameter and laterally with 12mm diameter ties at 200 mm on center spacing. Details of the
piles reinforcement are shown in Table 2 . The concrete used in both the test pile and the
tension piles had a compressive strength of 28 MPa cube strength at 28 days with the
maximum slump of 100 mm.
3.1 Expressions of the Strength Capacity and Settlement of Bored Piles:

R.D.Mindlin of Colombia presented a solution based on elasticity for a single force

acting on a semi- infinit media . Mindlin took into account the transition effect of a body force
in media of constant tensile strength and Young ‘s modulus ,Mindlin,2007. The equilibrium

equations in Cartesian form are:
(%Lx atyx

ax dy = Wx (1)
doy | O0txy __
dy ax Wy (2)

Where wy and wy, are the body force per unit volume in x and y directions. The equation of

compatibility including effect of time and volumetric strain is:

ou _ 0%u

1 ov
7 = (k

0%u \ 4
PP e M re 3)

Considering the pile as a linear elastic and the soil to follow modified cam clay
model ,Pestana ,et.al., 2002 suggested that utilizing Eq,(1) and Eq.(2) toghter with Eq. (3)
that mean effective stress (¢') and deviatoric effective stress (q') are :
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o'=> (0xt o) (@)
Q"= (05 0y + 123" ©)

The pile load transfer is governed by the stresses induced initially in the soil, according to
Mindlin’ s theory and the surface behaviour of the pile shaft with the surrounding soil .Therefore
the pile strength capacity Q, can be stated as the superposition of resistance at base of pile Qg
and resistance along pile shaft Qr , Mindlin,2007 where :

Qr=mDpL(ex ') (6)
Qs =7 Dy’ (0.7504) W)
Qu=Qs+QF 8

The value of Qg is related to the bearing area and pressure at base while Qg is
related to the traction and surface area of pile shaft. The parameters soil cohesion (7') ,
effective stress (q'), shaft adhesion factor («) and unit weight of soil (y) are
determined from lab tests .These parameters controlled the bearing capacity
evaluation ,Bowles,1981.and Das,2004.

3.2 Lateral Load Resistance :

The effects of lateral loading and or applied bending moments either on the supporting
soil or flexural resistance in terms of over stressing the pile shaft . The problem of displacement
compatibility is complex to simulate a rigorous analysis of ultimate soil resistance, particularly
beyond elastic behaviour of soil.

Broms, 1995. suggested based on tests, that the ultimate lateral resistance (q,) of cohesive soil
could be related to ultimate shear resistance (t,) from triaxial compression test based on
undrained conditions ( gy = 9 7, ). The governing beam differential equation is :

El (d*u/dx?) + Kx=0 (9)

And for a constant soil modulus ( Ks ) ,it can be shown that expressions for pile moment
resistance (M ) and lateral displacement of pile head (u), are: Bowles,1981.and Das,2004.

M = H. R Ay + M(Bn (10)
R3 R?
UZHLEAU+MLE By (11)

Ecle : flexural stiffness of pile, A, and B, are moment coefficients ,taken 0.7 and 0.8
respectively at point of maximum moment , A, and B, are lateral displacement coefficients
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,taken as 2.5 and 1.5 respectively at pile head R = 4\/% is the stiffness factor and K is soil

modules (K= 1 k, L) ,where k, =677, Bowles, 1981.
2

E.: Young 's modules for concrete.
Ic : Moment of inertia of pile section .

4. SETTLEMENT ANALYSIS

Short term elastic settlement was considered in this investigation rather than long term
which could be small because of slow development of base resistance. Hence effects of creep of
concrete and stress transfer from skin friction to the base was ignored. The ultimate skin friction

(fy )is :

fu=oc 7’ (12)
where o is the shaft adhesion coefficient ,varies from (0.3 - 0.45)and 7' = 0.75 F,

The settlement Ap at pile base was assumed to be related to the pressure at pile base, size
of base and soil properties.

Ap = % (13)
Where ¢ was the average pressure at pile base which could be taken as the nominal vertical
stress from triaxial test. The soil Young ‘s modulus ( E) is:

1
E= -(01—03) (14)

€1
The elastic shortening and pile due to applied loads was calculated from:

_ (Pb+lps)

A
€ Ap E¢

(15)

5. TESTING PROCEDURE
The top of pile was prepared by bedding a steel plate (38 mm thick) in cement mortar as a

capping .The reaction loads were carried from the test pile through main beams and the
sub- beams and tension bars to the four reaction piles .The vertical loads had been applied using
four electrically operated hydraulic jacks which work together to a total capacity of
12000kN.The measurement of the testing loads were recorded by a pressure gauge attached to
the oil pump. The pressure gauge was calibrated in advance.

Following the ASTM D1143-07e, 2010, a schedule of five loading cycles has been set
.The test was carried out with four cycles up to twice the working load of the test pile as shown
in table 3.The fifth cycle included an addition of 4400kN to compensate the frictional resistance
of pile shaft above scour level .This was due to the fact that testing load had been applied at
ground level and before excavating around the pile .
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Deflection dial gauges with accuracy of 0.02 mm and a stroke of 75 mm were used to
measure deformations of the test pile and reaction piles during testing .Four dial gauges were
attached at the top of the test pile and one dial gauge on each of the four tension piles. All the
values used in the analysis were the average of the 4 readings.

The two reference beam used in the testing rig for vertical loadings were checked for any
undesirable settlements. Two targets were fixed to them, observations had been done by using a
level 20 m away from the target points. It was assumed that ground level at that point had not
been by the testing altered by the testing operation. There was no movement recorded during the
test and hence, no adjustments were required for the settlements of test pile measured by the dial
gauges.

The lateral loads were applied by a 2000 kN capacity hydraulic jack which was
operated electrically. The reaction loads had been taken by a transverse beam to the two non-
working reaction pile. Measurements of the applied loads were taken by 3000kN proving ring
which was calibrated before testing. Details of the horizontal loading rig are shown in Fig. 3 and
Fig. 4.

A number of cycle loading with increments of 50 kN had been conducted for the
horizontal load testing . The first 2 cycles were up to 150 kN followed by 3 cycles 300 kN then 3
cycles to 450 kN and finally the last 3cycles to 650 kN which was kept for half an hour
.Unloading to zero load was then done and readings were taken after 24 hours . Five dial gauges
were attached to the test pile and one dial on each of the two reaction piles as shown in Fig. 4.All
dials were fixed to the reference beam and pieces of glass were used to provide smooth surface
for indicator tips. Details of the loading rig is shown in Fig. 5.

5.1 Examination of Results

The effective vertical stress of soil (F,) was calculated to be 182 kN/m? based on an
average shear reduction factor (e« = 0.55) for sandy gravel base and an ultimate shear strength
(t, ) of soil supporting the pile equal 320 kN/m? which was an average value obtained from the
in - situ cone penetration resistance and standard penetration tests. The Meyerhof ' s bearing
capacity factor Ngq was 155 based on frictional angle @ =32°. The previous parameters led to the
ultimate bearing capacity g, of supporting soil stratum equal 14100 kN/m?. With the allowable
value of 4700 kN/m?.Using Eq.(7) and Eq.(8) led to strength capacity for the test pile of 14010
kN/m? with a working load value of 4666 kN based on factor of safety = 3 .

The design strength of the test pile having (45- @32mm) longitudinal bars with yield
strength = 350 MPa and concrete compressive stress f. = 28MPa, cube strength was calculated
to be 12662 kN and casing strength was considered 890 kN. The effect of soil negative skin
traction came to 935 kN from Eq. (7) .

Theoretical considerations that most settlements of a single pile occurred immediately
after load application .Based on that Young's modules for soil was interpreted from cone point
resistance as 350 7" and was found = 63700 kN/m?. The settlements at pile base A,was evaluated
from Eq.(13) ,considering Poisson’s ratio for soil = 0.4, bearing coefficient R, = 12 for dense
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cohesionless soil. These parameters gave maximum base settlements = 41 mm. The deformation
of the pile head due to elastic shorting Ae and due to shaft resistance were calculated from
Eq.(15) based on shaft load influence factor A =0.33 and concrete modules of elasticity for
deformation calculation E; =1122800 kN/m? .The value came to 37 mm based on Ps = 935 kN
and Pp = 4666 kN .

The value of (Ae) at twice the working load was 69 mm .Hence the total calculated
settlement of pile head at working load was 78mm and at twice the working load was 110mm.
The values of calculated and averaged measured value at pile head are shown in Fig. 6 .The
problem of displacement compatibility is complex to simulate a rigorous analysis Eqg. (9) for
lateral loading ,since soil behaviour is the problem .Hence maximum lateral displacement is at
pile head and diminishes some where at two-third pile length below that point. The lateral
displacement was calculated from Eq.(11 ),based on (k = 25 x 10* kN/m? ) and soil modulus
(Ks = 1.063 x 10° kN/m?),hence the lateral displacement coefficient related to lateral loads is 2.0
and vanishes at a distance 8.5m below pile head . The calculated and measured lateral
displacement is shown in Fig.7.

6. CONCLUSION

1- The design strength capacity of large diameter bored type piles could be predicted using
eqs.(6,7 and 8 ) to within 15% accuracy. The (1.95m) diameter test pile was sufficient to
carry the 4666 kN working load based on a safety factor 3.0 .

2-The pile strength to horizontal loads showed adequacy to resist a design load of 350 kN
based on a safety factor 2.0 .

3-The values of soil parameters based on laboratory control tests were acceptable ,since
lateral displacement and settlement were 20 % less than measured values .1t was related to
the proper Young's moduli Ec and E for deformation calculations .Also it could be concluded
that predicted values of the cefficient of horizontal subgrade reaction Ks was within the
acceptable value .

4-The load- settlement curve at the pile head was close to linear particularly at early stage of
loading .At higher loads, the curve shifted from linearity ,hence it could be considered as
segments of straight lines with different slopes .

5-The calculated settlements increased 3 times when the load was doubled and no effect of
heave at the surface was noticed even with time delay of loading .

6- There was no cracking observed at the tension piles even during the application of
maximum uplift force during testing.
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NOTATION

Anm , Bm : moment coefficients. M, : moment resistance .

Ay, By : lateral displacement coefficients. PI: Plasticity index.

D, :diameter of pile . PL: Plastic limit.

E. : modulus of elasticity of concrete . Py : force acting at base of pile.

fc' : compressive strength of concrete at 28 Ps : force acting along shaft of pile.

days. q : allowable effective stress.

fy :yield strength of reinforcement . q' : deviatoric effective stress.

Fy : ultimate skin friction at pile shaft . Qs : maximum strength of pile base.

G.L: ground level . Qr : maximum strength of pile shaft.

Gs: Specific Gravity. Qu : ultimate strength capacity of pile.

H_ : horizontal load resistance . R : stiffness factor.

Ic : moment of inertia of pile section with it u : lateral displacement of pile head .
reinforcement . USCS: Unified Soil Classification System.
Ks : soil modulus. Wy, Wy, : components of dead load in x and y
K., : ultimate coefficient of soil reaction. directions.

Kx : soil modulus at depth x of pile. : shaft adhesion factor .

L : length of pile. ¥ : unit weight of soil.

LL: Liquid limit.
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&;. axial soil strain. Ty » Tyx -Shearing stress components.
A,: settlement of pile base. A: influence factor for safety .
A, : elastic shortening of pile . v : Poisson’s ratio for soil.

0y, 0y . components of normal stress in X
and y directions.
"2 allowable shear traction along pile.

Table 1. Results of Atterberg Limits, Specific Gravity & Grain size.

Atterberg Limits Sieve & Hydrometer
Layer

Depth | thick Gs . USCS

(m) (m) Gravel | Sand | Silt Clay

LL | PL | PI % % % %

0-3 3 2.66 | 22 NP | NP 9 55 36 0 SM

3-5 2 2.64 | 20 NP | NP 11 59 26 4 SM

5-6 1 2.74 | 42 23 | 19 2 3 30 65 CL
6-12 6 2.64 | 20 NP | NP 12 58 25 5 SM
12-17 5 2.74 | 40 22 | 12 13 55 7 25 SC
17-22 5 2.65 | 24 NP | NP 9 60 31 9 SM
22-29 7 2.66 | NP NP | NP 12 53 27 8 SM

Table 2. Details of the test pile and the tension piles.
Type of test Diameter Length Reinf. Lateral reinf.
(m) (m)
Test piles 1.5 255 45 ¢ 32mm ¢ 12mm@20cm .c/c with
30 ¢32mm 14mm thick,15m long
casing
Tension pile 1.95 22.5 24 ¢ 32mm ¢ 12mm@20cm .c/c No
casing
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Table 3. Details of the four previously propose cycles.

Volume 21 August 2015

Journal of Engineering

1% cycle 2" cycle 3" cycle 4" cycle
(1/2 Working load) | (2/2 Working load) (3/2 Working load) (4/2 Working load)
Load Time Load Time Load Time Load Time
(kN) (hrs) (KN) (hrs) (KN) (hrs) (KN) (hrs)
0 0 0 0 0 0 0 0
1100 1:00 2200 0:20 2200 1:00 2200 1:.00
2200 1:00 3300 2:00 4400 1:00 4400 1:00
1100 0:20 4400 2:00 5500 2:00 5500 1:00
0 0.20 3300 0:20 6600 2:00 6600 2:00
2200 0:20 5500 1:00 7700 2:00
1100 0:20 4400 1:00 8800 1:00
0 0:20 3300 1:00 6600 1:00
2200 1:00 5500 1:00
1100 1:00 4400 0:20
0 1:00 2200 0:20
1100 0:20
0 0:20
No. of Blows
(6] 20 40 60 80 100 120 140
(o] ——t——t+—+—++—++ —t—t—t——+—t+—+—+—+—+—t+—+—+—+—+++++
5 1 ‘\3 —e— Lower Limit
EE —a— "Upper Limit"
10
1 AN )
§ 15 ¢ /Q
£ 203
. —
30 § Bé\:
35 1

Figure 1. SPT results for B.H. no.1 near the test pile.
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Figure 2.Cone Penetration Test( CPT ) for Therthar Tigris canal bridge project KM 50.
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Figure3. Lateral testing insulation (Plan).
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Figure 4. Lateral testing insulation (section).
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Figure 5. Vertical testing installation (plan).
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Figure 6. Load — Settlement curve for the pile head .
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Figure 7. The calculated and measured lateral displacement for the pile head.
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